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We recently introduced the buried emitter back-junction solar cell, featuring large area fractions of overlap

between nR-type and pR-type regions at the rear side of the device. In this paper we analyse the performance

of the buried emitter solar cell (BESC) and its generalisations by one-dimensional device simulations and

analytical model calculations. A key finding is that the generalised versions of the BESC structure allows

achieving very high efficiencies by passivating virtually the entire surface of p-type emitters by an oxidised

n-type surface layer. A disadvantage of this type of full-area emitter passivation in the generalised back-

junction BESC is the need for an insulating layer between the metallisation of the emitter and the contact to

the base, which is technologically difficult to achieve. Copyright # 2009 John Wiley & Sons, Ltd.

key words: energy conversion; photodiodes; photovoltaic cell doping; photovoltaic cell fabrication; photovoltaic cells;

silicon; simulation

Received 16 September 2008; Revised 10 November 2008

INTRODUCTION

Back-junction solar cells are one of the most promising

high-efficiency solar cell concepts for industrially

relevant high-quality monocrystalline silicon wafer

material such as n-type Cz silicon. This solar cell

concept benefits from the absence of optical shading by

front contacts as back-junction solar cells accommo-

date the contacts for both polarities on the rear side of

the solar cell. While efficient performance of this

device structure strongly relies on a very high quality

of front surface passivation, SunPower Corporation has

already proven very high solar cell efficiencies of 22%

and more in production1 and also other leading solar

cell manufacturers explore the benefits of using back-

junction solar cell device structures.2 Generally, the

current collection efficiency of back-junction solar

cells increases with increasing area fraction of the

minority charge carrier collecting p–n junction

between emitter and absorber. On the other hand, this

asymmetry is disadvantageous for the metal contacts

as the metallisation of both polarities have to carry the

same current. The minimisation of electrical series

resistance and the cost-driven preference for thin

layers of metal is a strong driving force towards

metallisation designs that allocate similar area frac-

tions for the metallisation of both polarities. Con-

sequently, dielectric insulation layers may be used to

meet both requirements: asymmetric base and emitter

area fractions in the semiconductor and at the same

time symmetric area fractions for the metallisation of

base and emitter. Figure 1 shows a cell with dielectric

insulation 2: A reliable insulation layer allows using an

overlap between e.g. the metallisation of the base with

areas taken in by the emitter as shown in Figure 1.
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In microelectronic applications thermal oxides have

proven to fulfil such insulation purpose very efficiently

when grown on polished wafers. However, as the

silicon wafer material for commercial photovoltaic

application has a rather rough surface and is not

polished as in microelectronics, it is a challenging task

to fabricate a reliable insulation layer by a thermal

oxide.3 We therefore recently introduced the concept

of the buried emitter solar cell (BESC)4,5 that does not

rely on dielectric insulation. Figure 2 shows a

schematic cross section of the BESC, which uses a

p–n junction to shield the metallisation of the base

from the large area emitter. This solar cell concept

features large areas of overlap between heavy p-type

and heavily n-type doped regions which is known to

potentially give rise to junction shunting via trap

assisted tunnelling.6 Such junction shunting would be

highly detrimental for the fill factor of the solar cell and

would lead to very low solar cell efficiencies.

It is therefore necessary that boron and phosphorus

diffusion are well controlled and optimised in order to

avoid such parasitic effects. However, once success-

fully implemented, the solar cell does not suffer from

junction shunting and exhibits a reverse breakdown at

relatively low voltages and the associated heat

dissipation is distributed across the whole area of

the cell. Consequently, localised hot spots can be

avoided and solar modules made from BESCs do not

require installing separate bypass diodes. At present,

our BESC development has reached solar cell

efficiencies of 19�5% without any performance

limitations due to shunting.5 In this paper, we

investigate the current mechanisms and device

performance with particular attention to the regions

of nþ/pþ overlap.

