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Abstract: Using a previous model, which was developed to describe the light-induced creation of the defect density
in the a-Si:H gap states, we present in this work a numerical modelling of the photodegradation effect in the a-Si:H
p—i—n solar cell under continuous illumination. We first considered the simple case of a monochromatic light beam
with a wavelength A between 530-540 nm non uniformly absorbed, then the global standard solar spectrum (AM
1.5) illumination is taken into account. The photodegradation is analysed on the basis of the resulting changes in the
free carrier’s densities, recombination rate, band structure, electrical potential and field, space charge, and current
densities. Changes in the cell’s external parameters: the open circuit voltage V., the short circuit current density

Jse, the fill factor FF and the maximum power density Py, are also presented.
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1. Introduction

As is well known, the degradation of transport propri-
eties during illumination of the hydrogenated amorphous sil-
icon (a-Si:H) materials, i.e., the so-called Staebler—Wronski
effect (SWE)!!, is the main problem that limits the applica-
bility of such materials in photovoltaic domains. The major-
ity of models proposed to understand the microscopic mecha-
nisms that cause this effect suggest that it is due mainly to a
light-induced defect creation, stimulated by the non radiative
recombination of the photogenerated free carriers. The energy
released from such recombination can break weak bonds[2~6] s
or liberate bounded hydrogen atoms[®~1%] that can diffuse and
break weak bonds and then, further dangling bonds, i.e., de-
fects, are created.

During illumination, the increase of the dangling bond
density of states in the a-Si:H gap is obtained on the basis of
our model of the light-induced defect creation in a-Si:H['" 121,
The proposed model is based on experimental observation con-
cerning the presence of the doubly hydrogenated weak SiSi
bond (SiHHS) configurationl® 131, the hydrogen diffusion!'4]
and the main role of the hydrogen in the light-induced defect
annealingl® 587191 The varying density of states is then used
in the numerical modelling of the a-Si:H p—i—n solar cell, il-
luminated first with a monochromatic light beam (A = 530-
540 nm). The considered wavelength corresponds to the case
of non uniform absorption (absorption coefficient @ = 10°
cm™ 1), which means an exponential decay of the generation
rate away from the illuminated p-side of the device. Taking
the photon flux ¢ equal to 107 cm™2 s™!, this gives an op-
tical generation rate G in the photo-generation region equal to
10?2 cm~3 s~!, which is slightly lower than the value assured
later by the total AM 1.5 spectrum illumination. We analyse
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the degradation in terms of the internal variables profile: the
free carrier densities, recombination rates, space charges, band
structure, potential, electrical field, and current densities. We
also present the light-induced degradation effect on the cell
photo-parameters, i.e. the open circuit voltage V., the short
circuit current density Jg, the fill factor FF, and the maximum
power density Py -

2. SWE model

In our modell!’-12], the basic processes for light-induced
creation of dangling bonds are given as follows: the defect cre-
ation occurs by a non radiative recombination between pho-
toexcited electrons and holes at a weak SiSi bond adjacent to
an SiHHSi bond. This can be justified by the fact that the ma-
jority of hydrogen is located in SIHHSi configurations rather
than in isolated SiH bonds[6]. This weak SiSi bond is energeti-
cally favourable for recombination due to the additional stress
imposed by the two hydrogen atoms. As a result of the released
energy after recombination, one of the two hydrogen atoms
moves to the site of the broken SiSi bond, forming two adjoin-
ing SiHD defects. The hydrogen atom is located at the tetrahe-
dral site, rather than the bond centred site, of the broken SiSi
bond, and the separation of the Si dangling bond and hydro-
gen atom is in the range 4-5 A, which is consistent with ESR
experimentsl®l. The recombination at the SiHD defect site al-
lows the production and diffusion of a mobile hydrogen atom
through the material. If the dissociated hydrogen atom is in-
serted in the nearby SiHD defect, this will be annihilated and,
in this case, there will be no defect creation and no SWE as a
consequence. Thus, the hydrogen atom remains mobile until it
meets a distant SiHD defect where they annihilate to form a Si-
HHSIi bond. The hydrogen atom can also be re-trapped by col-
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liding with a second metastable H. In this case, both metastable
Hs are trapped to form a SIHHSi bond again. The validation of
our modell'!> 2] has been fulfilled by the good agreement ob-
tained between the defect creation kinetic simulation, based on
rate equations describing the processes above, and the experi-
mental data from Reference [9].

