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Solar cells rely on photogeneration of charge carriers in p-n junctions and their transport and subsequent
recombination in the quasineutral regions. Several basic issues concerning the physics of the operation of solar
cells remain obscure. This paper discusses some of those unsolved basic problems. In conventional solar cells,
recombination of photogenerated charge carriers plays a major limiting role in the cell efficiency. High quality thin-
film solar cells may overcome this limit if the minority diffusion lengths become large as compared to the cell
dimensions, but, strikingly, the conventional model fails to describe the cell electric behavior under these
conditions. A new formulation of the basic equations describing charge carrier transport in the cell along with a set
of boundary conditions is presented. An analytical closed-form solution is obtained under the linear approximation.
It is shown that the calculation of the open-circuit voltage of the solar cell diode does not lead to unphysical results

in the new given framework.
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Introduction

Charge carrier transport underlies in the electrical
behavior of any semiconductor device and, in particular,
of solar cells. Despite efforts made over the years to model
satisfactorily the transport of charge-carrier in
semiconductors, some important questions remain
unanswered. These questions need to be addressed to
correctly model present and future devices.

One of these open questions is how to model carrier
recombination. The mathematical expression routinely
used to model the recombination rate, [1], is basically
incorrect. It has been recently demonstrated that it
contradicts Maxwell’s equations, and hence a new
corrected model must be developed [2, 3]. This problem
was partly addressed in previous works (see [4]).
Recombination is a key feature when describing carrier
transport in solar cells because it strongly affects the
electrical response of the semiconductor at all levels of
external excitation. A remark that must be made about the
need for a correct modeling of recombination is that in
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devices operating under a strong excitation (the operation
of solar cells lies in this regime), the importance of a
correct formulation of the recombination terms is even
more important.

The set of Poisson and transport equations cannot be
solved analytically in general, so some simplifications
must be introduced to obtain a closed-form solution. One
approximation commonly used to solve this system of
equations is the assumption of quasineutrality (QN) [3, 5].
The use of the QN approximation is acceptable if the
sample and the diffusion lengths are both larger than the
Debye length. Although QN has been routinely used in
semiconductor device modeling for many years, the role
of space charge in the formation of the current-voltage
(I-V) characteristic in a semiconductor is still
controversial.

A very important question is the choice of the
boundary conditions used when solving the carrier-
transport equations. It should be noted that the expressions
commonly used are valid only for semiconductor devices
operating in open-circuit conditions (see [6]). Since in
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normal operation a currents flow at the terminals, the
widespread use of boundary conditions for open-circuit
conditions is incorrect. For closed-circuit conditions, a
different set of boundary conditions needs to be derived.
This problem has only been addressed in the last few years
[7-9].

All the above-mentioned issues need to be addressed
when modeling any semiconductor devices. Thin-film
solar cells technology is one of the strongest technologies
in the steadily growing photovoltaic market [10]. In this
paper we will address a very basic problem encountered
when modeling cells with large values of the minority
diffusion lengths.

It is important that all the above problems arise even
at low light levels. Therefore, below we will limit
ourselves to the linear approximation, when it is possible
to obtain an analytical solution.

I. p-ndiode

The commonly accepted electrical model for the
current density-voltage characteristic (J/ — V) of an ideal
p — n junction is [11]:

= Y _
J = Joexp (5= = 1), ()
where ] is the diode current density, V is the bias voltage,
Vr is the thermal voltage, and J, the reverse-saturation
current density that for a long abrupt diode is:

@

a? (o) is the electron (hole) conductivity of minority
carriers in the p-side (n-side) of a junction diode; L7} and
LY are, respectively, the hole and electron minority carrier
diffusion lengths of minority carriers in n- and p-sides
defined as:

Ly = /Dpty, LY = /Dy1y

D, (D,) is the electron (hole) diffusivity and z,, (z,,) is the
electron (hole) minority carrier lifetime. A quick
examination of J, (and this directly translates into the
global current density, j) reveals that in the limiting case
Tpp = (ie. in absence of bulk recombination)
Jo — 0 and, vice versa, when t,,,, — 0 (i.e. under strong
bulk recombination) J, — 0. Since in both limiting cases
the conventional model leads to unphysical results, the
model needs to be properly modified and corrected. Note
that the former problems persist even for small values of
the applied voltage (V/V; «< 1) for which Ohm’s law
holds:

©)

1 =1G) (4)

The fact is that when obtaining equation (1), two
contradictory conditions are used. On the one hand, it is
believed that all external voltage drops inside the quasi-
neutral regions. On the other hand, equilibrium
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p —nregions are considered semi-infinite, so their
resistance is very high, and the entire voltage drop falls on
them.

Let us pay attention to another important point. In
equation (1) there are no geometric dimensions of the
p — n structure, so it is impossible to analyze the cases of
thin-film and thick-film structures.

