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Abstract— This paper presents an extension of the classical
gain/loss analysis of Brendel et al. (Appl. Phys. Lett. 93, 173503,
2008) based on the balance of free energy in a solar cell. We
consider the full balance of all thermodynamic potentials by
separating the excess free energy into excess chemical and excess
electrostatic potentials. A layer-by-layer analysis of an exemplary
silicon solar cell shows that the different functionalities of different
parts of the solar cell, e.g., the neutral base and the space charge
regions, are well reflected in the different pictures provided by
looking at the thermodynamic potentials separately. Additionally,
we investigate fill factor losses by insufficient majority carrier
collection at the back contact of the solar cell with two prototypical
passivation layers. Here we show that resistive losses, i.e. losses in
the electrostatic potential can be distinguished from Kkinetic losses,
i.e., losses in the chemical potential.

Keywords—thermodynamic  potentials,
numerical simulation, free energy flux

gain/loss  analysis,

. INTRODUCTION

A solar cell transforms radiation energy from the sun into
electrical energy at the cell’s terminals. The photovoltaic effect
that takes place within the solar cell consists of two separate
steps: Firstly, the continuous generation of electron/hole pairs,
i.e. the generation of fluxes of excess chemical potentials and,
secondly, the transformation of this chemical energy flux into
electrical power, i.e. the product of electrical current and
voltage at the cell’s terminals. Since, the electrochemical
potentials n,, , of electrons and holes are the respective sum of
their chemical potentials u,,, and their electrical potentials
¢np » the analysis of gains and losses in solar cells is
conveniently made in terms of the overall electrochemical
potential n =7, + n, [1]. However, summarizing two
different thermodynamic potentials, the chemical and the
electrostatic potentials, into one hides a part of the photovoltaic
action of the solar cell, namely the transformation of chemical
energy into electrical energy.

Therefore, we propose here a more complete thermodynamic
gain/loss analysis that extends the previous approach of Brendel
et al. [1] by separating the free energy balance into the balance
of chemical and electrostatic potentials. We use data from
numerical device simulations (SCAPS [2]) to illustrate our

method for the example of a generic silicon pn-junction solar
cell with selective contacts. The theory behind our approach is
delineated in sect. 11 and the settings of the simulations in sect.
I11. Finally, an exemplary layer by layer functional analysis of
the solar cell highlights the different roles played by the neutral
base of the solar cell and the space charge regions at the pn-
junction and at the high/low-junction (section IVA).

Finally, we apply our method to two paradigmatic variations
of the passivation layer at the high-low junction (back contact
of the solar cell). These two variations are chosen to find
examples for two distinct approaches to contact selectivity,
namely the resistive model by Brendel and Peibst [3], and the
kinetic model by Roe et al. [4]. As discussed in Ref. [5], these
models are not compatible. Rather they describe specific
situations where the losses show up as losses in the electrostatic
potential (resistive) or chemical potential (kinetic), exclusively.
Thus, the present analysis method should be able to bridge this
gap by considering the electrostatic and the chemical potential
losses individually (section 1VVb).

Il.  THEORY

Let us consider the excess electrostatic potential of electrons
via 8¢, = —qé® (in units of electron volts) such that the
excess free energy of electrons &n,, is given by

8Ny = 6ty — q6P = Spy + Sy @
With the same line of arguments,
onp = Oy + q6® = Sy, + 69, (2)

holds for the excess free energy of holes. The flux p, of the free
energy may be looked at as the sum of fluxes p.j.. and pepem
of electrostatic energy and chemical energy. From the particle
current densities j, and j, we obtain finally

Pr = jnarln +jp677p = jn(6#n + 5‘/’11) +jp (S#p + 5‘/’1}) =
(jn _jp)aq’n +jn5:un +jp#p = Pelec + Pchem - (3)

This equation is now used as the base for the analysis of the
balance of the three thermodynamic potentials (x = F, elec,

chem) in each layer and at across each interface in the solar cell
according to



Apk = p®t —p™, 4)
Where the index k denotes the number of a specific layer or of
a specific interface.