3. Physical model of the a-Si:H density of states

The typical density of localised states, g(E), in the a-Si:H
gap is comprised of the band tail state density, which decays
exponentially from the band edge, and of the dangling bond
state density. The latter is calculated according to the defect
pool model improved by Powell and Deanel],

The defect pool model has been proposed for the equi-
librium properties of a-Si:H, which can account for a wide
range of experimental results!!>> 1], The equilibration mecha-
nism was identified as a conversion of weak bonds to dangling
bonds according to the following reaction: SiHHSi + SiSi <
2SiHDI'5]. The density of state distribution was determined by
applying the law of mass action to both reactions: SiHD <« SiSi
+ H and SiHHSI < SiSi + 2H, between the weak bond energy
in the valence band tail and the energy level in the gap where
the defect is formed. The density of state calculated within the
framework of the defect pool model is expressed as follows!>!:

KBT*/ZEVO O,2
Pl|E , 1
} ( * 2Evo) )

G\2E2, H \KeT"/4E
= X
YT\ 2B — ko7 ) " \ Nas:

-1 o2
Ep — Ev - B
X exp [2EVO ( P 4Evo)]

where P(E) is the defect pool function assumed to have a
Gaussian distribution. o and E, are, respectively, the pool
width and peak position. Gy and E,, are, respectively, the den-
sity of states at E, and the valence band tail width. T* is the
equilibrium temperature (freeze-in temperature) for which the
density of states is maintained. H is the total hydrogen con-
centration and Ng;g; is the total electron concentration in the
material. f°(E) is the neutral dangling bond state occupancy.

Under illumination, the areas of defect Gaussian distribu-
tions increase similarly to the defect concentration Nyq (Ng =
/, ;‘; " D(E)dE), while their positions and widths remain un-
changed. The valence and conduction band tails are supposed
to be constants. These suppositions are made on the basis of
experimental study performed by References [17, 18].

Figure 1 shows the evolution of the defect state density
versus the illumination time, taking into account the assump-
tions above. The parameters used to calculate the defect density
of states are listed in Table 1, and they give an initial (equilib-
rium, annealed) defect density Ny of 101® cm™3. Under illumi-
nation, the latter reaches 4 x 10'® cm™3 for a standard a-Si:H
film soaked by a monochromatic light beam with an intensity
of 1022 em™3s™! and A < 570 nml®!. Afterwards, this density
of states, varying with the illumination time, is implanted in the
numerical modelling of the a-Si:H p—i—n solar cell to showing

PE =y [f°(E)

with
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Figure 1. Light-induced increase of the density of state in the gap of
the a-Si:H.

7%
Uy
e, |
[N
7»'/’1',""" X 'Il'"
ity :l'
RN
i

i ‘

il N
//Il"/l,l,"/l,"/‘ ;“‘ T~
10,0.','0'0":'0:""[;‘:".\
N

OON/Y,

S

XX
S
R

0SS,
3

XX
)
i

33
%S
353

3
33

.

Y
I
:.\“:: ;

D(E) (e eV )

2
727
72
72

77
I
7
2
I
-z

7,

7
Z

222

R
TR
AR
DU

P
S
V2
27
22z
V-
222,

Figure 2. 3D variation of the defect state density.

the related degradation effect on the internal variables as well
as on the photo-parameters of the cell.

4. Numerical model of the a-Si:H p—i—n cell

Our simulation program['®-2%] provides a one-dimensional
numerical solution of the carrier transport problem in a-Si:H
based p—i—n solar cell subject to equilibrium boundary con-
ditions. Namely, a stationary simultaneous solution of Pois-
son’s equation and the hole and electron continuity equations,
approximated using finite difference!?!-22] is achieved taking
into account the 3-D variation of D(E) resulting from the spa-
tial variation of the Fermi-level position within the energy gap
(Figure 2)11%-20] The basic solution consists of the electric po-
tential and the free carrier concentrations throughout the de-
vice. These results are complemented by the recombination
rate, space charge density, electric field, hole and electron cur-
rent density distributions within the device. The thicknesses of
the p and n layers are both 0.01 ;um and the whole device thick-
ness is 0.5 um. The transmittance 7 of the glass/TCO (trans-
parent conductive oxide) substrate and the back reflection R of
the n/metal contact are taken into account, the reason why the
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Table 1. Simulation parameters of the physical and numerical models.