A very important question is the choice of the
boundary conditions used when solving the carrier
transport equations. It should be noted that the expressions
commonly used are valid only for semiconductor devices
operating in open-circuit conditions (see, for instance Ref.
6). Since in normal operation a currents flow at the
terminals, the widespread use of boundary conditions for
open-circuit conditions is incorrect. For closed-circuit
conditions, a different set of boundary conditions needs to
be derived. This problem has only been addressed (Ref.
[5] and [7-8]) in the last few years.

Using conventional transport equations for electrons
and holes [1, 6] and boundary conditions [5,7-8] we
derived the expression of the dark current density versus
the applied voltage of an abrupt p — n structure with
uniform doping profile at each side of the junction for
small values of the applied voltage:

14

] = n;p (5)
b o, LpLp
nt_p i l
on o P _n n, n b D
P LDUpCthg"'LD"nCthL_p

D

where 1,,(1,) is the n-side (p-side) length of the sample,
L% and LY are the minority diffusion lengths in the n- and
p-region respectively and o7 (ay ) is the n-side (p-side)
cell conductivity due to majority carriers. It can be readily
show using Eq. (2) and Eq. (4) that the reverse-saturation
current density contained in Eq. (5) greatly differs from
the commonly used one (Eq. (2)) and, in strong contrast
with the later it does not leads to unphysical results in the
two limiting cases above discussed: t,, — o and
Tnp — 0.

Ideally, the general mechanism of conduction in p-n
junctions is minority carrier injection (or extraction). But
in a real diode (see below) some other mechanisms exist,
and this is why for a correct description of the problem it
is necessary to consider both minority and majority
carriers.

Under weak volume recombination both carrier
diffusion lengths L7 are larger than the length of the
structure (thin film structure). In absence of surface
recombination, the transport in the diode may be studied
by using a simple circuit: two n — nand p — p junctions
arranged in parallel that are mutually uncoupled (see
Fig. 1).

To prevent the carrier lifetimes from being infinite a
new mechanism of conductivity appears without minority
carrier injection [12]:

n oP
Jo= Ve (E+25), ©
n p

When 1, — 0, (strong recombination, thick film, see
Fig. 2),
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Fig. 1. Schematic of the carrier flow in the p — n junction
when volume recombination is weak in the diode
(Tnp-w)- Ec and Ev are the conduction and the valence
band-edges respectively. Electron and hole flows are
mutually uncoupled and independently contribute to the
current at the device terminals.
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Fig. 2. Schematic of the carrier flow in the p — n junction
when volume recombination is strong in the diode
(tnp — 0). For strong recombination, both electron and
hole flows are strongly coupled at the diode junction.
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Fig. 3. Schematic of the carrier flow in the p — n junction
when volume recombination is very strong.

I1. New model for thin-film solar cells

Equation (1) may be rewritten for a solar cell under
illumination as [13]:

1 = Joexv (Vfy, = 1)+, ®)
where J; is the photocurrent and J is additionally related to
the generated voltage V through the external resistive load
(R) in the circuit and the solar cell area (S) as shown on
Fig. 4:
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Fig. 4. Solar cell diode with an external resistor load.

Let us assume a one-dimensional problem for a
single-diode solar cell such as the one given in Fig. 4.
According to the values of the diffusion lengths in Si, in
c-Si thin-film solar cells, or in a-Si ones of nanometer
thickness [14], the following inequality will hold:

Ly < LY. (10)

From Eq. (10) it follows that Lp;” andt,, — oo;
therefore, recombination is negligible and according to (2)
Jo = 0 and, moreover, from Eq. (8), the basic model leads
to the unphysical result (see Fig. 5b): J~ — J;, i.e., the p-n
junction behaves as a current-source that translates
photoexcitation into current at any value of the diode-
voltage independently of the p — n junction properties.

It follows from the above that the framework of basic
equations conventionally used to model solar cells fails in
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Voc = Vrln (1 + 5—1>

0

Jsu = —Ji

(a)

JsH = —JI

(b)

Fig. 5. ] — V characteristic of an ideal solar cell with the short- and open-circuit expressions for the axis-intercept
points V¢ and Jgy, respectively, (a). I — V characteristic in the limiting case of a thin-film cell [, , Lg’p (b).

high-quality thin-film solar cells [15]. Regardless of its
apparent simplicity, since this framework constitutes the
foundations of any electrical modeling of a solar cell
diode, the discussed problem will persist in any other
model that one can build; therefore, it is crucial to identify
the origin of the problem and modify the basic model to
build a new framework free from unphysical errors. In this
paper a new model is presented and used to analytically
show that in a simple case the new framework does not
fail to correctly describe the limiting case of a thin-film
solar cell.