For the chemical potential, we can distinguish a
component resulting from the generation and recombination of
electron hole pairs and a component from kinetic transport
losses due the finite mobility of the charge carriers. The balance
of chemical potential of electrons reads

k _ :kout ¢ koout k,in o k,in
Apchem,n =Jn 6.“11 —Jn 6/~ln
k,out k,in
_ Oun” 40Uy (kout _ kjin
= = (M =) (B)

2
.k,out , .kjin

J +J k, k,i
+In . n (aﬂn out _ 5#n ln) = Apgr,n + Ap’lgin,n ,

where we use the arithmetic averages of the current density and
of the chemical potential such that the same equation can be
applied for interfaces and for layers of finite thickness. Adding
up the terms for electrons from Eq. (5) with the corresponding
expression for holes yields

Apfhem = Apgr,n + Apgr,p+Apll§in,p + Apllgin,p = Apgr + Aplléin

(6)
Note that the difference between outgoing and ingoing electron
current density equals the difference in hole current densities
and both quantities correspond also to the difference between
the generation current j, and the recombination current j,.
according to

U™ = ™) = Uy ™ = 3p™) =Jg —Jr - (1)
Finally, because 6, = —&¢,, we may write for the balance of

the chemical potential by generation and recombination within
a layer k

k,out ki k,out k,i
A ko é-unou +6unm+5#pou +5llpm(. 3 )
Pgr 2 Jg —Ir
_ 5nlri,out+5nlri,m+5nl£,out+6nlg,m . ) 8
- 2 (]g _]r) . ( )

Equation (8) implies that the first step of the photovoltaic effect,
namely the generation of excess electron hole pairs
(considering j, only), can be looked at as a generation of free
energy, but equally as the generation of chemical energy.

I1l.  SIMULATION DETAILS

The prototype silicon solar cell structure considered in this
work is a silicon solar cell containing two generic selective
contacts. The present work concentrates on the majority carrier
collection at the back contact with two variations of the type of
the passivation layer (‘thick’ and ‘thin’ as shown by item 2 of
the list below).

The solar cell is defined by the following layers:

(1) A 0.1 um thick p+ Si contact layer (acceptor density:
2.8x10%° cm3, electron/hole mobility:
4.5x10%1.5x10% cm?/(Vs)).

(2) The ‘thick’ variant of the passivation layer has a
thickness of 1 pum (acceptor density: 2.8x10%° cm,

electron/hole mobility: 2x102/1x10% cm?/(Vs)). The
conduction band of this layer is set 0.1 eV higher than
the conduction band energy of the Si contact and
absorber layers, accordingly the valence band is set 0.1
eV lower than valence band of the Si layer. Variations
for the majority carrier (hole) collection with respect
to the reference are achieved by lowering the hole
mobility. The ‘thin’ variant is a 4 nm thick passivation
layer (acceptor density: 2.8x10%° cm3, electron/hole
mobility: 1x10Y1x10' c¢cm?/(Vs)). The conduction
band of this layer is set 0.4 eV higher than the
conduction band energy of the Si contact and absorber
layers, accordingly the valence band is set 0.1 eV
lower than valence band of the Si layer for the
reference and variations are achieved increasing the
valence band offset as illustrated in Fig. 1.

(3) A 200 pm thick p-type c-Si absorber (acceptor
density:  2.8x10%%m?, electron/hole  mobility:
4.5x10%/1.5x10° cm?/(Vs)).

(4) A 0.02 um thick generic n-passivation layer (acceptor
density: 2.8x10Y cm?3, electron/hole mobility:
4.5x10%/1.5x10° cm?/(Vs)). The conduction and
valence band energies are the same as in the
passivation layer (2). Variations of the passivation
layer at the n-side of the solar cell are not considered
in this work.