Parameter Value
Pool width o (eV) 0.19
Pool peak position £, (eV) 1.27
Total hydrogen concentration H (cm™3) 5x 1021
Total electron concentration Njsi (cm™3) 2 x 1023
Defect state density freeze-in temperature 7 (K) 500
Characteristic temperature of the valence band tail 7y (K) 570
Characteristic temperature of the conduction band tail 7 (K) 246
Intrinsic Fermi level Eg (eV) 0.98
p-layer thickness (nm) 10
i-layer thickness (nm) 480
n-layer thickness (nm) 10
Mobility gap, Eg (V) 1.9
Activation energy in the p-layer, Eg, (eV) 0.28
Activation energy in the n-layer, Eg, (eV) 0.24
Density of states at £ and Ey, G¢, Gy (cm™3 eV_l) 1 x 102!
p- and n-layer doping densities, Na, Ng (cm™3) 5x 1018
Annealed i-layer DOS (cm™3) 1 x 1016
Free electron’s mobility, iy (cm3/(V-s)) 20

Free hole’s mobility, 1, (cm3/(V-s)) 2
Capture coefficient of charged tail’s states, C¢t (cm3 s71) 1x 1077
Capture coefficient of neutral tail’s states, Cy ( cm3 s_l) 1x10°8
Capture coefficient of charged dangling bond’s states, Coq (cm3 s™1) 1 x 1077
Capture coefficient of neutral dangling bond’s states, Cpg (cm3s™1) 1 x 1078
Glass/TCO substrate transmittance 0.912]
n/metal contact reflectivity 0.9[25]
Incident light beam wavelength A (nm) 534
Incident light beam intensity ¢ (cm™2 s~1) 1017
Absorption coefficient o (cm™1) 10°

generation rate G distribution, in the monochromatic illumina-
tion case, is given by the following expression :

G(x) = Tag {exp(—ax) + Rexp[—a (2d —x)]}, (2)

where « is the absorption coefficient, ¢ is the photon flux, and
d is the thickness of the device.

The numerical solution is achieved using the simulation
parameters listed in Table 1.

5. Results

Knowledge about the distribution of internal variables is
important to understand the changes resulting from the light-
induced degradation in the p—i—n device. To simulate the cell
behaviour under the light-socked condition, the dangling bond
density of states in the intrinsic layer (i-layer) has to be raised
using our model of the light-induced defect increase in the gap
states (Figure 1). As a result of the nonuniform light absorption,
therefore non uniform generation, the light-induced increase
in the dangling bond density (cm™3) profile occurs inhomoge-
neously along the device (Figure 3).

Figure 4 shows the free electron and hole densities pro-
files obtained by simulation under the short circuit condition,
at the annealed and degraded states. In the first case, the free
hole density (p) dominates until 0.23 um. Afterwards, the free
electrons (1) become the dominating free charge carriers. In
the degraded state, an important decrease in hole density oc-
curs around the p—i interface. This is obvious since the defect
density at the p—i interface is nearly four times greater than that
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Figure 3. Dangling bond concentration profiles.

of the annealed state. Holes remain the dominating carriers but
only until 0.07 pm, then electrons become the dominating free
carriers for the remaining part of the device. Moreover, there is
a considerable increase of electron and hole densities along the
i-layer, which raises the n - p product. However, no further in-
crease of the n - p product is expected at the i—n interface since
there are no changes in # and p, while it decreases certainly at
the p—i interface due to the important holes density decrease in
this region.

Figure 5 shows the recombination rate profile at annealed
and degraded states, and the generation rate profile. We remark
that the recombination rate that was higher at the interface re-
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Figure 4. n and p density profiles, under short circuit condition.
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Figure 5. Generation and recombination rate profiles.

gions in the annealed state decreases in the p-layer and at the
p/i interface. This can be attributed to the important decrease
of the free hole density in this region. In the rest of the device,
there is however an increase in the bulk recombination related
mainly to the increase of both n and p densities, except behind
the i/n interface.

In Figures 6(a) and 6(b), the trapped charge is plotted at
the different gap states in the annealed and degraded states.
In the first case, the dominating charge in the front of the de-
vice is in DT (positively charged states of the dangling bond
density of states). From 0.1 to 0.23 pum, the charge trapped in
the valence band tail (p;) contributes significantly to the pos-
itive charge, which dominates in this region. Beyond 0.3 pum,
D™ (negatively charged states of the dangling bond density of
states) take over as the dominating charged states, which leads
to the sign reversal.

