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Abstract: Solar cells and modules made from hydrogenated amorphous silicon (a-Si:H) have been developed for more than fifteen years. A physical
understanding in simple terms of a-Si:H solar cells is made possible with the elementary model that uses the uniform-field approximation and
neglects bulk recombination. This will be demonstrated by a qualitative discussion of dark and especially of spectral-response characteristics.
Simple notions as surface recombination and flat-band voltage will be elucidated with respect to cell degradation under prolonged illumination.

Enostavna simulacija a-Si:H sonéne celice in
primerjava s spektralno ob¢utljivostjo

Kljuéne besede: polprevodniki, aplikacije fotonapetostne, celice soncne, opis delovanja, a-Si silicij amorfni, a-Si:H silicij amorfni hidrogeniziran,
razumevanije fizikalno, modeli osnovni, modeli celic sonénih, simulacije celic soncnih, PIN strukture pozitivno-notranje-negativno, PECVD nanasanje
kemicno s paro, izbolj$ano s plazmo, SiHs sitan, merjenje izkoristka, izradun izkoristka, rezultati eksperimentalni

Povzetek: Sonéne celice in moduli iz hidrogeniranega amorfnega silicija (a-Si:H) so prisotni ze ved kot petnajst let. Vpogled v enostavno fizikalno
dogajanje znotraj a-Si:H sonénih celic nam omogoéajo analitiéni modeli. Razviti efementarni model uporablja pribli'ek konstantnega elektritnega
polja in zanemarja rekombinacije v substratu. Povedano bomo prikazali ob kvalitativni diskusiji o temni tokovnonapetostni karakteristiki in tudi
karakteristiki spektralne obdutljivosti. Obrazlo'ili bomo enostavna pojma, kot sta povrdinska rekombinacija in napetost ravnih nivojev glede na
degradacijo celice pod dolgotrajno osvetlitvijo.

Introduction density of localized states through the mobility gap,

capture cross sections of these states) and the physics
Hydrogenated amorphous silicon (a-Si:H) films having of the pin diode (drift and diffusion of mobile carriers,
electronic properties suitable for photovoltaic applica- space charges given by the occupation of the localized
tions are mostly deposited by decomposition of silane states, recombination via these states). The working
(SiHa4) in a plasma enhanced chemical vapour deposi- conditions of the solar cell are set by carrier generation
tion (PECVD) process. This procedure was already under light and the external voltage. The exact simula-
invented in 1969 by Chittick, Alexander and Sterling /1/, tion of the dark and light characteristics requires the
and several authors demonstrated that this materiat can numerical solution of the classical semiconductor equa-
have good electronic properties /2,3,4/. In 1975 Spear tions (Poisson’s equation, continuity equations of elec-
and LeComber demonstrated the doping possibility of trons and holes) in one dimension /6,7/.

a-Si:H that opened the way for device fabrication /5/.
An exact simulation embraces the more or less com-

Solar cells made from a-Si:H have the structure pin. For plete knowledge about the semiconductor and the pin
the conversion of light power into electrical power the structure. Simplifications enable approximate simula-
light enters the solar cell normally through the p-layer. tions or even analytical models. Simple concepts in-
The photons will be absorbed within the i-layer and deed helped to explain typical experiments already
generate charge carriers which will then be separated before the advent of exact simulations. The uniform-field
by the electric field across the absorption region. Al- concept especially has become quite useful. It assumes
though the device quality improved very rapidly it was a spatially constant electric field right through the i-layer
difficult to understand the underlying technology proc- of a pin cell /8/. Furthermore, the i-layer alone is thought
esses in detail and the physics of these devices. The to collect photogenerated carriers, while the carriers
latter can be put forward by simple or otherwise by more generated within the p- and n-contact layers are imme-
comprehensive solar-cell models and simulations. It is diately lost by recombination (dead layers). The uni-
preferred here fo try it with a simple analytical model form-field assumption substitutes for Poisson's
first. The formulatior_] and gxemplary application of the equation. Thus only two of the three semiconductor
elementary model will be given. equations remain active by definition, the continuity

equations of electrons and holes.