INVESTIGATED STRUCTURES AND
SIMULATION MODEL

Figure 3. shows three variants of the BESC. All three

structures have in common that virtually the entire rear

side of the solar cell features phosphorus doped

Figure 2. Cross-sectional view of a ‘buried emitter’ back-

junction solar cell. The buried emitter solar cell exhibits a

large area emitter, and the possibility of using similar area

fractions for base and emitter metallisation without the need

for any dielectric insulation. Note that the boron-doped

emitter has only point-like openings. Thus, it is contiguous

and covers virtually the full area

Figure 1. Cross sectional view of a back-junction solar cell

with a large area fraction covered by the emitter, and similar

area fractions allocated for base and emitter metallisation

Figure 3. Cross-sectional view of three types of buried

emitter back-junction solar cells: ‘A-Floating absorber’,

‘B-All contacted’ and ‘C-Floating rear’
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surfaces. These structures may therefore be considered

as representing only that part of the BESC of Figure 2

that is covered by the base metallisation. Alternatively,

the structures in Figure 3 may be considered as a

generalisation of the BESC concept (shown in

Figure 2), where now virtually the entire emitter is

‘buried’ under a layer of ‘base-type’ semiconductor.

This is of particular interest for silicon solar cell with

an n-type base with a p-type emitter: as opposed to

boron-doped surfaces, phosphorus-doped surfaces are

efficiently passivated by readily available thermal

oxidation processes.5,7 The structures shown in

Figure 3 therefore have the potential to generate high

open-circuit voltages. However, this advantage comes

at the price of having to face the challenge of

implementing a reliable electrical insulation between

base-type regions of the semiconductor and the

metallisation of the emitter.

The ‘A-Floating absorber’ variant of the BESC is

somewhat reminiscent of the thyristor structure solar

cell, proposed and by Koschier and Wenham.8

For both, the thyristor structure solar cell and the

floating absorber BESC, contacting of the majority

charge carriers in the main absorber (electrons in n-

type solar cells) occurs via transport through a layer in

which these carriers are minority charge carriers. Once

these carriers have traversed this layer (p-type emitter

in the BESCs in Figure 3A) they eventually reach a

contacted surface layer where these carriers are

majority charge carriers again.

The ‘B-All contacted’ BESC has perforations of the

emitter and therefore the absorber and the base-type

layer at the rear surface are in direct contact.

Nevertheless both, base and emitter, are contiguous

and thus all regions of the solar cell are directly

contacted. As mentioned before, this ‘B-All contacted’

BESC can be regarded as a straight-forward general-

isation of the BESC shown in Figure 2, or as

representing only that part of the BESC of Figure 2

that is covered by the base-type surface layer.

The ‘C-Floating rear’ variant features a non-

contiguous base-type (here: n-type) rear surface layer:

at the rear side, only small area fractions of base-type

are in direct contact with the main absorber volume.

These regions are contacted by the base metallisation.

However, the largest part of the rear side of the ‘C-

Floating rear’ cell is covered by a floating junction to

provide a similar passivation effect as achievable by a

floating emitter.9

We investigate the performance of the three variants

of the BESCs by 1-dimensional device modelling

using PC1D.10 Figure 4 shows the structure of the

PC1D model that we use for simulating the charac-

teristics of the BESCs. The minority charge carrier

collecting p–n junction between emitter and absorber

covers virtually the full area of the solar cell and

therefore justifies simulating the minority charge

carrier flow by a 1-dimensional PC1D model. The

lateral current flows in BESCs primarily occur in the

form of majority charge carrier transport, which are

neglected in our 1-dimensional treatment here.

Note that all three structures of Figure 3 are

represented by the model shown in Figure 4 when

choosing appropriate values for the resistances R1 and

R2: the ‘A-Floating absorber’ cell is modelled by

setting R1 to very large resistance values

(e.g. 106Vcm2) and R2 to zero. The ‘B-All contacted’

cell is modelled when setting both resistances R1 and

R2 to zero, while the ‘C-Floating rear’ cell is

represented by assigning large resistance values

(e.g. 106Vcm2) to R2 and zero resistance to R1.

Figure 5 shows the rear side doping profiles used for

1-dimensional numerical PC1D device simulations.

The solid symbols are diffusion profiles as measured

by electrochemical capacitance voltage (ECV) profil-

ing at the rear side of the regions of diffusion overlap of

an experimentally realised BESC.5 The ECV-

measured boron doping profile corresponds to a sheet

resistance of approximately 55 ohm/square and the

phosphorus doping profile at the surface corresponds to

Figure 4. Schematic of the 1-dimensional PC1Dmodel used

for device simulation of the three generalised buried emitter

solar cell concepts shown in Figure 3. Variant ‘A-Floating

absorber’ is modelled by setting R1 to very large resistance

values and R2 to zero. Variant ‘B-All contacted’ is realised by

setting both resistances R1 and R2 to zero, while variant ‘C-

Floating rear’ is represented by large resistance values for R2

and zero for R1
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a sheet resistance of about 90 ohm/square. The open

symbols in Figure 5 are modified doping profiles that

we use in our simulations in addition to the measured

profile to also investigate different strengths and depths

of the rear diffusions. We assign to each of the doping

profiles a value of the surface recombination parameter

S that depends on the donator surface concentration.

