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Physical model of back line-contact front-junction solar cells
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The analysis of advanced front-junction solar cells where the metal contact to the base region is
locally formed on the back surface in the shape of lines usually requires numerical simulations.
Here, we describe an approach based on a geometric formulation of carrier crowding towards the
localized contact, in conjunction with a partition of the device in two distinct regions. This permits
a one dimensional analysis of carrier flow, both in the region immediately adjacent to the contact
and in the peripheral region surrounding it. The resulting model is simple enough to provide insight
into the physics of device operation and reasonably accurate in cases of practical interest. By
applying it to different cases, we identify unexpected anomalies and explain them in terms of the
peculiar interplay between carrier transport and recombination that takes place in this type of solar
cell. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4800840]

. INTRODUCTION

The suppression of recombination losses and the
enhancement of photon absorption are well known paths to
improve the conversion efficiency of solar cells. Pursuing
both, advanced silicon solar cells use a dielectric layer that
passivates the rear surface and, together with an overlying
metal layer, forms an optical mirror. Perforations in the
dielectric allow the metal to contact the semiconductor, pro-
viding an exit path for the electric current generated in it. In
the common industrial implementation of solar cells with
Partial Rear Contacts (PRC),'™ the base region is p—type,
the front n™ electron-collector region is made by thermal dif-
fusion of phosphorus, and the localized metal contacts at the
rear are in the shape of lines. To further decrease recombina-
tion at the interface between metal and semiconductor, a
localized p™ hole-collector region is sometimes imple-
mented, either by alloying aluminium or by diffusing boron.

The design of a PRC device structure usually requires a
two-dimensional analysis.* Optimizing the separation and
size of the rear metal contacts is necessary to avoid excessive
dissipative losses due to lateral currents while suppressing
recombination. A possible approach is to use one of the sev-
eral approximate analytical models that have been
published®™® or the analytical model presented in the
Appendix to this paper. Alternatively, numerical computa-
tion, implemented in computer programs such as Sentaurus
Device,!! PC2D,'? CoBo," or Quokka,14 offer detailed 2D
or 3D simulation capabilities. A deep understanding of the
physics of PRC device operation is, nevertheless, highly de-
sirable to assess the impact that different material and device
parameters may have on its potential to reach high conver-
sion efficiencies.

Here, we describe a model that is sufficiently accurate to
describe device operation in many cases of practical interest
and simple enough to reveal the physics. Based on a
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geometric approach proposed in Ref. 6, we follow an itera-
tive method to determine the complete current-voltage char-
acteristics of the device, including not only the open-circuit
voltage but also the short-circuit current and the maximum
output power. In prior work, we have shown that the model
is in good agreement with Sentaurus Device for the case of
circular contacts and low-injection conditions.'”> Additional
comparison and agreement, extended to high injection condi-
tions and linear contacts is presented here. The purpose of
this paper is to give a full description of the geometric
model, clarifying not just its advantages but also its limita-
tions. We then apply it to explore a wide range of dimen-
sional and surface recombination parameters in order to
evaluate their impact on solar cell performance. In the pro-
cess, we have identified several interesting peculiarities in
the operation of PRC solar cells, whose underlying physical
causes can be understood with the help of the model.

Il. GEOMETRIC MODEL
A. Regional approach

An intuitive way to conceive the PRC solar cell is as
two sub-cells connected in parallel, as depicted in Fig. 1.
The near-contact region is the most important of the two,
since it is there that the metal contacts are formed and an
electric current produced. The peripheral or lateral region
has the function of harvesting photons and transferring the
electrons and holes generated by them to the near-contact
region. Holes can only travel across the lateral region via the
p-type base. Fig. 1 qualitatively indicates that, as they even-
tually approach the rear metal contact, nearly all the holes
(more accurately, those that have survived recombination)
need to “squeeze in” within a diminishing cross-sectional
area. This is usually referred to as “current crowding” where
the total current remains approximately constant, but the cur-
rent density increases strongly. It is reasonable to assume
that current crowding occurs within a radial distance from
the contact equal to the maximum possible distance in the
vertical direction, that is, equal to the wafer thickness. This

© 2013 AIP Publishing LLC
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FIG. 1. Cross-section of a half-unit element of PRC solar cell. Drawn to scale for a wafer thickness W = 150 um, rear contact dimension d = 140 um, and pitch
P = 1666 um. The upper layer (not to scale) represents the n* diffusion. The diagram shows the near-contact and lateral regions in which the unit solar cell is
divided for the analysis. Two possible paths of electrons and holes generated in the lateral region are qualitatively illustrated. In one possible path, the electrons

exit the front contact; in the other the electrons recombine at the rear contact.

assumption is depicted in Fig. 1 as a circular arc of radius W
centered on the edge of the metal contact stripe.

Turning now our attention to electrons, we can expect
that, in well-designed devices operating at maximum power
or short circuit conditions, most electrons will be able to
reach the n™ electron collector region placed at the front side
of the solar cell and eventually exit via the front metal con-
tact. Electrons generated in the peripheral region will flow
laterally via the n' front diffusion, which offers a low resist-
ance path. But some of those “peripheral” electrons, most in
open-circuit conditions, will flow vertically down towards
the rear contact to recombine there (see Fig. 1). They do so
by crowding within a diminishing cross-sectional area, just
like holes do. We will assume the same geometry, shown in
Fig. 1, for minority carrier crowding as for majority carrier
crowding. The reason for this is that, in the PRC device, the
n" layer is never further away than a distance W. This means
that the preferred path for electrons in the peripheral region
will first go vertically to the n* electron collector layer and
then laterally via the same n" layer, which possesses a high
conductivity for electrons (see Fig. 1). Therefore, even if the
minority carrier diffusion length in high quality silicon is
usually much greater than the wafer thickness W, only those
electrons generated within a distance W of the metal contact
will follow a direct path towards it. We can therefore expect
that the maximum extent of the “sphere of influence” of the
rear contact in terms of minority carrier recombination will
be approximately equal to the wafer thickness W in all
directions.