Solar Celi Operation . o ,
The real field distribution through a pin structure be-

The understanding of a-Si:H solar cells is based on the comes indeed uniform amidst the i-layer /9/. Field
material properties (mobilities of electrons and holes, spikes develop towards the p-i and i-n interfaces indi-

147



Informacije MIDEM 26(1996)3, sir. 147-155

W. Kusian: Simple Simulation of a-Si:H Solar Cells ...

cating partial p-i and i-n junctions. The corresponding
space-charge layers near the boundaries of the i-layer
depend on the high density of localized fail states near
the valence- and conduction-band edges. The uniform-
field concept now disregards the extension of the field
spikes. Rather, the spikes are considered as delta func-
tions. The associated space-charge double layers lead
to potential steps through the p-i and i-n interfaces.

The uniform-field approximation considers mobile elec-
trons and holes in the i-layer, but no trapped carriers at
all. The electrons and holes remain coupled by a non-
finear bulk-recombination law, after Shockley-Read-Hall
for example. The electron and hole equations therefore
have yet to be solved numerically. Further approxima-
tions can help to avoid that. It is most simple to neglect
butk recombination at all. The question is only whether
the resulting elementary model /10/ has any value.
Therefore the model is checked against experiments.

Schematic potential distribution due to the
uniform-field assumption across the i-layer of
an a-Si:H pin solar cell.

Fig. 1

The neglection of bulk recombination decouples the
continuity equations of electrons and holes. The recom-
bination then is restricted to the boundaries of the i-layer
with the p- and n-layers, the p-i and i-n junctions, simply
called surfaces. Collection of photoelectrons (photo-
holes) from the i-layer by the i-n (p-i) junction maintains
primary photocurrents, and recombination of electrons
(holes) from the i-layer with holes (electrons) from the
p-(n-) layer at the p-i (i-n) junction maintains forward
currents, especially secondary photocurrents. Surface
collection and surface recombination are quite general
notions. The elementary model (uniform-field without
bulk recombination) only puts them into the foreground.
So these notions alone were already helpful to interpret
experimental trends /11,12/.
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Elementary model

Now a formal outline of cur model is presented /10,13/.
The potential through a cell’s pin structure according to
the uniform-field assumption is sketched in Fig. 1. The
electron and hole concentrations in the p- and n-layers

are given by
—) M

Vo

nn :niexp(y\fi)J pp :ni exp[

0

with intrinsic concentration nj, temperature voltage Vo,
and “doping potentials” won and yop. The x coordinate
runs through the i-layer. The boundaries are at x7 and
x2. The thermal equilibrium potential ywo(x) has boundary
values yo(x1) =vyo(1) and yo(x2)=yo(2). The built-in and
flat-band voltages are

Ug =W, =Wop, Up=W(2)—y (1) 2

The uniform field in the i-layer without and with external
voltage U is

U-U,

”‘“WO(2)—WO(1)EkOV0; E
Xy =%

E =
’ Xy = X4

(3)

KV,

The field constants ko and k are reciprocal lengths. The
potentials without and with U become

Y(x)=y(1)-(x=-x)E
(4)
The flat-band condition is imposed by U=Urand means

E=k=0. The electron and hole concentrations in ther-
mal equilibrium are

WO(X):WO(U_(X“XJEO s

no(x)=n, exp[ﬁ"v—”lj = 1o (1) exp| Ko (X~ x,)]

0

)

Po(X) =1, eXp["E‘OV(X_)) = po(7)eXP[ko(X_X1)]

0

and depend on the parameters wo (1) and yo (2). The
differences yon - wo(2) and yo(1) - yop are consistent
with 8-like field spikes. The nonequlibrium electron and
hole concentrations n and p are to be determined from
the continuity equations in connection with boundary
conditions. The electron and hole current densities are

j, =e(D,n +p,En)=eD,(n" +kn)
(6)

]p = e(_Dpp,+MpEp) = er(_p/+kp)
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with dn‘fusnon constants Dp and Dp, mobilities (1n and pp,
and n' = dn/dx, p’ = dp/dx. The relations (5) let the
currents (6) vanishin thermal equilibrium. The continuity
equations become

jn/e=D.(n"+kn)=—(g-r)
)

~is/e=D,(p" ~kp')=~(g-r)

The photocarrier generation rate g(x) has to be inferred
from optical modelling. The recombination rate r(x) cou-
ples the relations (7) in a nonlinear fashion. These
relations imply the uniformity of the total current

j=1],+]J,=constant (8)

and represent the general uniform-field equations. The
elementary model puts

r=0 9

Our boundary conditions express surface collection
and recombination of excess electrons and holes, and
furthermore photocarrier replenishment. The conditions
are