Here we use the relation as determined by Cuevas

et al.11 Note that our one-dimensional simulation

approach fully neglects the recombination contribution

from the metal/semiconductor contacts and also

neglect lateral current flows in the vicinity of the

contacts. However, due to the small area fractions

covered by these regions (in the range of a couple per

cent) the associated effects can be regarded as small.

SIMULATIONS RESULTS AND
DISCUSSION

Figure 6 provides an overview of the main simulation

results obtained for all three solar cell structures shown

in Figure 3, as modelled by the PC1D model sketched

in Figure 4 and using a device thickness of 145mm.

The horizontal axis references the two resistors of the

simulation model, R1 and R2. As indicated by the

uppermost horizontal axis in Figure 6, R2 is held at

0Vcm2 in the left part of each graph, while its value

increases in the right part of each graph (scale for R2

increases from left to right). Conversely, R1 is held at

0Vcm2 in the right part of each graph, while its value

increases in the left part of each graph as indicated by

Figure 5. Solid symbols: doping profile of the surface

region, where phosphorus diffusion has been performed into

a previously boron diffused surface as measured by electro-

chemical capacitance voltage profiling (solid symbols). The

open symbols represent modified doping profiles for inves-

tigating the influence of doping strength and depth by PC1D

device simulations

Figure 6. Performance of the model of Figure 4, as a func-

tion of resistance R1 (lowermost axis) and R2 (uppermost

axis). Each curve corresponds to one of the pþ/nþ doping

profiles of Figure 5. The left of each graph (R1¼ large,

R2¼ 0) represents the ‘floating absorber’ (Figure 3A), the

centre (R1¼R2¼ 0) represents the ‘all contacted’ case

(Figure 3B) and the right (R1¼ 0, R2¼ large) represents

‘floating rear’ cells (Figure 3C)
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the horizontal axis at the bottom of Figure 6 (scale for

R1 increases from right to left). As indicated in

Figure 6, the ‘A-Floating absorber’ BESC is realised in

its purest form at the left end of each graph (R1 large,

and R2¼ 0Vcm2). The centre of each graph represents

the ‘B-All contacted’ case (R1¼R2¼ 0Vcm2) and the

right hand side of each graph corresponds to the ‘C-

Floating rear’ BESC (R2¼ 0Vcm2 and R2 large).

There are three curves in each graph of Figure 6. Each

of these three curves represent the simulation results

obtained for one of the three nþ/pþ double diffusion

profiles of Figure 5.

Discussion of the open-circuit voltage

In accordance with general experience, the solar cell

simulation that assumed the weakest (shallow) doping

profiles, produces the highest calculated open-circuit

voltages. More importantly, one can observe a clear

hierarchy between the three concepts ‘‘C-Floating

rear’’, ‘‘B-All contacted’’ and ‘‘A-Floating absorber’’.

The highest voltages are achieved for the ‘‘C-Floating

rear’’ case, whilst the ‘‘B-Floating absorber’’ produces

the lowest voltages. At the same time it can be

observed as well, that the open-circuit voltage

differences between these three solar cell concepts

become marginal in case of the shallow diffusion

profiles. Taking the ‘‘C-Floating rear’’ case as the

reference point, we shall now argue why the ‘‘B-All

contacted’’ case produces lower voltages. The charge

carrier generation rate at the rear is only marginal

relative to the charge carrier generation in the bulk -and

particularly compared to the generation close to the

front surface of the solar cell. Consequently, virtually

all excess charge carriers at the very rear of the solar

cell have been generated elsewhere and are transported

through the semiconductor to the rear.