Let us assume once again that inequality of Eq. (10)
holds and, accordingly, the solar cell recombination is
negligible. The macroscopic description of the transport of
nonequilibrium charge is done with the continuity
equations for the electron and hole current densities [3].
Since volume recombination is negligible and,
accordingly, there is only band-to-band photogeneration,
conditions the QN approximation reduces to equality of
nonequilibrium concentrations of electrons and holes. To
solve these equations we need to determine and impose
enough boundary conditions at the semiconductor
interfaces [8].

As result, we obtain (see Fig. 6):

P _n
J +v(§+2)m - (11)

op/) lnlp

We must compare the obtained equation with a
linearization of Eg. (8):
SAvE=—y (12)
T
This Eq. (12) is a main result of this work.
Identifying the second terms in the left-hand side of

(11) and (12), we obtain a new expression for the current
density J,:

D n
Jo=(B+2)2d v, (13)

n
op/ Inlp

This new expression does not exhibit an unphysical
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behavior (J, —» ) in thin-film solar cells, 1, «< Lp”
(Fig. 5b). Figure 6 gives the two axis-intercept points
(V,¢ and Jgy) of the I — V characteristic, it can be trivially
verified that the x-intercept point (1,.) will remain at a
finite value independently of the minority carrier’s
diffusion lengths at each side of the junction and the diode
dimensions. Since the analytical model presented in this
paper was obtained by a linearization of the full model and
some other approximations have been used to simplify the
mathematical problem, the large signal
I —V is not properly obtained (Fig. 6), but the framework
of transport equations and boundary conditions can be
solved numerically to study any real solar cell diode.

Ve gy b
o M\ o + Inok

Jsu = —JI

Fig. 6. ] — V characteristic of an ideal thin-film solar cell
with the new expression for the x axis-intercept point V.

Conclusions

Solar cells rely on photogeneration of charge carriers
in p — n junctions and their subsequent recombination in
the quasineutral regions. Several basic issues concerning
the physics of the operation of solar cells remain obscure.
In this paper we briefly discussed some of those unsolved
basic problems: need for not unphysical models of the
carrier recombination and revision of the QN concept. In
conventional solar cells recombination of photogenerated
charge carriers plays a major limiting role in the cell
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efficiency. High quality thin-film solar cells may
overcome this limit if the minority diffusion lengths
become large as compared to the cell dimensions, but,

solution is obtained under a linear approximation. In the
new framework given, the calculation of the open-circuit
voltage of the solar cell diode does not lead to unphysical

strikingly, the conventional model fails to describe the cell results.
electric behavior under these conditions. A new
formulation of the basic equations describing charge
carrier transport in the cell along with a set of boundary

conditions is presented. An analytical closed-form
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Consuni 6atapei 0a3yroThes Ha ororeHeparil HOCITB 3apsay B P-N-iepexoax, X TPaHCHOPTI Ta MOAANbIIii
pexoMmOiHaIii y KBaziHeHTpanbHUX oOmacTsX. Kilbka OCHOBHHMX NHTaHb, IO CTOCYIOTHCH (DI3UKH COHAYHHX
SJIEMEHTIB, 3aIMIIAIOTECS HEBUSCHEHUMH. Y il CTaTTi OOrOBOPIOIOTHCS AESKI 3 IMX HEBHPIIIEHHX OCHOBHUX
npo6saeM. Y 3BUYaliHHX COHSYHHUX eJIeMEHTaX peKoMOiHawis (OoTOreHepoBaHUX HOCIIB 3apsay BiIirpae rojioBHY
00MEeXyBaIIbHY POJIb Y epEeKTHBHOCTI eeMeHTa. BHCOKOSKICHI TOHKOIITIBKOBI COHSTYHI OaTapei MOXKyTh IIOA0TaTH
IO MEXY, AKIIO AU]y3is HECOCHOBHHUX HOCITB CTa€ BEIUKOK TMOPIBHSIHO 3 pO3MipaMu KOMIPKH, i, 110 Bpaxae,
3BUYaiiHa MOJEJb 3a IMX YMOB HE MOXE OIMCATH eJIeKTPUYHY MOBEAIHKY Komipku. HaBeneHo HoBe
(dopmymoBaHHs 0a30BHX PIBHSAHB, IO OIMKMCYIOTH TPAHCIOPT HOCIIB 3apsay B KOMipLi pa3oM i3 HabopoMm
TPAaHUYHHUX YMOB. Y JiHIHOMY HaOIIKEHHI OTPUMAHO aHANITHYHUEA 3aKpUTHH pPo3B’s30K. IlokaszaHo, IO
PO3paxyHOK HAIPYTH XOJIOCTOTO X0y JIiofia COHSYHOI OaTapel He IPU3BOAUTH A0 He)i3UYHHUX pe3y IbTaTIB y HOBIMH
3aJaHiil CTPYKTYpi.

Ku1r04oBi cj10Ba: COHIYHMIA €TEMEHT, peKoMOiHalis, SBHIIA IEPEHOCY, TOHKI IUTiBKH.
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