Ja(1) 7 € =5,(n(1) = ny(1))

(7n(2) =B in(1) / € ==, (n(2) =Ny (2))
(10)

(7(1) =B o/, (2))/ €= =c, (p(1) - Py (1)

j»(2)/ & =5,(p(2) - py(2))

with boundary values jn(1)=jn(x1) and jn(2)=jn(x2), for
example, to the left and right, recombination velocities
sn, Sp and collection velocities ¢p, ¢p. These velocities
represent the two faces of a transport velocity /14/. The
replenishment factors Bn and fp are confined to the
interval between Q0 and 1. The value Bn = 7 (Brn = 0) in
particular means perfect (absent) replenishment of
electrons. The recombination current of electrons from
the i-layer into the p-layer will be reinjected through the
n-layer by virtue of the factor B, = 7 and spares this
current from being collected. A factor n < 1 enforces
partial replenishment only. This imagined mechanism,
controlled likewise via p for the holes, operates through
the conditions (10). Replenishment hardly affects (may
amplify) primary (secondary) photocurrents. The
boundary value problem (7) with (9) and (10) holds for
electrons and holes separately. With a function y(x),
representing n{x) or p(x), the equations (7) have the
common form

y'+Py =R (1)
with

P =k, R(x) = -g(x)/Dn
for the electrons and
P = -k, R(x) = -g(x)/Dp

for the holes. The general solution can be put together
as

1030 =f00)+Ca + 4 e~ 100 - )t s
(12)

with growth function f(x) =exp(-P(x-x1)). The coordinate
x=Xx1 represents the left i-layer boundary, i.e. the p-i
interface. The boundary conditions (10) determine the
integration constants C7 and C». For the flat-band case
P = 0 the growth function becomes f(x) = x-x7 and we
can write

V()= Cf(x)+C, + x| RENE - JeRERE (13

The functions (12) and (13) solve the linear boundary
value problem (10) and (11). The carrier concentrations
in the dark and the dark characteristics stem from the
inhomogeneities of the boundary conditions (10), while
the right side R of the continuity equation (11) puts forth
photocarriers and photocharacteristics. This remark
concludes the presentation of the elementary formal-
ism.

Dark characteristics

The comparison of the elementary model with experi-
ments begins with the dark charcteristics. The model
yields separately uniform dark currents of electrons and
holes. The explicit form of the electron dark-current
density is

_eny(T(exp(U/V,)-1)
nD ™ 1 +7 Bn eXp(kd)—l— exp(kd) 2

(14)

with d=x2 - x7 and kd = (U-Ug)}/Vo. The flat-band case
U=Ur and k=0 yields

Similar expressions represent the hole current density,
and the total dark current density becomes

JD=jnD+jpD (16)



Informacije MIDEM 26(1996)3, str. 147-155

W. Kusian: Simple Simulation of a-Si:H Solar Cells ...

as a special case of (8). Under reverse voltage U < 0
the current approaches the saturation value

jp = -e(no(1)sn + po(2)sp) (17)

or tends to the ohmic characteristic

Jo =0 mnE . O iy = &(al16(1) +11,P6(2)) (1)

in case of sp = sp = . Under forward voltage U - Ur >0,
onthe other hand, andincasecp = cp = o Of Bn= Pp=1,
the dark current tends to

jD :GmaxE s O ppax = e(unn0(2)+ upp0(1)) (1 9)

It is to be understood that field £ < 0in (18)and £ > 0
in (19). The current (the field) vanishes at U= 0 (U = UF).
Current and field have opposite directions through the
interval 0 <U < UF . Decreasing drift against diffusion
lets the diode current exponentially rise through this
interval. The associated quality factoris ng = 1. The field
E = 0 at U = Ur leaves a diffusion current. With U > Ur
the current is resistive and the characteristic bends over
towards (19). Low values of the surface recombination
velocities sp and sp retard the transition from the diode
regime to the ohmic regime of the characteristic. In any
case, the flat-band voltage

UF = VO /OQ(G max /Gmin) (20)

limits the diode regime. Fig. 2 illustrates this formal
discussion. It shows forward and reverse branches of jp
after (16) assuming a symmetric cell (equal properties

Current density j, —»

£ 1

0.6 v

L 1

0 02 0.4 1.0

Voltage U ——»

Calculated dark current jp versus voltage U,
forward and reverse branches, calculated
with the elementary model, parameters of
table 1(column A).