The voltage of the solar cell equals the difference of

the quasi-Fermi energies at base and the emitter

contacts. However, in order to bias the floating junction

between the emitter and the base layer on the rear side

of the emitter, photogenerated charge carriers have to

be transported from the n-type absorber region through

the emitter to the floating base-type layer at the rear of

the solar cell. That is, electrons have to diffuse as

minority charge carriers through the p-type emitter

towards the floating junction at the rear. Particularly in

case of the heavy and deep doping profiles, the rear

side of the solar cell is a relatively strong sink for

charge carriers and therefore even under open-circuit

conditions there is a permanent current flow of

electrons from the absorber through the emitter

towards the floating junction at the rear. The bias

level of the floating junction at the rear of the emitter

can be well understood by considering the generalised

expression for drift plus diffusion current

Jn ¼ qmn nrEF;n (1)

and noting that the electron concentration n is very low

within the rather heavily doped p-type emitter. Jn is the

electron current, q the elemental charge, mn the

electron mobility, n the electron concentration and

rEF;n the gradient of the quasi-Fermienergy of the

electrons. The electron concentration n is very low

within the heavily doped emitter. Thus, already

relatively small electron currents Jn are associated

with a strong gradient of the electron quasi-Fermilevel

rEF;n within the emitter, resulting in a considerable

reduction of the electron quasi-Fermilevel at the rear

junction. This effect is illustrated in Figure 7, showing

the quasi-Fermilevel of electrons and holes of all three

solar cell types under open-circuit conditions. It can

Figure 7. Electron and hole quasi-Fermilevels of the PC1D

model (Figure 4) under open-circuit conditions, plotted for

all three types of solar cells shown in Figure 3: ‘C-Floating

rear’ (fl. rear), ‘B-All contacted’ (all cont.) and ‘A-Floating

absorber’ (fl. abs.). The simulations assumed the deep nþ/pþ

diffusion profile shown in Figure 4. The contacting scheme of

the three solar cell types is schematically indicated. Note that

the quasi-Fermilevel of the holes is very similar for all three

types of solar cell. Furthermore, the electron quasi-Fermi-

levels of the ‘C-Floating rear’ and of the ‘floating absorber’

solar cell are virtually identical
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clearly be seen that the energy difference between

electron and hole quasi-Fermilevels is lower at the

floating p–n junction at the rear of the emitter

compared to the p–n junction between emitter and

absorber. Therefore, the floating junction at the rear of

the BESC operates at a lower ‘‘local voltage’’ than the

externally measured open-circuit voltage of the ‘‘C-

Floating rear’’ type cell. This effect is more

pronounced for stronger doping and deeper emitters.

As opposed to the ‘‘C-Floating rear’’ case, in the

‘‘B-All contacted’’ BESC, the low resistance of R1 and

R2 enforces the externally measured open-circuit

voltage onto both, the junction at the rear and the

junction between emitter and absorber, as visible in

Figure 7. This biases the rear junction to a higher level

and consequently causes increased total recombination

within the device. As a result, the open-circuit voltage

of the ‘‘B-All contacted’’ case is reduced in

comparison to the ‘‘C-Floating rear’’ case.

The analysis of the voltage step in the left part of the

open-circuit voltage in Figure 6 leads to very similar

considerations. As indicated in Figure 7, under open-

circuit conditions the quasi-Fermilevel curves of both

electrons and holes are identical for the ‘‘C-Floating

rear’’ and the ‘‘A-Floating absorber’’ solar cell

structure. However, in case of the ‘‘A-Floating

absorber’’ configuration contact is made to the lowly

biased junction at the rear side of the emitter.

Consequently, the externally measured voltage is

lower compared to the other two configurations.

It is interesting to note that despite potentially

considerable differences in open-circuit voltages

between the ‘‘A-Floating absorber’’ and the ‘‘C-

Floating rear’’ solar cell, the effective charge carrier

lifetimes within the volume of these devices is the

same for both solar cell concepts. Measurements of the

effective lifetime of the charge carriers within the ‘‘A-

Floating absorber’’ device and their interpretation as

implied current-voltage characteristics 12 may lead to

substantially higher open-circuit voltage predictions

than the actually measured external open-circuit

voltage. This discrepancy stems from the rather

unfavourable way of contacting the base in case of

the ‘‘A-Floating absorber’’ device, particularly for

rather deep and heavily doped n+ and p+ layers at the

rear of the solar cell.

Discussion of the short-circuit current density

The most prominent feature of the short-circuit current

behaviour in Figure 6 is a drastic reduction of the short-

circuit current density for large values of the resistor

R1, that is in case of the ‘A-Floating absorber’ concept.

The value of the other resistor, R2, does not

significantly influence the short circuit current density

and thus the ‘B-All contacted’ and the ‘C-Floating

rear’ BESC structure produce virtually identical short-

circuit current densities. For these latter two concepts,

the short-circuit current density is not very much

influenced by the choice of the rear doping profiles.