(5) A 0.1 pm n+-Si layer (acceptor density: 2.8x10%*° cm-
3, electron/hole mobility: 4.5x10%/1.5x10° cm?/(Vs)).

Except for the passivation layers, the cell is defined on base of
the standard silicon settings in the numerical device simulation
SCAPS [2].

A batch simulation is used to compute a series of band
diagrams of the solar cell for a series of voltage bias points. For
this work, the applied bias voltage (Vpias) Starts at 0 mV and is
linearly increased in 39 mV increments until Vpias = 745mV =
Vo arrives at the open circuit voltage. The maximum power
point (mpp) of the device is reached at a voltage of Vyias = 630
mV.

Simulations are conducted in the dark and under illuminated
conditions to cover the equilibrium and the non-equilibrium
situation. The illumination is set to the standard AM1.5G
spectrum which is included in the software. Further, the
recorder function in SCAPS is utilized to gather data of the
following six quantities: conduction and valence band energies
Ec(x) and Ey(x), the quasi-Fermi energies Er,(x) , Epp(x)
for electrons and holes, as well as the electron and hole currents
Jjn(x) and j,(x). Only these six quantities are needed as the
basis for the following analysis of the full balance of
thermodynamic potentials. The layer-by-layer analysis uses the
five layers above, moreover, considers the space charge regions
(SCR) at the pn-junction and at the high/low junction as
additional layers, as well as all interfaces between the layers
and from the first and last layer to the metallic contact.

Figure 1a shows the equilibrium band diagram of the
solar cell in the vicinity of the ‘thick’ passivation layer. Here
the variations in the majority collection are achieved by



reducing the hole mobility in the layer without altering the band
diagram. Figure 1b shows the reference band diagram for the
‘thin’ passivation layer with a valence band offset 0f 0.1 eV and
of 0.42 eV (red line). The latter variation is made to investigate
the effect of a large barrier on the collection of holes.

15T T ] o T T ]
‘thick’ (a) thin (b)
= 1.0 F Ec 1 F Ec ]
Q,
w o5k 4 F 4
>
=4 E E
oY) S S 1
o b
Ey E,
05 f 1F Y
1 L L L L L L
00 05 1.0 15 0.0 0.1 0.2
. coordinate x [um]
&
g O T T T
g 0@
E -10F E
-
2> 20F E
‘@
c
3 30f E
<
9]
E -40 n n n n n ! L
© 00 01 02 03 04 05 06 07

voltage V [V]

Fig. 1. (a) Equilibrium band diagram for a p/p+ junction in a silicon solar cell
featuring a generic 1um thick passivation layer. (b) Equilibrium band diagram
for a junction with a 4 nm thin passivation layer with two different valence band
offsets (0.1 eV, black, and 0.42 eV, red) with otherwise unchanged parameters.
Variations are made to the hole mobility in the thick layer and in the band offset
for the thin layer in order to vary the junctions’ ability to collect holes. (c) The
current voltage characteristics of a reference calculation for thin and thick
passivation layers with favorable mobilities and band offsets leads in both cases
to the same current-voltage characteristics. A reduction of the hole mobility
from 100 cm?Vs to 0.7 cm?/Vs for the thick passivation layer and an increase
of the valence band offset from 0.1 to 0.42 eV leads to the two characteristics
with reduced fill factor.

Figure 1c shows the four current voltage (1V) characteristics
of the two reference systems (thick passivation layer with high
hole mobility, thin passivation layer with low valence band
offset). The IV curves of the two reference cells are identical
featuring a high open circuit voltage of 748 meV, a short circuit
current density of 39.5 mAcm, and a fill factor of 82.0%. In
contrast the reduction of carrier mobility, by either lower hole
mobility in the ‘thick’ passivation layer or by a higher valence
band offset for the ‘thin” layer, lead to a significant reduction of
the fill factor to 62.8 % and 63.5 %, respectively. These two
situations are designed with the goal to find examples where the
fill factor losses follow the resistive model of Brendel and
Peibst [3], i.e., the free energy losses result from losses in the
electrostatic potential or the kinetic model of Roe et al. [4], i.e.,
free energy losses are losses in the chemical potential.