Fig. 2:
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of electrons and holes, e.g. un = pp = ) with the
parameters of Table 1 (column A). As a check we
compared with measured characteristics (see Fig. 4).
The comparison indicates the following peculiarities of
the elementary model: The reverse current and the
factor ng = 71 are both too low (missing bulk recombi-
nation), and the characteristic becomes chmic for U >
Ur (no double injection).

Table 1: Standard parameters for elementary model.
Flat-band voltage Ur, potentials wo(1) and
yo(2) at both sides of the i-layer in thermal
equilibrium, i-layer thickness d, intrinsic car-
rier concentration ni. Symmetric cells A and
B with mobilities in = wp, recombination ve-
locities sn = sp, collection velocities cn = Gp,
replenishment factors Pn = Pp. These pa-
rameters are always used if not stated other-
wise.

A B
Ur v] 0.7 0.5
wo(1) [v] -0.35 -0.25
vo(2) V] 0.35 0.25
d [im] 0.5 0.5
n [1/cmd) 10° 10°
Hn,Hp [cmeNs} 10 10
Sn,Sp fcm/s] 10* 10°
€n,Cp [cm/s] 107 107
Bn.Bp 1 1
12
1 0 \\ﬂ T T T T
1 bUp=0V T T T T
cm3

<

5 108 | 0.4V .

©

£ L 0.2V a

§ ov

8 10} 1

s

% r /)]

= ll 0.4V

100 b 77 06V -
0.8V
0V
10-4 i 1 1 1 1
0 0.1 0.2 0.3 um 0.5
Coordinate x ——»
Fig. 3: Electron concentration n{x) in the dark calcu-

lated with the elementary model, parameters
of table 1{column A).
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The concentrations n(x) of electrons and p(x) of holes
directly define the internal state ofa pincell. Fig. 3shows
the electron concentration associated to Fig. 2. The
electrons are majority carriers in the n-layer to the right
and minority carriers in the p-layer to the left. In thermal
equilibrium for U = 0 the concentration nkx) = nop(x)
follows (5). The elementary model confines itself to the
|- layer. The function n(x) becomes flat for U > Ur and
approaches the limit no(x2) at the right side. According
to Fig. 3 the electrons pile up at the left side for U = 7V.
This behavior stems from reverse drift against a slowly
recombining surface. Under reverse voltage U < 0 the
electrons are pulled to the right and leave behind them
a minimum concentration. The hole concentrations be-
have similarly as the electron concentrations.

A critical property of a-Si:H cells is light degradation:
The efficiency comes down in the course of prolonged
ilumination. An anneal treatment can restore the deg-
radation. The undegraded and degraded states are
termed “A” and “B”. The degradation process or the
A—B transition changes the efficiency and other cell
properties, including the dark currents. Fig. 4 shows as
an example the measured dark characteristics of a pin
cellin states A and B. Degradation increases the reverse
current and the quality factor ng. The forward branches
hence cross. The degradation process enhances bulk
and surface recombination. The elementary model only
offers an increase of sp and sp. Fig. 5 shows two mod-
elled characteristics, one for a state A, and the other for
state B. A crossing is only obtainable by a reduction of
the flat-band voltage Ur for state B because ng = 1 is
invariant. The observed values ng >7 refer to bulk
recombination, and the enhancement of nq during the
degradation indicates enhancement of bulk recombina-
tion. The reduction of Ur can simulate enhanced bulk
recombination to a certain degree. The far too low
reverse currents of the modelled cell are again due to
the total neglect of bulk recombination.

Current density j, ——»

10-12 L 1 1 i
0 0.2 0.4 0.6 \Y 1.0
Voltage U —»
Fig. 4: Measured dark characteristics jo(U) in the

undegraded state A and degraded state B.
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Fig. &: Calculated characteristics jp(U) in states A
and B (parameters from table 1, column A and

B).