However, in case of the ‘A-Floating absorber’ concept

the rear doping profiles have a remarkable effect on the

short-circuit current density: the short-circuit current

of the ‘A-Floating absorber’ solar cell reduces for

deeper and heavier emitter doping.

To explain this behaviour we consider the electron

current flow in the ‘A-Floating absorber’ configuration

(R1 very large and R2¼ 0V): in this case, the electrons

(majority carriers within the n-type absorber) have to

traverse the emitter region as minority charge carriers

by diffusion before they eventually reach the base

contact metallisation. Supporting large current

densities by minorities in heavily-doped regions

requires a large gradient of the respective quasi-

Fermilevel as described by equation (1). This effect is

further illustrated in Figure 8, where the energy band

edges and electron and hole quasi-Fermilevels of a ‘A-

Floating absorber’ BESC are shown under short circuit

conditions.

Figure 8. Energy band diagram of the one dimensional

PC1D model for the ‘A-Floating absorber’ buried emitter

solar cell as shown in Figure 4 (with R1 very large,

R2¼ 0Vcm2) under short circuit conditions. The front sur-

face field, absorber, emitter and rear base regions are sep-

arated by dotted lines. Note that even under short-circuit

conditions there is a high quasi-Fermilevel splitting at the

absorber-emitter interface, which is characteristic for this

cell structure variant ‘A-Floating absorber’
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Note that the electron current flow through the

emitter produces a very large energy difference

between the two quasi-Fermilevels at the p–n junction

between absorber end emitter despite external short-

circuit conditions. The bias level of this p–n junction

between emitter and absorber is comparable with

open-circuit voltage bias levels. Consequently, there is

a high level of recombination within the ‘floating

absorber’, limiting the current collection efficiency

drastically even under short-circuit condition.

Contacting the majority charge carriers directly at

the absorber such as in the ‘B-All contacted’ or in the

‘C-Floating rear’ configuration of the BESC

(Figure 3B and C) avoids the loss of free energy that

results from transporting electrons across the p-type

emitter. Consequently, there are only minor recombi-

nation losses for these latter two configurations under

short-circuit conditions and the resulting short-circuit

current densities are correspondingly high.

Discussion of the fill factor

The fill factor curves in Figure 6 shows two distinctive

features in the form of reduced values for certain

resistance values R1 and R2. The first ‘fill factor dip’

occurs at the transition between the ‘A-Floating

absorber’ configuration and the ‘B-All contacted’

configuration. The comparison with the short-circuit

behaviour in Figure 6 indicates that this fill factor dip is

associated with the change of magnitude of the solar

cell current, as is illustrated in more detail in Figure 9.

The second fill factor dip in Figure 6 is much smaller

and occurs at the transition between the ‘B-All

contacted’ configuration (R1¼ 0, R2¼ 0) and the ‘C-

Floating rear’ configuration (R1¼ 0, R2¼ large). At

this transition, there is hardly any change in short-

circuit current visible but instead a rather pronounced

change in open-circuit voltage can be observed.

Apart from the rather eye-catching fill factor dips in

Figure 6, it is also striking that the ‘A-Floating

absorber’ solar cell configuration produces very high

fill factors at all: the inefficient electron transport

through the p-type emitter in the ‘A-Floating absorber’

configuration limits current extraction to such an

extent that even the short-circuit current density is

reduced. On the other hand, the high fill factors of the

‘A-Floating absorber’ I–V curves do not seem to

indicate any other transport related limitations. We

shall therefore discuss the I–V curve of the ‘A-Floating

absorber’ solar cell by developing an analytic

description of this type of cell.

One may envisage the ‘A-Floating absorber’ type

cell as a cell, where the majority carriers in the

absorber are (directly) contacted via a resistor RE,

representing the non-ohmic resistance of the electron

transport through the p-type emitter. We define an

‘internal voltage’ Vint at the p–n junction between

emitter and absorber by

qVint ¼ EF;n;absorber � EF;p;emitter (2)

where EF;n;absorber is the quasi-Fermienergy of the

electrons in the absorber just outside the space-charge

region of the junction, and EF;p;emitter is the is the quasi-

Fermienergy of the holes in the emitter. At a given

external voltage Vext, the ‘A-Floating absorber’ cell

produces a current output J(Vext) and a voltage drop

across the non-ohmic resistor RE

Vint � Vext ¼ RE � J Vextð Þ (3)