Let us proceed to analyze the two regions in which we
have divided the solar cell, starting with the peripheral one
and concluding with the near-contact region. But first, we
need to define a vertical boundary between the two in order
to compute the number of photons absorbed in each of them.
Examining the geometry of the crowding region, we can es-
tablish an approximate boundary as the average horizontal
distance from points on the cylindrical surface of radius W to
the center of the rear contact, that is, y, = d/2 + Wn/4.
We consider here PRC cells having linear contacts of width
d separated a distance (or pitch) P. It is sufficient to model a
unit solar cell containing just one rear contact and having a
rectangular aperture area Ay =P x 1 cm defined by the pitch

P and a unit length of 1 cm. The rear metal contact fraction
therefore is f.=d/P. Due to symmetry, only half a unit cell
needs to be analyzed, as shown in Fig. 1.

B. Analysis of the peripheral region

Let us consider the lateral region, comprised between a
maximum y dimension defined by the aperture area of the half
unit cell, y,,,,=P/2 and a minimum dimension y,,, =d/2
+ Wr/4. The purpose of this section is to quantify the number
of electrons and holes that, once generated in this region, flow
into the near-contact region. The driving force for the electron
and hole currents is a gradient of their respective electrochem-
ical potentials; therefore, we can expect that the lateral trans-
port of carriers will be at the expense of a certain reduction in
the difference between those two potentials. In other words,
the flow of the lateral currents will be accompanied by a volt-
age drop, a phenomenon frequently described as a series
resistance effect. As we will see, such effect can be significant
when the distance travelled by carriers is of the order of sev-
eral millimetres. Needless to say, we will also need to account
for recombination losses in the peripheral region. But, as a
starting point, let us imagine for a moment that those losses
are negligible. Electrons and holes are generated uniformly
across the area of the solar cell. Each surface element of area
dy x 1cm (see Fig. 1) will contribute to the hole current a
quantity J,,, X dy x 1cm (and an equal quantity to the electron
current), where J,,, is the photogenerated current density. The
lateral hole current /,(y), will increase from the farthest
point on the right y,,,. = P/2 towards the left, as more and
more elements contribute to it. At a certain position Yy, its
value will be

P
Ip(y)|n0recomb :J[Jh E_y - 1cm. (1)

The hole current calculated at the boundary between the
two regions y = y,,;, gives one half (remembering that Fig. 1
represents only half of a unit solar cell) of the net current
that flows into the near-contact region. Therefore, if there
were no recombination losses in the peripheral region, the
net particle flux transferred from it to the near-contact region
would, expressed as a current, take a maximum value



164502-3 Andres Cuevas
Inet(nore(:omh) = Jph X Ajar, where Ajy = (P - 2)7min) X lem is
the area of the lateral region.

More generally, /,,., will be the net result of the balance
between generation and recombination in the peripheral
region. An elementary volume of width dy will contribute to
the hole current /,, an amount that results from the local dif-
ference between generation and recombination

L,(y) =1,y +dy) — [Jpn — Jree(y)] dy 1 cm, )

where J,..(y) includes bulk and surface (front and rear)
recombination within that element of volume at position Yy.
Note that in the case we are studying, holes flow towards the
left and I, is negative, therefore, Eq. (2) indicates that the
magnitude (absolute value) of [, increases towards the near
contact region. Since the recombination rate is generally de-
pendent on the excess minority carrier concentration, we will
need to determine the latter as a function of the lateral posi-
tion. We will use the letter n, instead of An, to refer to the
excess electron concentration, using a subindex f or b to indi-
cate its value at the front surface or at the back surface,
respectively.

Recombination in the front n' diffusion can be
expressed by means of a recombination current pre-factor
Jor that encompasses losses in the volume of the diffusion
and at its surface. The definition of this parameter is, pre-
cisely, that J,, multiplied by the normalized electron hole
product, calculated at the front edge of the quasi-neutral
p-type base, gives the global recombination loss occurring
within the front surface region'®
(Po + ny) ny

SI 3)

Rfrant = Jor
qn;

where nyis the excess electron concentration at the front end
of the base region, ¢ is the elementary charge, #; is the intrin-
sic carrier concentration, and py = N, is the equilibrium hole
concentration, approximately equal to the concentration of
acceptors in the p-type base region. Note that although the
thickness of the n" diffusion has been exaggerated in Fig. 1,
in the geometric model we regard it as what Brendel has
called a “conductive boundary layer,”'* with a relatively
high conductivity and an idealized zero thickness, so that
light absorption and carrier collection in that layer does not
need to be calculated.

A key simplification in our analysis of the lateral region
is to assume that at a given position y the excess carrier den-
sity is approximately constant in the vertical dimension. This
is appropriate in many cases of practical interest for high
performance silicon PRC solar cells, where the minority car-
rier diffusion length is greater than the wafer thickness and
the rear surface is well passivated. Even if solar photons are
predominantly absorbed near the front surface of the silicon
wafer, the steady-state concentration of electrons and holes
tends to be quite uniform over the thickness of the wafer in
such devices. Therefore, within the lateral region we assume
that n;,(x,y) = n(y), which circumvents the need to perform
an analysis of the minority carrier concentration in the verti-
cal direction and simplifies the determination of J,..(y)
enormously.

J. Appl. Phys. 113, 164502 (2013)

In high quality silicon solar cells, recombination in the
space charge region of the pn junction is usually very small,
and is neglected in our model. Bulk recombination can be
characterized by means of the minority (electron) carrier life-
time t,, which we use here as an effective parameter that
may represent both defect-assisted and intrinsic recombina-
tion. Since recombination mechanisms are in general injec-
tion dependent, the value of 7, needs to be calculated for the
local carrier density ndy). In the peripheral region the rear
surface is passivated by a dielectric material; the recombina-
tion per unit area at that surface can be represented via a pa-
rameter Joppass)- Alternatively, it could be represented by
means of an injection dependent effective surface recombi-
nation velocity Sp(yqss). Adding the surface and bulk contri-
butions, we can express the recombination current term J,,.
in Eq. (2) as

(po +np)n
) 2f f+6]

i

Jrec ~ (JOf + JObpass T
n

“)

By assuming that the minority carrier concentration is
approximately constant in the vertical x dimension, we over-
simplify the analysis of the peripheral region. This can be
especially inaccurate in short-circuit conditions where
nAy) =0, which in our assumption also means that 7,(y) ~ 0,
implying zero bulk and surface recombination losses. As a
consequence, our analysis tends to over-estimate the short-
circuit current. Nevertheless, even in short-circuit conditions,
the carrier concentration far from the contacts in a PRC de-
vice is sometimes greater than zero, in which case our analy-
sis can determine short-circuit current losses with reasonable
accuracy, as we shall see in Sec. III.