IV. RESULTS

A. Balance of thermodynamic potentials for the reference cell

Figure 2 shows the band diagram of the reference Si-solar
cell (with the ‘thick’ passivation layer) under illumination and
at a voltage corresponding to the maximum power point Vpias =
630 mV. Note that the passivation layers are assumed to have
high mobilities for the respective majority carriers, i.e., the

carriers that should be extracted at the specific contact, and low
mobilities for the respective other carriers. Furthermore, no
interface recombination is assumed, such that the contacts can
be considered almost perfectly selective [3-5] and the Si
absorber material dominates the carrier recombination in the
cell. Thus, we start with the most generic and simple situation
for a pn-junction solar cell.

Figures 2b and ¢ show the non-equilibrium potentials 87,,,
Oiin, and 8¢, for electrons and 67, Sup, and 5¢,, for holes,
respectively. The most important observation in Fig. 2b is that
the chemical potential du,, of electrons decreases from the
neutral part of the Si-absorber (where a major part of du,, is
produced by the photogeneration of excess electrons) through
the space charge region (coordinate x = 200.7 — 201.1 pum)
towards the electron contact. At the same time the electrostatic
potential §¢,, increases by the same amount, such that the
electrochemical potential &n, remains constant. This
transformation of excess chemical potential in the absorber into
electrical potential at the contact is the essence of the
photovoltaic effect procured by an active junction in a solar
cell. Note that the same transformation takes place also for o,
and 6¢, in Fig. 2c.
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Fig. 2. (a) Non-equilibrium band diagram of a silicon solar cell under AM1.5G
illumination and at the voltage Vmme= 630 mV. The cell has two generic
passivation layers between the highly n- and p-doped contact layers and the
moderately p-doped Si absorber. (b) Non-equilibrium thermodynamic
potentials n,,, du,, and 8¢, for electrons and (c) én,, Su,, and S¢, for
holes. (d) Fluxes pg, Peiec: aNd porem Of the electrochemical, the electrostatic,
and the chemical potential.



Finally, it can be seen in Figs. 2b and c¢ that across the
passivation layers the electrochemical potential as well as the
chemical potential of the respective minority carriers are
reduced from high values in the absorber to low values in the
highly doped contact layers.

Figure 2d compares the fluxes pg, Peiec, and pepem OF the
three thermodynamic potentials (as defined in Eq. 3) at the
given working point. At the left terminal (x = 0) all three
potentials are zero, whereas at the right terminal (x = 201.22
pum) the electrical as well as the electrochemical potential flux
correspond to the extracted power of 24.17 mWcm2. The
chemical potentials and in consequence the flux of chemical
potentials is at this point zero as it should be at a metallic
terminal of the solar cell. It is also seen in Fig. 2d that the
electrostatic power p,,.. is built up exclusively in the SCRs of
the pn-junction and of the high-low junction. The
electrochemical potential flux p.perm builds up in the SCR of
the pn-junction as well as in the neutral absorber. Especially
outside the SCR, pp follows closely p.nem-
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Fig. 3. Contributions of the different layers to (a) the free energy
(electrochemical potential) flux, (b) the flux of the electrostatic potential
(electrical power), (c) the flux of the chemical potential (contribution of
generation and recombination) and (d) the kinetic part of the chemical potential
flux, according to Egs. (4) and (5). Note that the seven layers in the device are
divided into three groups: The n/n+-junction, the neutral part of the Si
absorber, and the p/p+-junction.

Figure 3 illustrates the layer by layer analysis of the
contributions Apf ,  Apf.. . Ap., and Apj;, of the different
layers to the free energy flux, the electrical power and the two
components of the chemical energy flux as defined in Egs. 5

and 6) calculated for the voltage bias points between zero and
V =V, =745 mV. Note that for the sake of simplicity, the seven
layers are combined into three groups of layers, namely the
neutral part of the absorber, the n/n+-junction (including the
SCR of the p/n-junction, the n-passivation layer and the highly
doped n+ contact layer) and the p/p+-junction (comprised of the
SCR of the high/low-junction, the p-passivation layer and the
highly doped p+ contact layer).