With this equation defining RE, we may now

formally write the diode equation of the ‘A-Floating

absorber’ solar cell as

J Vextð Þ ¼ J0 eq VextþRE�J Vextð Þð Þ=kT � 1
� �

� JL (4)

where JL is the maximum extractable photo-generated

current density within the absorber (i.e. at Vint¼ 0), and

J0 is the saturation current density of the solar cell. The

Figure 9. Simulated I–V curves under illumination, using

the simulation model of Figure 4 and the deep doping profile

of Figure 5. R2 is held at 0Vcm2, and is R1 varied to explore

the transition between the ‘A-Floating absorber’ (Figure 3A)

and the ‘B-All contacted’ (Figure 3B) configuration. Note

that the slope of the linear regions does not directly corre-

spond to the magnitude of the resistor R1
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solar cell absorber is now ‘directly’ contacted via RE.

This situation is similar to the ‘C-Floating rear’

configuration with the resistor R2¼ infinity and

R1¼RE (see Fig. 4). We may therefore consider J0
in equation (4) as being identical with the saturation

current density of the ‘C-Floating rear’ solar cell

configuration. This is also supported by Figure 7,

showing identical quasi-Fermilevel distributions under

open-circuit conditions for both the ‘A-Floating

absorber’ and the ‘C-Floating rear’ configuration.

Correspondingly, JL in Equation (4) can be regarded as

identical to the short-circuit current density of the ‘C-

Floating rear’ solar cell configuration. For simplicity of

the mathematical description we may further assume

that the photo-generation of charge carriers within the

rear emitter is negligible and that the doping profile of

the p-type emitter is uniform. We can now readily

calculate the electron distribution in the emitter by

solving the well-known differential equation 13

d2Dn

dx2
¼ Dn

Dntn
(5)

Where Dn is the excess electron concentration in the
p-type emitter, Dn is the electron diffusion coefficient

and tn is the lifetime of the electrons in the emitter. The

solution of this differential equation has to fulfil the

two boundary conditions

Dn x ¼ 0ð Þ ¼ n2i;eff

NA

eqVext=kT � 1
� �

;

�qDn

dDn

dx

����
x¼0

¼ J Vextð Þ � J0;rB eqVext=kT � 1
� � (6)

where n2i;eff is the effective intrinsic carrier concen-

tration that is subject to band-gap narrowing,14 NA is

the dopant density in the emitter, J0,rB is the saturation

current density of the base-type (n-type) layer at the

rear of the solar cell, and x¼ 0 denotes the position of

the edge of the space-charge region of the p–n junction

between the emitter and the rear base-type layer.

According to the chosen sign-convention, an electron

current Jn from the emitter towards the rear base-type

layer (i.e. in direction of negative values of the variable

x) is counted as negative. The recombination current

J0;rB eqVext=kT � 1
� �

has a positive sign as it is a current

flowing from the contact at the rear base-type layer into

the cell towards the emitter. For positive values of Vext
we therefore have JðVextÞ � J0;rB eqVext=kT � 1

� ��� �� >
JðVextÞj j. The position x¼W shall correspond to the

other side of the emitter, that is the edge of the space

charge region of the p–n junction between the absorber

and the emitter. The electron concentration at this

position defines the internal voltage Vint

Vint ¼ kT

q
ln

NdopDn Wð Þ
n2i

þ 1

� �
(7)

Combining the solution Dn xð Þ of the differential

equation (5) with (3) and (7) yields an expression for

the non-ohmic resistance RE

REðVextÞ ¼ Vint � Vext

JðVextÞ ¼ 1

JðVextÞ

� kT

q
ln

e
qVext
kT � 1

� �
cosh WNA

ffiffiffiffi
Cp

Dn

qh i

�
JðVextÞ�J0;rB e

qVext
kT �1

� �
qn2

i

ffiffiffiffiffiffiffi
CpD

p sinh WNA

ffiffiffiffi
Cp

Dn

qh i
2
6664

3
7775�Vext

8>>><
>>>:

9>>>=
>>>;

(8)

In equation (8) we have assumed that the electron

lifetime tn is dominated by Auger recombination, that

is tn¼ (CpN
2
A)

�1, where Cp is the Auger coefficient for

the two-hole-one-electron (ppn) Auger recombination

process. Inserting equation (8) into equation (4) yields

an expression that resembles a simple diode equation

J Vextð Þ ¼ J0

qn2
i;eff

ffiffiffiffiffiffiffiffi
CpDn

p
tanh WNA

ffiffiffiffiffiffiffiffiffiffiffi
Cp=Dn

p	 
þ J0;rB

 !

qn2
i;eff

ffiffiffiffiffiffiffiffi
CpDn

p
sinh WNA

ffiffiffiffiffiffiffiffiffiffiffi
Cp=Dn

p	 
þ J0

 !