Spectral characteristics

The characteristics of a pin cell under light and in the
dark are designated as j(U) and jp(U). Both charac-
teristics are measurable, and the photocharacteristic
has to be derived as jp(U) = j(U) - jp(U). A photocurrent
tends under reverse voltage to a saturation current js,
and the internal collection efficiency is by definition q(U)
= -jp(U)/js. This efficiency represents nothing else than
a normalized photocurrent. It is primary (secondary)
with g < 0 (g > 0). The minimum value g = -7 corre-
sponds to perfect collection and g > -7 measures
recombination losses of primary photocurrents. Values
q > 1 are possible because the replenishment of pho-
tocarriers may amplify secondary photocurrents. The
efficiency g is measurable for any illumination and may
depend on light intensity. The condition ¢ = 0 defines
atransition voltage Ur. It generally depends on spectral
composition and intensity of the respective illumination.
Quite common are weak spectral illuminations, eventu-
ally in combination with a stronger background illumi-
nation. Fig. 6 shows measured q(U) characteristics for
a cell in the state A and a state B, found with weak
spectral light of different wavelengths A. The measure-
ments were made with chopped signal light and without
any background illumination /10/. Lock-in technique
allowed to directly detect the photocurrents. Weak light
should not disturb the field through a pin cell in the dark.
With this condition granted the photocharacteristics
probe the dark state.

The curves g-versus-U of Fig. 6 for a A-set could be
replotted as g-versus-A curves for an U-set. A definite
voltage Up then would trace a plateau just where the A-
and B-characteristics of Fig. 6 cross. The condition
qxUr) = 0 defines Ur(A). A i-set of g(U)-curves ex-
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pands between the intersections g(A,0) with the g-axis
and Ur(A) with the U-axis and exhibits the cross point
Up,qp with gp = g(Up). Degradation A—B decreases the
gp modulus and Up, spreads the sections g(},0) and
UT()\), and decreases the section moduli. Furthermore,
the “fill factor” degrades considerably, and the B-set
develops two peculiarities: The “red” characteristics to
the higher A’s surpass the crossing and the curved
“blue” characteristic to the lowest A'shows two inflection
points shortly below the crossing. Both peculiarities are
in fact already present with the A-set, although in a
rudimentary fashion only.

The g-sets of Fig. 6 represent an example. Its typical
features pertain to any customary pin cell. The magni-
tudes of g(A,0), gp, Up, Ur and their degradations are
quite distinguishing properties of individual cells. Is
there a simple explanation for the bewildering g-phe-
nomena? The elementary model provides it! It will be
demonstrated step by step.

o
o

-0.2

-0.4

-0.6

Internal coliection efficiency g ———»

-0.8

-1.0

Voltage U —

Measured efficiencies q(U) at different wave-
length \ of a pin diode in states A and B.

Fig. 6:

The model predicts sharp g-crossings for symmetric
cells. Fig. 7 gives an example. Plotted there are two
modelled g-sets designated A and B based on the
parameters of Table 1. The plateau efficiency is gene-
rally given as

—c+(1+B)s
c+(1-B)s+dsc/D

QO‘:UF): (21)

for any symmetric cell under spectral illumination
/10,13/, with s(c) recombination (collection) velocities,
D diffusion constants and B replenishment factors of
electrons and holes, and i-layer thickness d. It is only
and just for U = Ur that g becomes independent of the
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light absorption constant and A. Thus the g-sets of Fig.
7 cross at Up = Ur through gp = q(Ur). The A—B
transition was obtained by decreasing the parameters
s and UF. (The assumed degradation of Ur is exagger-
ated.) Let's have a short look at (21). The nominator
determines the sign of g(Ur). The choice ¢ > (1 + B)s
guaranties q(Uf) < 0, and s = O leaves q(Ur) = -1. Thus
a variation of s is able to shift g{Ur) through the primary
photocurrent regime -1 < g < 0. The photocurrent at
U = Uris generally diffusive. Therefore D = 0 correctly
impliesq = 0.

o
o

-0.2

Internal collection efficiency ¢ —»

Voltage U ——¥

Fig. 7: Calculated efficiencies q(U) at different wave-
length A (parameters fromytable 1, column A

and B).