Free energy fluxes (Fig. 3a) are only present in the neutral
part of the absorber and in the p/n-junction. For the contribution
of the neutral part, we have to understand that below a voltage
of 350 mV, the split of the Fermi-levels in the illuminated
absorber does not correspond to the external voltage. This is
because at zero or low external voltage a certain amount of free
energy is needed to drive the minority carriers (electrons) from
the absorber through the SCR into the contact [6,7]. In this
situation, photogeneration leads to the generation of free energy
in the absorber, which is however immediately consumed in the
p/n-junction, such that the sum of both potentials is always the
externally extracted power. At higher voltages the free energy
generation increases up to a point where the annihilation of free
energy by recombination in the neutral absorber prevails and
finally defines the open circuit situation. The electrostatic
picture (Fig. 3b) shows that the transformation of chemical into
electrical energy takes place only in the p/n-junction.

Figure 3c demonstrates that the photogeneration in the
neutral absorber and in the n/n+-junction are the main
contributors to the generation of chemical energy due to the
photogeneration of charge carriers in these two regions. Finally,
Fig. 3d shows the kinetic part of the chemical energy. All
contributions are negative because they either consume
chemical energy due to (quasi-) resistive losses or they
transform chemical energy into electrical energy which also
yields a negative contribution to the chemical energy. Note that
the sum of the contributions Apf, and Apj;, over all layers
must yield zero chemical energy at all bias points (as it is shown
in Fig. 2d).

B. Loss analysis at reduced selectivity of the high/low
junction

After having illustrated the basic working principle of a solar
cell in the light of its balance of thermodynamic potentials, we
use the same tool to investigate the losses that are caused by the
deterioration of the majority carrier collection efficiency for the
two paradigmatic passivation layers at the high/low junction.
As discussed above, for the ‘thick’ layer this is achieved by
reducing the hole mobility pn from 100 cm?/Vs (reference) 0.7
cm?/Vs. In Fig. 4a we show the free energy balance for the
device with reduced hole mobility with a considerable loss at
the p/p+ junction. This loss leads to the fact that the free energy
generated in the device (black line) is lower than the sum of the
free energies generated in the absorber (red) and in the SCR
region (green) of the n/n+ junction. The electrical picture in Fig.
4b reflects the loss in the p/p+ contact as a negative contribution
counterbalancing the electrostatic potential that is generated by
the n/n+ junction. A closer look at the electrical balance of the
three involved layers (Fig. 4c) unveils that the loss of the



electrical energy occurs essentially over the thick passivation
layer. Figure 4d shows the kinetic part of the chemical energy
for the absorber and the junctions. Here we concentrate on the
fact that there is no Kinetic loss in the p/p+-junction except for
higher voltages (blue line). However, looking at the details of
the kinetic flux balance of the p/p+ junction in Fig. 4e, i.e., to
the contributions of the three constituting layers, we find that
the apparent zero balance of the junction at voltages < 0.6 V is
composed of the accumulation of chemical energy in the SCR
and a loss of chemical energy in the passivation layer.
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Fig. 4. (a) Free energy (electrochemical potential) flux for the solar cell with a
‘thick’ passivation layer and the hole mobility in this layer reduced to un, = 0.7
cm?/Vs. The black line is the total free energy flux extracted from the device.
The layer-by-layer analysis shows the free energy extracted from the neutral
absorber (red), the p/n-junction (including the SCR, the passivation layer, and
the n+-doped contact layer, green), and from the p/p+ junction (including the
SCR, the passivation layer, and the p+-doped contact layer, blue). (b) The flux
of the electrostatic potential (electrical power) of the three layers, featuring a
negative contribution from the p/p+ junction due to the low hole mobility in the
passivation layer. (c) The electrostatic flux balance of the p/p+ junction
detailed to the contributions of the three constituting layers SCR, passivation
layer and p+-doped contact layer, featuring the fact the electrical power is lost
over passivation layer. (d) Kinetic part of the chemical energy for the absorber
and the junctions, featuring a transport loss in the absorber at lower voltages
and no kinetic losses in the p/p+junction except for higher voltages. (e) The
kinetic flux balance of the p/p+ junction detailed to the contributions of the
three constituting layers. Here it is shown that the zero balance of the junction
at voltages < 0.6 V is composed of the accumulation of chemical energy in the
SCR that is consumed in the passivation layer.