� e
qVext
kT � 1

� �
� JL

1þ J0 sinh WNA

ffiffiffiffiffiffiffiffiffiffiffi
Cp=Dn

p	 

qn2

i;eff

ffiffiffiffiffiffiffiffi
CpDn

p
� �

(9)

We can see from equation (9) that the voltage

dependence of the non-ohmic series resistance RE is of

such a kind that the shape of the ‘A-Floating absorber’

I–V curve has the appearance as if there was no series

resistance at all. The resistance value of RE decreases

for increasing external voltages Vext as higher voltages

increase the electron concentration in the p-type

emitter exponentially. Consequently, equation (9)

provides an explanation, why the ‘A-Floating absor-

ber’ configuration produces I–V curves with very high

fill factors despite a very severe limitation of the

electron current flow through the p-type emitter. The

prefactor of the exponential term in equation (9) shall

be called ‘apparent saturation current density’ J0,A.

J0,A is the product of the original saturation J0 and a

second factor that also depends on J0. Surprisingly, J0,A
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can become smaller than J0, particularly for very large

values of J0. However, in agreement with expectation,

in case of large saturation current densities J0, equation

9 still does not predict higher open-circuit voltages for

the ‘A-Floating absorber’ compared to the ‘C-Floating

rear’ cell, because larger J0 values at the same time

over-proportionally decrease the modified short-circuit

current density in equation (9): the last term in

equation (9) resembles the short circuit current density

of the ‘A-Floating absorber’ cell, which decreases for

increasing J0. This effect has also been found for the

numerical PC1D simulations shown in Figure 6. In

particular we can see from equation (9) that the

modified short-circuit current density of the ‘A-

Floating absorber’ cell is always smaller than the

short-circuit current density JL of the ‘C-Floating rear’

cell. Again, this analytical finding agrees well with the

I–V curves simulated by PC1D in Figure 9.

We shall now discuss the fill factor dip in the

transition between the ‘A-Floating absorber’ and the

‘B-All contacted’ configuration, as shown in the left

part of Figure 6. The transition from the ‘A-Floating

absorber’ configuration to the ‘B-All contacted’ cell is

made by lowering the resistance value for R1, which

provides an additional transport path for extracting the

electrons out of the cell. Figure 9 illustrates the shape

of the I–V curves upon changing the resistance value

R1. These curves seem to suggest that the higher

current of the ‘B-All contacted’ BESC could be

understood as a combination of a ‘baseline’ of current

transported through the emitter plus an additional

current through the resistor R1. However, the partially

linear slope of the I–V curves in Figure 9 does not

directly relate to the series resistance of R1 as indicated

in the same Figure. Instead, the current paths and

injection conditions within the cell are changed

completely by lowering the resistance of R1. This is

illustrated in Figure 10, showing the magnitudes of the

electron currents flowing through the p-type emitter

(RE) and through R1 for a range of values of R1 and an

external voltage Vext¼ 500mV.

Low resistance values R1 level out the difference

between the internal voltage Vint, defined in equation

(2), and the external voltage Vext. Consequently, low

values of R1 prevent the excessive splitting of the

electron and hole quasi-Fermilevels that has been

identified in Figure 8 for being responsible for the

inefficient current collection. The key criterion for the

magnitude of R1 to achieve the increase of current is

that R1 has to be significantly smaller than RE.

However, RE is strongly dependent on the external

voltage Vext and therefore small and medium values of

R1 (e.g. 10Vcm2) are only capable of increasing the

current in the vicinity of short-circuit conditions, see

Figure 9. In this situation the current density is hardly

changed in the vicinity of the maximum power point

and consequently the fill factor drops to very low

values for medium sized resistances R1. Further

lowering the resistance R1 down to values below

1Vcm2 eventually increases the current at the

maximum power point significantly and produces

high fill factors again.

Despite a very different solar cell concept, this fill

factor effect of the back-junction BESC is reminiscent

of effects observable for emitter-wrap-through solar

cells.15,16 It is further noted that despite the absence of

any junction shunting the shape of the I–V curves in

Figure 9 nevertheless do suggest the presence of

junction shunting for small and intermediate resistance

values of R1 (e.g. 20Vcm2) and may lead to an

erroneous assessments of the loss mechanisms in

experimentally prepared devices.