The g-crossing reveals the flat-band voltage Ur. This
derivation from the elementary modei sticks to an ideal
case, a symmetric cell. Customary pin cells are asym-
metric according to sp > sp. With increasing A the light
penetrates deeper into the i-layer and just touches the
back side for a certain threshold wavelength At. Thus
with A > At the stronger back-side recombination sets
in. As a consequence, the crossing is restricted to A <
A+ and the curves with & > At surpass it as in Fig. 6. Just
this behavior also follows from the elementary model
applied to a cell /13/, and Up < Ur in addition. A
measured Up therefore indicates at best that Ur is not
far away. This precaution is also necessary because the
model has its own validity limits.

The unsymmetry in the junction properties of a pin diode
can experimentally be pronounced by making a slightly
doping of the i-layer. A doping with phosphorus (p v n)
shifts the Fermi level towards the conduction band.
Thus, the field spike at the p-i junction is enhanced and
at the i-n junction reduced. A boron doping (p 7 n) acts
contrarily. Theoretically, the i-layer doping influences sp
and sp. The photocurrent behavior in such diodes
strongly depends on the illumination direction. An illu-
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mination through the strong field spike (i.e. low surface
recombination velocity) leads to a high blue efficiency.
On the other hand, an illumination through the low field
spike (high surface recombination velocity) reduces the
blue response and increases secondary photocurrents
under forward bias. The red efficiency is in both illumi-
nation modi relatively poor.

The internal collection efficiency of pvn and prn diodes
is shown in Fig. 8 versus voltage for different wave-
lengths. The figure comprises both illumination modi.
For illumination through the high filed spike (pvn) the
short-circuit efficiency g(U=0) decreases with increas-
ing wavelength. That means, the deeper the light pene-
trates into the i-layer, the stronger acts the junction with
the low field spike. For ilumination through the low field
spike (pmn) gq(U=0) increases with wavelength, be-
cause the influence of the surface recombination veloc-
ity decreases with increasing light penetration.

With the elementary model such characteristics are
calculated and shown in Fig. 9. The parameter values
are sp=10% (10% cm/s and sp=10* (10%) cm/s for the
pvn (pnn) diode. One can see, that with changing the
values for sp and sp the overall behavior is obtained.
Thus, also the slight doping of the i-layer can be de-
scribed with this model.

0.2 T Y

Experiment

0.0

-0.2

-0.4

-0.6

Internal collection efficiency ¢ ~——3

-0.8 A=400nm |

13

-1.0
0.4

0.2

0.0
Voltage U ——»
Measured efficiencies q(U) for different

wavelength A of a pvn and prn diode illumi-
nated through the p-side.

Fig. 8:

For the following the symmetric case is regarded. An
increase of s shifts any g-curves (of Fig. 6) upwards and
broadens the short-circuit spread 8q = q(A2,0) - q(A1,0).
(Therelation A2 - A1 > Oimplies 6q < 0.) This broadening
effect of s is plausible. The penetration depth of blue
(red) light is short (long) and the front-side recombina-
tion loss of electrons is high (low). The short-circuit blue
efficiency will be limited by the front-side recombination
velocity, whether a cell is symmetric or not. The red
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o
o

= S )
o)) F=N N

Internal collection efficiency ¢ ———

o
@

-1.0

1.0

Voltage U ——»
Fig. 9: Calculated efficiencies q(U) at different
wavelength A for different sp and sp values.

efficiency, on the other hand, will be limited by the
recombination of both carriers, electrons and holes, at
either side. So both velocities count. On the whole now
the g(A ,0) moduli will increase in the case sp > sp with
A up to A, because more and more electrons are col-
lected, but with A > At they again decrease, because
more and more holes do recombine. This behavior is
observed, e.g. with Fig. 6, and the elementary model
predicts it /13/.

The measured and modelled g-plots of Figs. 6 and 7 are
more or less similar to each other. The (exaggerated)
Ur degradation indirectly simulates enhanced bulk re-
combination. The most conspicuous discrepancy con-
cerns the cross or plateau efficiencies gp. The modelied
gp are too high up (their moduli being too small). Is it
possible to improve the plateau collection (to bring
down the gp-values) and leave the short-circuit spread
dg untouched? A falling function sp(U) can do both, e.g.
the one of Fig. 10 in connection with sp = sp(-es). This
measure transforms the g-sets of Fig. 7 into the sets of
Fig. 11. The function snp(U) represents an arbitrary
guess. lt falls near a voltage Us that is smaller than Uk,
improves the collection and makes the cell asymmetric.
Flat plateaus and sharp crossings do no longer exist,
but a rough relation Up < Ur is to be recognized. The
measured and modelled A-sets of Figs. 6 and 11 show
asharp knee near Up. The turn-up is caused by the field
reversal at U = Ur. Photocarriers are collected by drift
and diffusion for U < Ur, but diffusion is dominant.
Otherwise the characteristics could not be as flat. Back
diffusion against drift feeds surface recombination. For
U > UF collection occurs by diffusion against drift, and
the surface recombination is now supported by drift.
The turn-up of the characteristics indicates collection
break down. The recombination is low (rising) along the
flat (rising) part of the characteristics. It is the field
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direction that controls surface recombination. Similar
explanations apply to the B-sets. Good collection is
delimited to the diode regime of the dark characteristic.
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Fig. 10:  Two functions sn(U) to model states A and B,
Us is the inflection voltage.
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Fig. 11:  Calculated efficiencies q(U) at different wave-