Once we have settled the matter of carrier recombina-
tion in the peripheral region, we can proceed to describing
carrier motion in it. In order for holes to flow laterally
through a p-type semiconductor material with finite conduc-
tivity, a gradient in the quasi-Fermi energy for holes Ef,
along the lateral dimension y is required. The hole current
I(y) can be expressed as'’

O'pA (y) dEF[,

I =
p()’) q dy

(&)

In Eq. (5), the cross-sectional area for majority carrier
flow is constant, A(y)=W-1 cm? and g, is the hole
conductivity

0p ~ qit,(Na + np(y)). (6)

In writing Eq. (6), we have assumed that, as mentioned
before, the excess carrier concentration within an elementary
volume is approximately constant in the vertical direction,
equal to its value at the front, n(y). Note that holes flow
towards the left of the y axis in the case analyzed here, that
is, I, is negative. This means that the derivative of Ef,, in Eq.
(5) must also be negative. The electrochemical potential for
holes —Ef,, is higher (more negative) on the right end of the
peripheral region than on the left end, and the difference
between both indicates that the flow of holes occurs at the
expense of a loss of energy. This is frequently described by
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means of an equivalent series resistance effect; an approxi-
mate analytical expression for such series resistance is
derived in the Appendix.

Similarly, electrons flow laterally via the n' region,
which has a sheet resistance R, ., driven by a small gradient
of the quasi-Fermi energy for electrons Ep,,

_lem dEr,

I =
) qR,+ dy

)

To write Eq. (7), we have assumed that the metal contact
to the n* front region is placed precisely on top of the local
rear contact. This means that electrons flow laterally in the
same direction as holes, albeit via the n* region, rather than
the base (see Fig. 1). Since electrons are negatively charged,
their flow towards the left means that /,, is positive, which
requires a positive gradient of Ej,. The electrochemical
potential for electrons is lower on the left end of the lateral
region than on the right end, and the difference between both
represents an energy loss that can be interpreted as an addi-
tional series resistance effect.

To simplify the mathematical derivations, we can
express in units of Volts the local difference between the
quasi-Fermi energies for electrons and holes across the pn
junction as V(y)

®)

The difference between the quasi-Fermi energies as a
function of the lateral position V(y) can be obtained by inte-
gration of Egs. (5) and (7), noting that the electron and hole
currents flowing out of a given elementary volume dy are
equal, but with opposite sign

dy
lem'

1
WﬁVU+@0+Q(——+Rw) ©)

a, W

Since the hole current I, is negative, V(y) decreases
from the right end of the lateral region towards the left, as a
consequence of the resistive voltage drops in both semicon-
ductor layers.

The next step in the analysis is to determine the minority
carrier concentration as a function of the lateral distance
n(y) from the relationship that exists between the pn product
and the difference between the quasi-Fermi energies for elec-

trons and holes

O+ ) = e (). o)
where k is the Boltzmann constant and T is the temperature
in degrees Kelvin. The above analysis is valid for low or
high injection conditions. Since V(y) increases with distance
from the contact, so will the excess carrier concentration.
This means that recombination losses will also be greater in
distant points of the peripheral region than in points nearer
the contact region, particularly surface recombination losses,
which as Eq. (4) indicates, are proportional to the square of
the excess carrier concentration.

J. Appl. Phys. 113, 164502 (2013)

Due to the fact that the excess carrier concentration 747y)
is not uniform in the lateral dimension, it is necessary to
divide the peripheral region in multiple vertical slices (we
have used 100 in this study) and solve the above equations
sequentially for each of them. It is convenient to start the
analysis from the farthest slice, assuming an initial value for
the minority carrier concentration there n{P/2). As Eq. (10)
indicates, this is equivalent to assume an initial value for the
voltage at that position, V(P/2). Adjacent elementary slices
are linked via Egs. (2) and (9). Eventually, the net current
injected from the peripheral region into the near-contact
region /,,,, can be determined by subtracting from the total
photogeneration occurring in the periphery the sum of all the
contributions to recombination in it

Lnet = (Jph - Z-]rec>A/at; (11)

where A, = (P-2y,,;,) X 1 cm is the area of the lateral region.
Alternatively, /,,., can also be calculated as the value of the
hole current at the boundary between the lateral and near-
contact regions /., =2 X |[[,(ymin)|, taking care of the fact
that the half unit cell shown in Fig. 1 only gives half the net
injected current.

To find a global solution for the complete device, it is
necessary to follow an iterative procedure, changing the
value of n/(P/2) until self-consistency is achieved. Such self-
consistency needs to apply simultaneously to the peripheral
and near-contact regions. In addition to /,,,, a second link
between the two regions is established by the value of the
minority carrier concentration at the boundary between both
n{Ymin)- The value of ndy,,,) that results from the analysis
of the peripheral region via Eq. (10) is used as an input for
the analysis of the near-contact region, which is described in
Sec. IIC.

C. Analysis of the near-contact region

The trajectories of electrons that flow towards the rear
contact to recombine there and the trajectories of holes as
they flow towards the contact may be radial, as qualitatively
indicated in Fig. 1. It would seem that a two-dimensional
analysis of the region surrounding the rear contact is indis-
pensable, but in this section we show that a one dimensional
analysis can give an approximate solution to the problem.