In the degraded state: D~ increases from the p—i inter-
face up to 0.3 um while it decreases slightly between 0.34 and
0.46 pum; p; decreases from the p-edge to 0.2 um and increases
in the rest of the device; D™ increases slightly except in the
middle of the structure; D° increases inhomogeneously, sim-
ilarly to the dangling bond density profile; and finally n in-
creases over nearly the totality of the device.

The augmentation of the negative charge in the region
where the positive one dominates and vice versa, leads to the
diminution of the space charge in the considered regions, and

A.F Bouhdjar et al.
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Figure 6. Trapped charge density profiles in band tails, p¢, n, and
dangling bonds DT, D%, D~

consequently, we expect that the electric field also decreases.
Figures 7-10 show respectively the band structure, the
electric potential, the electric field and the space charge pro-
files, in both annealed and degraded states. From Figures 7(a)
and 7(b), we see clearly that the light-induced defects cause an
abrupt band bending near the p—i interface and consequently a
very high electric field, while a low electric field in the i-layer is
expected. Indeed, these two points are revealed in Figures 8 and
9. As shown in Figure 8, the potential profile in the degraded
state varies strongly around the p—i interface while it becomes
nearly constant along the i-layer. Examining Figure 9, showing
the electric field profile, we see that the electric field increases
from the edges of the device to the interfaces p—i and i-—n, then
it decreases towards the i-layer. The high interface fields are
caused by the large space charge densities in the p and n layers
(Figure 6). For the annealed state, if one referred to Figure 10,
we find that the depletion regions resulting from the p—i and
i—n interfaces meet at the i-layer. In the degraded state, a very
high electric field indeed is found at the p—i interface, as ex-
pected above, while it decays through the i-layer and reaches
300 V/cm at 0.3 um. This means that the depletion regions re-
sulting from the p—i and i—n interfaces are well separated, and
the field reverses immediately if a very small voltage bias is
applied. The separation of the depletion regions is illustrated
by Figure 10 and approves what has been advanced previously
when we treated the trapped charge profiles in different gap
states. The reduction of the electric field through the i-layer
gives a reason for the increase of the free carriers in compari-
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Figure 8. Electric potential profile, under short circuit condition.

son with the annealed state. Then, additional recombination is
induced, which was indeed found from the recombination rate
profiles (Figure 5).

Figure 11 shows electron, hole and total currents densities
profiles calculated under short-circuit condition, at annealed
and degraded states. A comparison of electron and hole cur-
rents densities, which are both negative, with the total current
density shows that the current is mainly carried by electrons.
Only in the region close to the p—i interface (0.07 um in the an-
nealed state, 0.05 um in the degraded one), where the hole con-
centration is much higher than that of electrons, does the hole
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Figure 9. Electric field profile, under short circuit condition.
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Figure 11. Electron and hole current densities’ profiles.

current density constitute the total current density. The degra-
dation of the electron and the hole current densities is clearly
shown and causes the decrease of the total current density from
14.79 to 11.68 mA/cm?. Moreover, we remark that there is a
very weak decrease in both electron and hole current density
profiles from 0.44 pum at the degraded state. This is explained
by the recombination rate, which locally exceeds the genera-
tion rate, as can be seen if one refers again to Figure 5. In order
to analyze in more detail the transport mechanism, in Figures
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profiles in the degraded state.

Table 2. The cell photo-parameter degradation when ptn/pp, = 20/2 (cm?/(V-s)) and Mo/l = 25/6 (cm?/(V-s)).

Mn///-p Jse Voe (V) FF Prnax Mn///«p Jse Voo (V) FF Prax
20/2 (mA/cm?) (mW/cm?) 25/6 (mA/cm?) (mW/cm?)
Ann state 14.79 0.975 0.58 8.46 Ann state 15.08 0.972 0.652 9.65
Deg state 11.68 0.9 0.50 5.27 Deg state 14.5 0.915 0.56 7.43
AJse % AVoe % AFF % A Prax % AJse % AVoe % AFF%  APmax %
21 —7.69 —14.86 —37.81 —4.11 —5.86 —1427 -22.61

12(a)-12(d), electrons and holes current densities are separated
into drift and diffusion components. For both annealed and de-
graded states, the majority carriers current densities compete
between drift and diffusion in the very front of the sample
(close to the p—i interface) as in the back (close to the i—n inter-
face). In the very front of the sample, the hole current, mainly
drift current (since the hole current density is negative like the
drift one), dominates. Similar results hold for electrons in the
back of the device. We note here that an exception in the de-
graded state is found for holes at the p—i interface, where there
is a large decrease of the free holes density, which are captured
by the high Dt density, compared to the annealed state (Figure
4). Consequently, the hole-diffusion current density decreases
significantly and the transport process remains drift-dominated
in this region.