length A and with voltage-dependent sn (pa-
rameters from table 1, column A and B).

The measured inflection of the B-characteristic to the
shortest A (Fig. 6) is deliberately exaggerated by our
calculation (Fig. 11). The modelled “blue” characteris-
tics even decline over a certain interval Us < U < Urand
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are curved like a snake. This “blue-snake” anomaly by
the way can appear also in experiments. We speak of
“blue snakes” whether it comes to a slope reversal or
not. The sp(U) downfall of Fig. 10 creates the blue snake
of Fig. 11 and therefore simulates a real process. Cus-
tomary cells have buffered p(C)-i heterojunctions. We
once measured an unbuffered cell and found A- and
B-sets of g without any trace of a blue snake /15/ and
quite similar to Fig. 7 . Hence the blue snake is the
trademark of a buffered heterojunction. Numerical
simulations corroborate this conclusion /16,17/.

Discrepancies between Figs. 6 {(observed) and 11
(modelled) remain: The modelled g-curves rise too
steeply beyond Ur and the *fill factor” of the modelled
B-set is too low. Responsible for these deficiencies are
the uniform-field assumption and the neglect of bulk
recombination, respectively. We have to remark that the
full consideration of bulk recombination in (7) lets blue
snakes appear quite naturally with constant recombina-
tion velocities sn. So a blue snake indicates in reality a
conspicuous interaction of bulk and surface recombina-
tion in the case of low-level spectral illumination!

Conclusion

The foregoing demonstrations and discussions indicate
the value and the limits of the quite simple elementary
model. It allows to interpret experimental characteristics
and offers a first understanding of a-Si:H solar celis with
respect to the most important characteristics. This com-
prises also the light characteristic under simulated AM1-
light /18/. In order to incorporate bulk recombination a
two-region model was introduced /8,19,20,21/. This
two-region concept simplifies the consideration of bulk
recombination. The artificial inner region boundary has
to be found iteratively /19,20,21,22/, except for the sim-
plest case (diffusion and surface recombination ne-
glected) /8/. The neglection of bulk recombination lets
the double-carrier model /22/ degenerate to our one-re-
gion elementary model /23/. The photocarrier collection
occurs by drift and diffusion, and at flat-bands by diffu-
sion alone. The distinction between minority and major-
ity carriers becomes uncertain therefore under
flat-bands, and a two-region simulation of photocharac-
teristics runs into serious difficulties. The flat-band situ-
ation is quite important, on the other hand. The
elementary model now has no difficulty with this situ-
ation at all. Only the degenerate solution (13) has to be
used. In order to fully exploit the uniform-field concept,
Shockley-Hall-Read recombination rate r for example
has to be considered in (7) without any further simplifi-
cation. The boundary-value problemthenisto be solved
numerically /24/. The general uniform-field model has
the potentiality to meet the experiments better than the
elementary model, has also no difficulty with flat-bands,
and simulates blue snakes without effort, as mentioned
above. Simple solar cell models can in connection with
experiments provide key explanations, as demon-
strated here by means of our elementary model. The
complete description of a solar cell remains the domain
of exact simulation.

The amorphous structure and the continuously distrib-
uted density of defects has made the thorough under-
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standing of a-Si:H pin solar cells very complicate. For-
tunately, simple cell concepts have been proven as
quite useful for the practitioner. We presented the ele-
mentary model as an example here. The model indenti-
fies the significance of flat-band voltage and surface
recombination, also in connection with light degrada-
tion.
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