To analyze the near-contact region, shown in Fig. 2, we
divide it into multiple elements of distance dx in the vertical
direction (200 have been used in this paper). Considering an
elementary volume defined by a vertical distance dx, the con-
tinuity equation for the electron current density J,, takes into
account possible photogeneration G, and recombination R,
in that volume

—Ju(x +dx) = =Jy(x) + ¢GL(x)dx — gRy(x)dx.  (12)

To calculate the volume photogeneration rate as a func-
tion of position G, (x), we have used optical models similar
to those described in Refs. 18 and 19, together with the
AMI1.5G solar spectrum and published data for the absorp-
tion coefficient of silicon.?® Carrier recombination in the
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FIG. 2. Cross-sectional diagram of the near-contact region. Wafer thickness
W =150 um and contact dimension d = 170 um. y,,;,, designates the average
vertical boundary between the near-contact region and the peripheral region.

volume is calculated using injection dependent Shockley-
Read-Hall statistics (set to zero in this study) and an empiri-
cal expression for Auger and band-to-band recombination.?!

To analyze the first element, situated at x =0, we need
to remember that the peripheral region injects into the near-
contact region an equal number of electrons and holes. This
influx of electron-hole pairs can be considered in the analysis
of the near-contact region by means of an effective photo-
generation term. By assuming that this effective photogener-
ation occurs as a delta function at x =0, we ensure that in
short-circuit conditions all the electrons supplied by the pe-
ripheral region remain “collected,” since they are all deemed
to be generated right at the front electron-collecting contact.
The effective generation term contributed by the lateral
region, expressed as a current density per unit area, is
Jnet = Lo Ancs Where Ayc =2y,,:, X 1 cm is the aperture area
of the near-contact region.

The continuity of the excess minority carrier concentra-
tion between the peripheral region nqy,,;,) and the near-
contact region n{x =0) permits us to calculate the recombi-
nation losses at the front surface of the near-contact region,
that is at x =0, using the boundary condition (3). It is reason-
able to assume that 7, is constant over the whole front sur-
face area of the near-contact region, nx = 0) = n{ynin)-

Proceeding next to studying carrier transport, we note
that when a net current density J flows through the device, at
any point x it is composed of the sum of the electron and
hole current densities, that is,

To(x) = J — Jp(x). (13)

In general, the electron and hole currents are made up of
a diffusion term and a drift term, but both can be lumped to-
gether by defining an effective diffusion coefficient Deﬁ"zz

(n+p)D.D,

; (14)
nDn +pr

Dy =

where D, and D, are the diffusion coefficients for electrons
and holes. At this point, we need to incorporate into the anal-
ysis the current-crowding effects mentioned in Sec. ITA. As
they flow towards the rear contact, holes and electrons tra-
verse a diminishing cross-sectional area. By examining the
geometry in Fig. 2, this cross-sectional area can be expressed
as a function of the vertical position x as

J. Appl. Phys. 113, 164502 (2013)
Ax) =1lcem[d 4+ n (W —x)], (15)

where 1 cm is the assumed length of the linear contacts and d
is their width. In cases where the pitch may be very small,
the radius of the outer surface that defines the extent of the
crowding region needs to be capped so that the area of such
outer surface is smaller or equal to the area of the unit solar
cell, that is, A(x=0) <A,. A graphical explanation of this
condition can be found in Ref. 6.

After some algebra, the electron current density, defined
as the total electron current divided by the aperture area of
the unit solar cell, J,, =1,/A, can be expressed as

A(x) dn nD,

) =g Y p A g M
n() =4 nD, + pD,

off = 16
A() 4 dx ( )

The next step is to integrate Eq. (16) over a small inter-
val dx within which the electron current can be considered
approximately constant

Ja(x)Ag
qA(x)Dyy
.]A() nDn
B GA(X)Dess nD,, + pD,,

n(x+dx) = n(x) + dx

dx. 17)

In deriving Egs. (16) and (17), which are valid for any
injection level, the only assumptions have been that the
excess concentrations of both carriers are approximately
equal and that dn/dx =dp/dx. From Eq. (17), we can now
determine the value of the minority carrier concentration at
the back n,, and apply the corresponding boundary condi-
tion. The recombination per unit area at the rear metal con-
tact, including the p™ region sometimes present underneath
it, can be represented via a recombination current pre-factor
Ji Ocont

fe (po+mnp)n
Reont = Jocont —M (18)

fve  qn?

Note that we have taken into account the fact that the
contact only covers a fraction of the rear surface. Since we
are now analyzing the near-contact region, such fraction is
felfne, where fye =2y,,,/P is the portion of the elementary
solar cell occupied by the near-contact region (see Fig. 1).

In low-injection conditions, recombination at the back
surface can alternatively be expressed by means of an effec-
tive surface recombination velocity. An expression for the
carrier concentration at the back contact, n,, may be found
by stating that the rate at which carriers flow towards the sur-
face must be equal to the rate at which they recombine there

Tn(W)

= 4 ) Seoms 19
q(fo/fc)Seom’ (19)

np

where J,(W) is the electron current reaching the contact, and
S.on: 18 the effective surface recombination velocity of the
contact, including a possible p* region. Nevertheless, in high
and intermediate injection conditions, the boundary condi-
tion (18) is more robust and has been adopted in our model.
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In the passivated parts of the rear surface of the near-
contact region, the minority carrier concentration varies
along the y direction from a relatively low 7,ons) to a com-
paratively high 7,4y =W)~n, making an accurate
determination of surface recombination complex. In the cal-
culations shown in Sec. III, we have set to zero the parameter
that characterizes the passivated surface, that is, Joppass) = 0.

Expressions (16) and (17) show that, in a PRC solar cell,
the constriction of minority carrier flow within a small cross-
sectional area is equivalent to reducing the minority carrier
diffusion coefficient. The cross sectional area A(x) is much
smaller near the back contact than at the front. This has the
consequence of hindering the diffusion of minority carriers
towards the contact, thus reducing the rate at which they
may recombine there.

D. Device voltage

The terminal voltage of an n' pp™ solar cell is given by
the difference between the electron Fermi energy, Er,, deter-
mined at the metal-contacted n™ region, and the hole Fermi
energy, Ep,, determined at the metal-contacted p+ (or p)
region. This electrochemical potential difference can be bro-
ken down in three parts. One is the shift of the electron
Fermi energy, Ef,, with respect to its equilibrium position,
Er, which is given by the ratio of the total electron concen-
tration at the front to its equilibrium value. The second com-
ponent is the shift of the hole Fermi energy, Ep, with
respect to its equilibrium position, E, which is given by the
ratio of the total hole concentration at the back to its equilib-
rium value.