The second fill factor dip visible in the right hand

side of Figure 6 is much smaller and lies in the

transition region between the ‘B-All contacted’

configuration (R1¼ 0, R2¼ 0) and the ‘C-Floating

rear’ configuration (R1¼ 0, R2¼ large). This second

fill factor effect is only accompanied by a change in

open-circuit voltage while there is no significant effect

on the short-circuit current. The illustration of this

Figure 10. Simulated total cell output current and the elec-

tron current flows through the p-type emitter and through the

resistor R1. The external voltage was held at 500mV. This

simulation assumed the deep pþ/nþ doping profile shown in

Figure 4
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second fill factor effect in Figure 11 therefore focuses

onto the region of the I–V curve between maximum

power point and open-circuit voltage. As indicated in

Figure 11, for intermediate resistance values of R2 the

increase of the maximum power voltage is not

proportional to the increase of the open-circuit voltage.

For R2¼ 0�3Vcm2, the open-circuit voltage is already

close to the ‘C-Floating rear’ case, but the maximum

power point voltage is still closer to the ‘B-All

contacted’ case. We therefore find a reduced fill factor

in Figure 6 for R2¼ 0�3Vcm2. As this effect is coupled

to changes of the open-circuit voltages, it is plausible

that the magnitude of the fill factor effect scales with

the magnitude of the open-circuit voltage effect

discussed before (uppermost graph in Figure 6) and

thus hardly affects the cell structures with rather weak

doping profiles.

Discussion of the efficiency

The efficiencies of the three different BESC structures

closely resemble the behaviour of the short-circuit

current and the open-circuit voltage diagrams. The ‘C-

Floating rear’ case gives the highest efficiencies and

reaches 23�7% in our calculations for shallow doping

profiles. However, in case of shallow doping profiles

there is no significant difference in performance

between the ‘C-Floating rear’ and ‘B-All contacted’

configuration. The simulations that used the exper-

imentally realised doping profiles also produced only

minor differences in efficiency between the ‘C-

Floating rear’ (23�0%) and the ‘all contacted’

(22�9%) case. However, heavy doping (deep nþ/pþ

doping profile in Figure 5) and the associated

recombination at the rear of the solar cell produce a

difference of 0�5% (absolute) between having floating

base regions or contacted base regions at the rear side

of the emitter. Compared to the similar performances

of the ‘C-Floating rear’ and the ‘B-All contacted’

BESC, the ‘A-Floating absorber’ configuration exhi-

bits significant reductions of the solar cell efficiency

and reacts with pronounced voltage and current losses

to heavier doping and deeper emitters layers. In terms

of performance, the ‘A-Floating absorber’ does not

seem to offer any advantages. However, from a

technological point of view the advantage of this

structure is that it does not require structuring the

emitter layer.

All of the BESC structures shown in Figure 3 have in

common that virtually all surface areas of these solar

cells are phosphorus-doped despite featuring an almost

full-area p-type (buried) emitter layer. The phos-

phorus-doped silicon surfaces can be efficiently

passivated by standard thermal oxidation.11 Therefore

the BESC has the potential to reach very high solar cell

efficiencies, as is reflected by the results of our

simulations.

CONCLUSIONS

We have generalised the novel BESC concept and

proposed three different device structures where a

thermally oxidised n-type surface layer can be used for

efficient surface passivation of p-type emitters.We have

investigated the performance of the proposed three

BESC structures by 1-dimensional device modelling,

using the experimentally determined surface recombi-

nation parameters for oxidised n-type surfaces.11 We

have developed an analytical description of the

unconventionally contacted ‘A-Floating absorber’

BESC variant and have been able explain the open-

circuit voltages, short-circuit current densities and fill

factors of the three novel BESC devices. In particular,

we show that the p-type emitter surface passivation is

best achieved by a floating junction with an n-type layer

on the emitter surface (‘C-Floating rear’ configuration).

At the same time we find that a non-floating n-type

surface layer that is in direct electrical contact with the

n-type absorber (‘B-All contacted’ configuration) can

provide almost the same quality of surface passivation

if the doping profiles are not too heavy.

Figure 11. Simulated I–V curves under illumination, using

the simulation model of Figure 4 and the deep doping profile

of Figure 5. R1 is held at 0Vcm2. Three values for R2 are used

to explore the transition between the ‘all contacted’ case

(Figure 3B) and the ‘floating rear’ (Figure 3C) configuration
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