Figure 5a shows the non-equilibrium band diagram zoomed
in to the region of the p/p+ junction and Fig. 5b the excess
potentials 67, , duy,, and 6¢, for the holes, which are of
interest here. We can readily see that the free energy and the
electrostatic potential roughly follow each other. Analogously,
the flux of the free energy and the flux of electrical energy
displayed in Fig. 5c follow each other. However, small
discrepancies between those potentials (Fig. 5b) as well as
between the fluxes occur at either side of passivation layer
leading to a chemical potential that is slightly above zero
(accumulation of holes) to the right and slightly below zero
(depletion of holes) at the left side of the layer (dotted line in
Fig. 5b). What we observe here is essentially the charging of
the capacitor across the passivation layer that is necessary to
build up the excess electrical field that drives the holes through
the passivation layer. Thus, the present ‘thick’ layer turns out
to be a good example for a purely resistive loss across the
passivation layer.
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Fig. 5. (a) Non-equilibrium band diagram under illumination and short circuit
for the p/p+ junction region of the solar cell with a ‘thick’ passivation layer
and the hole mobility in this layer reduced to p, = 0.7 cm¥Vs. (b) Non-
equilibrium thermodynamic potentials 67, S, and 6¢,, for holes, featuring
the fact that the electrostatic potential follows the free energy whereas the
chemical energy remains essentially unchanged. (c) Fluxes pg, Perec, and
Perem Of the electrochemical, the electrostatic, and the chemical potential. The
free energy flux (loss) and the electrostatic energy flux follow closely each
other. This is a good example of a purely resistive loss across the passivation
layer.

In the next step, we discuss the reduced ability for majority
collection through the ‘thin’ passivation layer. This is achieved
by increasing the valence band offset from 0.1 eV (reference)
to 0.42 eV. In Fig. 6a we show the free energy balance for this
device displaying a loss at the p/p+ junction (blue line) much as
in the case of the ‘thick’ layer with reduced hole mobility. The
electrical picture in Fig. 6b is also very similar to Fig. 4b,
especially as far as the loss in the p/p+ contact shows up in the
electrical potential and there is no loss in chemical potential



across the junction in Fig. 6d. Separating the contributions of
the three individual layers in Fig. 6¢ (SCR, passivation layer,
p+ doped layer) shows that the electrical loss occurs over all
three layers with the passivation layer having the smallest
contribution due to its low thickness of only 4 nm. The flux of
chemical potential shown in Fig. 6e shows positive balances for
the p+-layer and for the SCR of the absorber layer compensated
by a negative balance for the passivation layer such that the
overall consumption of chemical energy is zero (Fig. 6d).
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Fig. 6. (a) Free energy (electrochemical potential) flux for the solar cell with a
‘thin’ passivation layer and the valence band offset enhanced to 0.42 eV. The
black line is the total free energy flux. The free energy extracted from the
neutral absorber is shown in red, the p/n-junction (SCR, passivation layer, and
n+-doped contact layer) in green, and the p/p+ junction (SCR, passivation
layer, and p+-doped contact layer) in blue. (b) Flux of the electrostatic
potential of the three layers, featuring negative contributions from the p/p+
junction much like in Fig. 4b. (c) The electrostatic flux balance of the p/p+
junction detailed to the contributions of the three constituting layers SCR,
passivation layer, and p+-doped contact layer, featuring contributions from all
three layers to the loss of electrical power. (d) Kinetic part of the chemical
energy for the absorber and the junctions (e) < 0.6 V in fact results from an
accumulation of chemical energy in the SCR and the consumption of an equal
amount in the passivation layer. This in fact is the electrical power loss over
the passivation layer.