The voltage of the solar cell can, therefore, be deter-
mined once the excess carrier concentrations at the front ny
and back 7, of the base region are known

T 0 o
:%1n<(” )l +””)>+vBm. 0)

;

Vv

The third term in this expression, V., accounts for a
possible electrostatic potential drop across the base region
that can result from electric fields within it. As a conse-
quence of the different mobilities of electrons and holes, an
electric field may develop within the wafer to assist the
motion of holes and help maintain charge neutrality. The
resulting Dember effect voltage can be significant in lowly
doped silicon when the carrier profile is highly non-uniform.
In addition, the flow of a current density J through the semi-
conductor region, is accompanied by an Ohmic electrostatic
potential drop. Both terms are included in the following
expression for the electric field, whose integration gives
VBase

o kl :up - Uy dn J. AO

&= — 4+ @D
q nw, +pu,dx  qA(x) (nw, +pp,, )

Note that the Ohmic term in Eq. (21) includes the cross
sectional area A(x) in the denominator to account for current
crowding towards the localized rear contact. This term, or its
equivalent manifestation as a series resistance, can be quite
significant in PRC solar cells.
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A complete I-V characteristic curve can be determined
point by point by iterating n/{P/2) until the carrier density
profiles in both the lateral and vertical directions are consist-
ent with the corresponding output current and the surface
boundary conditions. To perform the calculations shown in
the Sec. III, the iterative process was implemented in
Microsoft Excel, extending a pre-existing 1D model.?>*

lll. EXAMPLES OF APPLICATION

As a representative example of a partial rear contact cell
structure, we study the case of a p-type wafer with a thick-
ness W= 150 um, and d = 150 pum wide linear metal contacts
on the rear surface. This means that the extension of the
near-contact region is relatively small, 2y,,;,, =0.0386 cm,
compared to the range of pitch values explored in the calcu-
lations. To start with, we assume a typical value for the dop-
ant density of Ny=1 x 10'cm ™3, which for that wafer
thickness, implies a sheet resistance of the wafer of 97 Q/sq.
We will assume that the front diffused region presents a
sheet resistance of 50 Q/sq, which also contributes to the lat-
eral voltage drop due to the flow of electrons through it, as
described by Eq. (7). Nevertheless, the presence of a metal
grid on the front surface region means that its effective sheet
resistance will generally be lower. The simulations presented
below are not very sensitive to this parameter, as long as it is
within reasonably low values.

For the recombination current pre-factor that character-
izes the front surface region, we use Jor=100 fA-cm ™2
=10""* A-cm 2 as representative of industrial best practice.
In the results presented below, we have only included intrin-
sic (Auger and band to band) injection and dopant dependent
bulk recombination and set to zero the recombination at the
passivated areas of the rear surface. The temperature is
300 K. The photogeneration corresponds to that produced by
the AM1.5G spectrum, together with front surface texturing
and a good back surface mirror, which usually accompanies
the localized formation of metal contacts. This leads to a cu-
mulative photogeneration at one sun of N,juoran = 2.5
x 107 cecm ™2, or Jon=40.02 mA-cm 2. In the metal-
contacted areas the actual photogeneration will be slightly
lower, due to a lower back reflectivity, but given that they
occupy only a small fraction of the device, neglecting this
difference does not produce large errors. The calculations in
this paper do not include shading or resistive losses neither
due to a front metal grid nor any contact resistance between
metal and semiconductor. These additional contributions can
easily be added to the model.

A. Influence of contact recombination

Let us commence by studying the impact of contact
recombination on device performance, varying the recombi-
nation current pre-factor that characterizes it between
Jocom=3x10""Acm 2 and Joepne=1x 10" A-cm™2 In
the case of a silicon wafer doped with N, =10'®cm ™, these
pre-factors correspond to low-injection surface recombina-
tion velocities of S, =3.32 x 10°cm s~ (kinetic limit in
silicon) and S,,,, = 66.4cm s, respectively. A low contact
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recombination can be achieved, for example, by inserting a
p region beneath the metal-semiconductor contact.

Contact recombination has a large influence on the open-
circuit voltage V,,., as can be seen in Fig. 3, where it is plotted
as a function of the pitch for different Jy.,, between
5nA x cm 2 and 100fA x cm 2. V,,. increases with the pitch,
as the fraction of metal-contacted area decreases. The short-
circuit current density, Jy., shown in Fig. 4, also increases with
the pitch. A high contact recombination gives a lower J,, espe-
cially at low pitch values, as the fraction of rear surface with
poor or no passivation increases. The fill factor FF (Fig. 5)
degrades slightly faster with the pitch for low contact recombi-
nation than for high Jg,,,,. The combination of the above three
parameters results in a maximum of the conversion efficiency
that, as shown in Fig. 6, shifts to lower pitch values as contact
recombination decreases. Since the maximum occurs near
P=0 when Joe,= 100 fA/cm?, it is clear that in that case
recombination at the metal-contacted rear surface is no longer
the dominant mechanism and the benefit of restricting the rear
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FIG. 4. Short-circuit current density as a function of the pitch for
Ny=10"cm 3, d=150 um, W= 150 um, and Jo;=10""> A cm . Contact
recombination ranging from Jo.,,, =5 X 1072 A em 2 t0 Joepe=1x 10713
Acm 2
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W =150 um, and Jor=10""* A cm > Contact recombination ranging from
Joconr =5 %1072 Acm 210 Joponr=1x 10713 Acm™2.

contact to lines is very small. In fact, for such low recombina-
tion rate at the contact, V,,. saturates at a value just 2mV below
the limit of 689 mV imposed by recombination at the front n*
region plus Auger recombination in the bulk.