Throughout the i-layer, for electrons as for holes, the drift
current density (negative) is the dominant partial current den-

sity in the annealed state, for which the electric field strength
is high in the active region. However, the competition between
the drift and diffusion current densities persists in the degraded
state. The region where the diffusion current density dominates
the electric field is low, thus weakening the drift current den-
sity.

We summarized in Table 2 the photodegradation effect on
the output parameters of the cell, and also the effect of increas-
ing the free carrier mobilities 1, and pp, given in more detail
in a previous work[23],

For a good solar cell, a fill factor of more than 0.65 can
be expected. In the pn/pp, = 20/2 case of Table 2, the FF is
relatively low because the dangling bond density of states is
calculated before the degradation, according to the defect pool
model improved by Powell and Deanel'5]. The presence of
the doubly hydrogenated weak SiSi bond (SiHHSI) configura-
tion[® 131 the hydrogen diffusion, and the carrier life time be-
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Table 3. The solar cell output parameters under the full solar spectrum
(AM 1.5) illumination in the annealed and degraded states.

Mo/ [p Jse Voe (V) FF Prax
20/2 (mA/cm?) (mW/cm?)
Ann state 16.73 0.975 0.58 9.46
Deg state 12.63 0.9 0.50 5.68

ing much shorter than the transit time (when there is no applied
reverse bias as in a-Si:H solar cell case), all this contributes to
making recombination the governing behaviour of the device,
and a relatively low fill factor can be expected. However, the
0.58 value for the FF is better than the other simulation works
that used the defect pool model; as an example, we can refer to
values of ~ 0.4 to 0.425 obtained in Gao works®*]. We also
indicate that the 0.58 value for the FF remains in the experi-
mental range, as noted in many works>> =27 realised with con-
ditions close to those of the current manuscript. Although the
fill factor is relatively low, the short-circuit current density has
an improved value in the annealed state.

Finally, we present in Table 3 the solar cell output para-
meters at the annealed state and degraded state, obtained un-
der the global standard solar spectrum (AM 1.5) illumination
and using the measured data corresponding to the full spectrum
AM 1.5 for the absorption coefficient, given in Reference [28].
Relative to the monochromatic light case, a pretty increase is
noted in the short-circuit current density and also in the max-
imum power density provided by the cell for both cases: an-
nealed state and degraded state.

6. Conclusion

Our model of the light-induced defect creation together
with the numerical modelling of the a-Si:H p—i—n solar cell
have been used to provide a better understanding of the phys-
ical mechanisms governing the operation and the degradation
of the device under illumination. In this approach, we first con-
sidered the simple case of a monochromatic light beam nonuni-
formly absorbed; this leading to an exponentially decreasing
generation rate from the illuminated p-side to the n-side of the
device. We have interpreted our results on the basis of an inho-
mogeneous increase of the dangling bond defect distribution,
as a consequence of the degradation effect related to the ab-
sorbed light profile in the i-layer. Such a distribution induces
important changes in the internal variable profiles and the ex-
ternal photo-parameters of the device. These changes can be
summarised as follows.

(1) An important increase in recombination rate, due
mainly to the increase of the bulk n - p product, is the rea-
son why the current density decreases considerably along the
device.

(2) An abrupt band bending through the p-side causes a
high electric field in this region, while a low electric field is
found in the i-layer. The latter further encourages the bulk re-
combination of free carriers.

(3) The carrier diffusion current densities across the i-
layer, neglected in the annealed state, contribute significantly
to the total current density (mainly the electron diffusion cur-
rent).

(4) Decreases occur in the photo-parameters, which can be
visualised in terms of percentages: 21% in Jg, 7.69% in V.,
14.86% in FF and 37.81% in Pp.x. The increase of u, from 20
to 25 cm?/(V-s) and f, from 2 to 6 cm?/(V-s) improves the cell
photo-parameters and minimizes significantly their deteriora-
tions: 4.11% in Jg, 5.86% in V¢, 14.27% in FF and 22.61% in
P, max -

Finally, the results are expanded to the full spectrum AM
1.5 condition of illumination under which the a-Si:H solar cell
usually operates. Relative to the monochromatic light case, an
increase is noted in the short-circuit current density and also
in the maximum power density provided by the cell for both
cases: annealed state and degraded state.
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