The non-equilibrium band diagram of to the junction region
for the ‘thin’ passivation layer is shown in Fig. 7a and the
excess potentials 6n,,, 6up,, and §¢, for the holes in Fig. 7b,
both in high spatial resolution. In Fig. 7b we see that the free
energy of holes drops sharply over the passivation layer due to
the high barrier that the holes have to overcome. We see an

equivalent drop of the chemical potential over this layer. Hence,
we have locally a loss in chemical potential. However, we see
also that the chemical potential gets back to zero after a short
distance to the left and to the right of the passivation layer such
that there is no difference between the free energy and the
electrostatic potential. Thus, globally the loss of free energy
across the entire p/p+ junction is resistive. The flux of
thermodynamic potentials displayed in Fig. 7c displays the
analogous picture.

Again, we may consider the picture of a capacitor across the
passivation layer (which is much narrower here than at the
‘thick” layer): Holes accumulate and deplete close to the
transport obstacle, i.e., the passivation layer. And although
there is a loss in chemical energy across the thin passivation
layer, the overall picture is that the chemical energy is merely
shifted forth and back with an overall loss of zero.
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Fig. 7. (a) Non-equilibrium band diagram under illumination and short circuit

for the p/p+ junction region of the solar cell with a ‘thin’ passivation layer

(valence band offset enhanced to 0.42 eV). Note the higher spatial resolution
as compared to Fig. 5. (b) Non-equilibrium thermodynamic potentials é7,,,
Spy » and 8¢, for holes. Outside the immediate junction volume, the
electrostatic potential equals the free energy. Close to the absorber/passivation
layer interface, the enhanced chemical potential results from accumulation on
the right side and a depletion of holes on the left side of the interface. (c) Fluxes
Dr, Petecs @Nd Perem Of the electrochemical, the electrostatic, and the chemical
potential. The free energy flux (loss) and the electrostatic energy flux follow
each other only outside the immediate junction volume.

V. SUMMARY

The present paper has highlighted the interplay between
chemical, electrochemical, and electrostatic potential in a solar
cell. We have used numerical simulations of a rather ideal
silicon pn-junction solar cell to illustrate and quantify the fluxes
of the three different potentials in this generic case. We have
shown that the generation of chemical potential (i.e., excess
electrons and holes) takes place in the absorber and the SCR of
the pn-junction, whereas the transformation of this chemical
energy into useful electrical energy available at the cell’s



terminals is achieved essentially within the SCR of the pn-
junction. A detailed loss analysis for two generic passivation
layers at the p/p+ back junction unveiled that a thick passivation
layer with relatively low hole mobility exhibits losses
exclusively in the electrostatic potential. This situation would
be perfectly covered by the selectivity model of Brendel and
Peibst [3]. A thin passivation layer with a high band offset for
holes shows a more complex picture: Across the thin layer itself
both, free energy as well as chemical energy are lost. However,
the chemical energy loss is perfectly counterbalanced by
accumulation of chemical energy in the absorber and in the
highly doped contact in the vicinity of the passivation layer.
Thus, globally the loss across the entire high/low junction is
also resistive, i.e., it can be described by a voltage drop across
the junction, again as in the model of Ref. [3]. We, thus,
conclude that for a high-low junction where the critical layer is
packed between two doped layers of equal polarity, the losses
are mostly resistive. We finally note that this behavior of a high-
low junction is, however, in sharp contrast to free energy losses
across or within pn-junctions that are clearly kinetic as
described elsewhere [8].
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