B. Discussion of the physics

Observing the behavior of the open-circuit voltage V.
in Fig. 3, one could find surprising that V. saturates at a dif-
ferent value depending on the level of passivation of the con-
tact, despite the fact that the latter represents a vanishing
fraction of the total cell area. Indeed, analytical models for
Ve, such as that described in the Appendix, predict that for
very large pitch values V,. should converge towards the
same limit for all the cases of contact recombination.
Clearly, as indicated by the results in Fig. 3, which we have
confirmed by independent numerical simulations,* that is
not the case. To understand why, we have plotted in Fig. 7
the net current /., injected by the lateral region into the
near-contact one, taking as an example the case of
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FIG. 6. Conversion efficiency as a function of the pitch for Ny =10 cm 2,
d=150 yum, W= 150 um, and Joy= 107 A ecm™2. Contact recombination
ranging from Jo.pm =35 X 1072 A cm 2 to Joeom =1 x 1072 A cm 2.
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FIG. 7. Open-circuit and maximum power voltage as a function of the pitch
for Ny = 1O]°cm73, d=150 um, W=150 um, Jor= 1075 A cmfz, and
Jocom=3%x10"2 A cm~2 The net current injected from the peripheral
region to the near-contact region is given for both open-circuit and maxi-
mum power conditions.

Jocom =5 nA/cm?. It can be observed that in open-circuit 1,
saturates at approximately the same pitch as V.. For a pitch
P=0.4cm, the lateral region represents 90% of the total
area of the unit cell, and the current photogenerated is
14.5mA. But as Fig. 7 indicates, only /,,=6.3mA are
injected to the near-contact region, the rest having recom-
bined in the peripheral region. The injection of this /., has
the same effect as if the near-contact region was working
under illumination concentrated five times, which helps to
increase V. by approximately 43 mV.

The reason for the recombination loss that causes /., to
saturate can be understood by looking at the excess minority
carrier concentration as a function of the lateral position Yy,
which is plotted in Fig. 8 for P =0.4cm. It can be noticed
that the carrier concentration increases markedly with the
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o cont
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g J =5nAlcm’
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FIG. 8. Minority carrier concentration as a function of the lateral distance
from the center of the unit solar cell for a half-pitch value of 0.2 cm in open-
circuit and maximum power conditions. Two cases of contact recombination
are shown for open-circuit conditions, Jocpm, =35 X 10 A cm? and
Joeow=1%x10""2 A cm 2 Other parameters are Ny = 10" cm 3,
d =150 ym, W = 150 um, and Joy= 107" A cm 2 The boundary between the
lateral and near-contact regions is marked by a discontinuity in the curves.
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distance into the peripheral region and is well above the
value of ny,=7.4 x 10" cm ™ at the front of the near-contact
region that is behind the V,.= 647 mV achieved in this case.
As discussed in Sec. II B, this increase in carrier concentra-
tion is associated to the gradient in the electrochemical
potential needed to sustain the flow of current along the lat-
eral dimension. In fact, the local pn junction voltage at the
extreme point is V(P/2) =685 mV.

Losses in the peripheral region are mostly due, in the
example we are discussing, to recombination at the front nt
collector. Since these losses are quadratically proportional to
ng, it is essential to reduce ny to increase the net current that
can be contributed by the lateral region. This is precisely
what happens at the maximum power point. The device volt-
age is then V,,,=534mV, low enough to make the carrier
concentration in the peripheral region also low, thus averting
most recombination losses. As can be seen in Fig. 8, in maxi-
mum power conditions, the carrier density also tends to
increase with distance, which produces some recombination,
but small enough to permit an approximately linear increase
of the net current contributed by the peripheral region I, as
its size increases, as shown in Fig. 7. For P=0.4cm,
1,.,=13.7mA, which means that only 5% of carriers gener-
ated in the peripheral region recombine there. This /., can
be expressed as a current density of 34.2 mA/cm?, which rep-
resents 91% of the output current density J,,, =37.5mA/
cm?. It is worth noting that the electrons constituting this /,,,,
flow directly out of the front metal contact and do not con-
tribute to increasing the voltage measured between the termi-
nals of the near-contact region, as they do in open-circuit.
Nevertheless, the holes that also constitute /,,.,, do flow down
the vertical dimension of the near-contact crowding region,
resulting in a voltage drop of about 10mV in this case. In
addition to this voltage loss due to crowding in the near-
contact region, the flow of holes as majority carriers in the
peripheral region occurs at the cost of an additional voltage
drop across the length of that region of 89 mV. The sum of
both voltage drops may be represented by an effective series
resistance of 2.73 Q cm?, which plays a major part in the rel-
atively low FF=0.779 determined for this particular solar
cell. To control such resistive losses it is necessary to reduce
the pitch. Fig. 7 indicates that the maximum power voltage
reaches a broad maximum for P =0.2cm. In that case, the
lateral voltage drop is just 19 mV and that due to crowding
in the near-contact region is SmV. The result is a lower se-
ries resistance of 0.66 Qcm?, a higher V,,,,=559mV and
FF=0.832.

The analysis of maximum power conditions for the case
of a well passivated contact, Jo o, = 1 pA/cmz, reveals simi-
lar physics. The need to suppress an excessive build-up of
carriers in the peripheral region leads to a relatively low
Vip=3539mV for P=0.4cm, just 4mV higher than in the
previous case. It is clear that the optimum terminal voltage is
mostly determined by the need to maximize the contribution
of the large-area peripheral region to the output current.
Indeed, although not plotted in Fig. 7, the dependence of /,,,,
on the pitch is practically the same as in the previous case,
with the result of J,,,=37.6 mA/cm?, again similar to the
previous case. This explains why the conversion efficiency is
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practically independent of contact recombination at large
pitch values, as shown in Fig. 6.

Things are different in open-circuit conditions, where a
low contact recombination J,,; = 1 pA/cm2 permits that the
carrier concentration at the contact to be considerably higher,
Neome = 1.56 x 103 cm 3. The carrier concentration increases
further within the near-contact region to reach ny=1.9
x 10" cm ™ at the front. As can be observed in Fig. 8, ns
remains very high over the whole distance of the peripheral
region, leading to a high recombination loss and leaving very
few net carriers available for lateral transfer, resulting in a
low injected current of just /,,,=2.3 mA. This is no obstacle
to achieving a high open-circuit voltage V,. =676 mV.

In contrast, for the case of a very high surface recombi-
nation velocity at the contact Jo.,,; =5 nA/cm?, the minority
carrier concentration at the back contact is very low,
Neone < 10'% cm ™. This makes it very difficult to build-up the
carrier concentration in the vertical direction of the near-
contact region, despite a higher lateral injection of carriers.
As mentioned above, such lateral injection saturates at high
pitch values, and as a result V. saturates at a lower value for
the case of a high contact recombination than for the case of
a low contact recombination. Interestingly, given that the
maximum power is approximately the same in both cases,
the difference in V. produces a reversal in the trend of the
respective fill factor values for large pitch, as was noted in
the description of Fig. 5.

C. Influence of wafer doping

To explore the range of applicability of the geometric
model to high injection conditions, let us reduce the wafer
doping by a factor of ten, that is, to Ny = 10150m73, corre-
sponding to a resistivity of 13.5 Q-cm. We consider the case
of a reasonably low contact recombination, characterized by
means of a recombination current pre-factor Jo.,,, = 10712
A-cm~?=1pA/cm®. The recombination current pre-factor
that characterizes the front surface region is Jo= 100
fA-cm 2, the same as in the previous example. To assess the

applicability of the model, we have performed simulations
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FIG. 9. Open circuit voltage as a function of the pitch for two different
wafer dopant concentrations Ny = 10 em ™3 and N, = 10'"*cm ™. The front
and back surface recombination factors are Jo=100fA cm 2 and
Jocon: = 1000 fA cm 2. Other parameters are d = 150 um, W =150 um.
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with Sentaurus Device. The main electrical parameters of the
solar cell, J,., V,. FF, and efficiency are shown in Figs.
9-12, comparing the high-injection case of Ny =10""cm™>
to the low-injection case of Ny=10"cm™>. In general, a
good agreement between the geometric model and Sentaurus
simulations can be observed.

The open-circuit voltage V. does not change much with
wafer doping for the case of Jo.,,, =1 pA/cmz. The relatively
large discrepancy between the values calculated with the
geometric model and with Sentaurus (Fig. 9) is partly attrib-
utable to the inclusion of band gap narrowing in the latter,
which increases the effective intrinsic carrier density, and to
different models for Auger recombination. The main effect
of reducing the wafer doping is that the FF (Fig. 10) and the
efficiency (Fig. 11) peak at a much lower pitch and degrade
faster as the pitch increases beyond the optimum. The reduc-
tion in maximum achievable efficiency due to the reduced
dopant density is, however, quite small.
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FIG. 11. Conversion efficiency as a function of the pitch for two different
wafer dopant concentrations N, = 10" em 2 and N, = 10" cm ™. The front
and back surface recombination factors are Jo=100fA cm 2 and
Jocons = 1000 fA cm 2. Other parameters are d = 150 mm, W = 150 mm.
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An interesting feature can be observed in the depend-
ence of the short-circuit current density Jy. with the pitch
(Fig. 12). For N4y = 10" cm 2, J,. drops rapidly for pitch val-
ues larger than 0.35cm. To understand this unexpected
behaviour, confirmed by Sentaurus simulations, we have
plotted in Fig. 13 the carrier concentration profile in the lat-
eral region for P =0.4cm. We can see that, even if short-
circuit conditions exist in the near-contact region, as shown
by ngymin) =0, the pn junction is in forward bias in the pe-
ripheral region far from the contact. Many carriers generated
there recombine in-situ, mostly at the front n™ electron col-
lector in the particular case studied here. Above a certain
pitch, the lateral current contributed by the peripheral region
saturates, meaning that the short-circuit current of the unit
solar cell also saturates. The decrease of the current density
Js. observed in Fig. 12 results from dividing a nearly con-
stant total current by an increasing device area. It should be
mentioned that, due to different optical models, the photo-
generated current density calculated with Sentaurus is
slightly different from that determined with the geometric
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FIG. 13. Minority carrier concentration as a function of the lateral distance
for a half-pitch of 0.2cm and a dopant density Ny=10""cm™ in open-
circuit, maximum power and short-circuit conditions. Other parameters are

d=150 ym, W =150 um and Jo;=10""> A cm™ %, Jopn = 10" A cm 2.
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model; in Fig. 12 we have forced the maximum value of J.
calculated with both models to be identical.

Fig. 13 also shows the excess carrier concentration pro-
file in the lateral region corresponding to maximum power
conditions, P =0.4cm and N, = 10" cm . Comparing it to
that corresponding to Ny =10"°cm ™ in Fig. 8, we can see
that the carrier concentration is much higher, with the result
of higher recombination losses, leading to a large reduction
in J,,, to a low value of 24.4 mA-cm 2. In addition, resistive
losses, mostly in the base region, result in large lateral
(109 mV) and crowding (46 mV) voltage drops, equivalent to
a very large effective series resistance of 6.2 Qcm? and
eventually in a low V,,,, =521 mV and a very low FF=0.49.
The rapid decrease of FF with increasing pitch shown in Fig.
10 for Ny=10"cm ™3 is therefore attributable to the com-
pounded effect of resistive and recombination losses.

Although not presented here, the simulations were
repeated for a lower front surface recombination parameter,
Jor= 10 fA-cm ™2, representative of advanced technologies. As
can be expected, the modeling results indicate that suppressing
recombination at the front surface has a beneficial impact on
all parameters, particularly on V,. and FF, leading not only to
higher efficiencies around 23.5% but also to a broader opti-
mum that is displaced towards higher pitch values.

IV. CONCLUSION

The physical model of Partial Rear Contact solar cells pre-
sented in this paper approximates a complex 2D problem by
means of a 1D plus 1D analysis of two distinct regions in which
the device can be partitioned. The model permits to delve into
the physical mechanisms and explain unusual phenomena.
Advanced silicon solar cells are usually limited by recombina-
tion at the surfaces, hence controlling the diffusion of carriers
towards them is the key to their optimization. Indeed, the PRC
solar cell design can be viewed as an intelligent implementation
of the ideas of diffusivity manipulation to avert surface recom-
bination. The constriction of the flow of carriers towards a
small contact area is mathematically and physically equivalent
to a reduction of the carrier mobility. This is beneficial to
reduce minority carrier recombination at the rear contact, but
detrimental to majority carrier flow towards it. A corollary is
that PRC solar cells made on n-type silicon wafers can offer
advantages compared to the more common p-type devices,
thanks to a reversal in majority carrier mobility values.

Computationally, the iterative process required in our
model to solve arbitrary device operation conditions is easy
to implement and convenient to use. Simplification comes,
however, at the expense of generality. In this paper, we have
assumed very low bulk recombination and perfect dielectric
passivation, leaving as the most significant recombination
losses those that occur at the front n* electron collector and
at the rear p* hole collector, or at the rear metal contact. In
such conditions, the model is capable of describing the oper-
ation of PRC solar cells quite accurately. If significant bulk
or surface recombination occurs in the peripheral region the
model is no longer applicable in its current simple form.
Such cases are, however, of less practical interest for high
performance solar cells.
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APPENDIX: ANALYTICAL MODEL

It is possible to derive analytical expressions for the
open-circuit voltage V,. and the series resistance Ry if a few
simplifying assumptions are made. These include low injec-
tion conditions, uniform carrier concentration at the front
junction, low bulk recombination and a perfectly conducting
n” front layer.

1. Carrier concentration and open-circuit voltage

The key to derive an analytical solution is to assume
that 7y is uniform over the front surface of the solar cell. In
addition, we assume here that it is constant as a function of
depth in the peripheral region. In low injection, adding
recombination at the front surface, at the passivated rear sur-
face, and in the bulk, we can express the recombination cur-
rent term J,.. in Eq. (2) as

ny ny neW
Jrec zJOfif_'_-,OpasSnif"’_qfiv

ny 0 Tn

(AD)

where no~n;>/N, is the equilibrium electron concentration.
The net current injected by the peripheral region into the
near-contact region /,,., can be found by subtracting from the
total photogeneration occurring in the periphery the sum of
all the contributions to recombination in it

Jph/q
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Inm‘ = (Jph *Jrec)(AO *ANC)7 (A2)
where Ag =P X 1 cm is the aperture area of the unit solar cell
and Ayc=2yin X Lcm is the aperture area of the near-
contact region. Next, we determine the electron current at
x =0 making use of Eq. (12). To simplify the analysis, let us
assume that all the photogeneration J,,;, happens at the front
surface

n
=1 (O) = Ler + ANCJ])h - ANcJQf }’Tf (A3)
0

Within the near-contact region let us neglect bulk
recombination completely, which permits us to state that the
electron current /,, is approximately constant in the vertical
direction, that is, 7,(W)~1,(0), so that the boundary condi-
tion at the back contact, which gives n,, is

b

*In(W) ~ dJOcnntn_ X 1CII1,
1o

(A4)

where d is the width of the line contact. In low injection, the
boundary condition can also be expressed by means of a sur-
face recombination velocity S.,,.; = Jocon/No-

The next step is to integrate Eq. (16), noting that the sec-
ond term of that expression is zero in open-circuit. In addi-
tion, n(0) = ngand n(W) = n,,

I, JW dx

e . A5
qDy Jo A(x) A5

ny —np =

Note that when /,, < 0, that is when electrons flow from
the front towards the back, n,> n;,. Equation (A5) together
with Egs. (A3) and (A4), results in the following expression
for the minority carrier concentration at the front surface

ny

qn, qn Tn

This expression permits to calculate the open-circuit
voltage. It accounts for recombination at the front and rear
surfaces as well as in the bulk of the peripheral region, but
is, nevertheless, a rough approximation, since it is based on
assuming a uniform carrier concentration at the front every-
where in the device, and neglects bulk recombination in the
near-contact region. It tends, therefore, to underestimate
recombination losses and overestimate V..

2. Series resistance

Commencing with the peripheral region, if we com-
pletely neglect recombination, the hole current as a function
of position is

:J J ass W 1 v A o
lf+(“¢+—) (1 —ch)+{ o +—J —de}
0

(A6)

JfeJoconr  Da A (X )

P
L,(y) = Jun (5 — y) x 1cm. (A7)
The electrostatic potential can be obtained by integrat-
ing Eq. (5)

P

2
s =0 - (5-y) @

2w

where p is the specific resistivity of the material, equal to the
inverse of the conductivity, which in low injection is

Op = ql,p = qU,Na. (A9)

An equivalent series resistance can be obtained dividing
the total voltage drop by the total current
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O : (A10)
stlan) = \2 7m0 ) Tem

After replacing y,,;,, =d/2+ Wn/4 and multiplying by

the area of the half unit cell, the lateral resistance in Q cm? is

P T
Ry (Qcm?) :pW(P—d—EW) (A11)

An alternative derivation based on determining the Joule
power loss, rather than the voltage drop, gives a factor 1/12
instead of the factor1/8 in Eq. (A11). Note that this expres-
sion does not include the resistance of the n* layer and is not
applicable to high injection conditions.

The flow of majority carrier holes towards the local
metal contact in the near-contact region comes at the
expense of an electrostatic potential difference between the
front and back surfaces. To determine it, we integrate the
electric field given by Eq. (21), where only the second term
is relevant in low injection conditions

$(0) — $(W) =7 Agp JO fﬁdx. (A12)

The equivalent series resistance is determined dividing
the electrostatic potential difference by the current; we then
multiply by the aperture area to express it in Q cm?®

R = JW Ao, (A13)
s(crowd) =p 0 A(X) X.

For the case of linear contacts separated by a large
pitch, the integral can be performed analytically for the func-
tion given by Eq. (15); the equivalent “crowding” resistance
is

P w
Ry, =p—In{14+—). Al4
s(crowd) p - 1’1< + d/T[) ( )

When all recombination is neglected except at the con-
tact, the carrier concentration at the front is, for large pitch
values

J. Appl. Phys. 113, 164502 (2013)

Jon
nf—n;,—i—q?—l (1 d/ > (AlS)

The formal similarity between the expressions for the
carrier concentration when recombination is neglected (A15)
and the crowding resistance (A14) was already noted by
Fischer. The sum of Egs. (A11) and (A14) gives the total se-
ries resistance, apart from possible metal-semiconductor
contact resistance and additional components due to the front
diffusion and metal grid.
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