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Problem Description
This project will have the goal of fabricating a front surface field for optimal surface passivation to
minimize minority charge carrier recombination at the front surface of a back-contacted
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the diffusion process and the subsequent electronic properties using the Silvaco software
(Athena), and fabrication of test structures which are characterized with regard to resulting
dopant profile and surface passivation. Correlation between simulation and measurement will be
sought to obtain a thorough understanding of the process. For this, comparison of measured and
simulated sheet resistances in n+ - p structures will be used to give an indication of correlation.
Fabricated n+ - n structures will be used for measurements of surface passivation. This will be
correlated with the simulated device perfomance.
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Abstract

Interdigitated back-contact (IBC) solar cells are devices requiring very high
carrier lifetimes. In this thesis, an investigation of the front-surface �eld
(FSF) concept for increasing the e�ective lifetime of so-called back-junction
Si solar cells has been carried out.

Various levels of phosphorus doping have been introduced into n-type Si
wafers for the creation of n+-n junctions, and the resulting lifetime has been
characterized using photoconductance measurements, in order to obtain an
understanding of FSF-optimized process parameters. The in-di�usion of
dopants is assessed through the consideration of resulting dopant pro�les by
means of sheet resistance measurements on phosphorus-di�used p-type Si
wafers. Computer simulation tools have been utilized for calculation of the
dopant pro�les, as well as for investigating the dependence of the e�ective
lifetime on the dopant pro�le.

The results of the study show that an in-di�used front surface �eld is e�cient
for passivation of this solar cell structure, provided a moderate or high degree
of charge carrier recombination in the silicon surface. When a non-ideal
homogeneity of dopants is assumed, the optimal sheet resistance is found to
be mainly dependent on the dopant concentration, rather than the depth
of in-di�used dopants. It is shown by means of software simulations that a
relatively low level of di�usion is necessary for good passivation with a front
surface �eld. The optimal range of sheet resistances is assessed based on the
simulations, and coincides well with previously published studies within the
�eld of back-junction solar cells.
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Chapter 1

Introduction

Photovoltaic solar cells convert electromagnetic radiation into electrical power.
This conversion was described as early as 1884 by Becquerel's photovoltaic
theory. However, it was not until 1954 the �rst practically applicable solar
cell was invented at Bell Laboraties [1]. Photovoltaics have since then been
found useful within several �elds. For example, as it is a light-weight source
for energy, powered by sunlight, solar cell technology is very suitable for
satellites and space stations. Because the utility aspect made the high cost
bearable, solar arrays were used to power satellites as early as 1959 [2].

For terrestrial applications, conventional technologies of energy production
have been dominating. However, due to more attention to the emissions
of greenhouse gases combined with increasing costs of fossil energy sources,
exploiting the energy from the sun is now by many considered as a signi�cant
contributor to energy supply in the future. In order to reach the point where
photovoltaics may act as an energy source competitive with fossil, solar cell
research strives to increase the power conversion e�ciency. Partially helped
by governmental funding and taxation on CO2 emissions, solar electricity
has now become a continuously growing segment of the energy industry in
several parts of the world.

Fig. 1.1 shows the development through the recent years within installation
of large-scale photovoltaic power plants worldwide, clearly reporting a large
growth. The construction of plants in 2007 counts for a power output capac-
ity of 490 MWp, which is more than the already installed capacity in 2006
[3]. This indicates that the capacity growth will continue to increase in the
years to come.

As of this writing, the highest o�cial energy conversion e�ciency achieved
in solar cell research is 40.7 % [4]. Commercially available solar cell modules
yield signi�cantly lower e�ciencies. Among the most critical issues for a fur-
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Figure 1.1: The annual and cumulative growth of installed large-scale solar cell
power plants [3].

ther growth within photovoltaics are maximizing the achievable power per
solar cell area, and minimizing the power cost. Obviously, �nding the most
advantageous technology for commercial application is a matter of compro-
mise between these two issues.

In this thesis, one promising solar cell technology will be investigated. The
concept of interdigitated back-contact (IBC) solar cells was �rst reported by
Lammert and Schwartz [5] and has received much attention during recent
years.



Chapter 2

Theory

The concept of photovoltaic solar cells is based on semiconductor physics.
This chapter presents the theoretical background necessary to understand
the following chapters.

2.1 Semiconductors

Photovoltaic energy generation is the conversion of energy from sunlight into
electrical power based on excitation of charge carriers in semiconductors. In
this section, the fundamental theory of semiconductors is listed and relevant
quantities for describing semiconductor-based solar cells are introduced. The
main litterature references used for this section are `The physics of solar cells'
by J. Nelson [6] and `Solid state electronic devices' by B.G. Streetman and
S.K. Banerjee [7].

2.1.1 Charge carriers in semiconductors

A semiconductor material exhibits an energy gap, or band gap, which di-
vides two bands of possible electron energy states; the valence band and the
conduction band. No possible states exist in the band gap of an ideal semi-
conductor crystal. At 0 K and with no incident illumination, the valence
band is completely �lled with electrons and the conduction band is �lled
with holes1. The material then acts as an insulator. The energy interval
between the bands, known as Eg, varies in di�erent semiconductors. For in-
stance, the band gaps exhibited by silicon (Si), germanium (Ge) and gallium

1The presence of a hole implies absence of an electron, that is, there are no electrons
in the conduction band when it is '�lled with holes'.
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arsenide (GaAs) are 1.11 eV, 0.67 eV, and 1.43 eV, respectively.

In a doped semiconductor, available energy states are introduced in the band
gap. Although several elements may be used for doping, the dopant energy
level is di�erent from element to element and it is advantageous to obtain
dopant levels close to one of the band gap edges. Dopants normally intro-
duced into silicon are phosphorus (P) for n-type doping and boron (B) or
aluminum (Al) for p-type doping.

Illumination of a semiconductor may excite charge carriers across the full
band gap energy. Photon energies larger than Eg will excite an electron
across the band gap to the conduction band. Hence, the concentration of
excess electrons in the conduction band is larger during illumination than in
the dark. Excess electron concentration is also known as the injection level

of charge carriers and is commonly denoted as ∆n.

2.1.2 Carrier transport

The initial cause of electrical energy generation in a solar cell is the p-n
junction; namely, a semiconductor material of a certain extension, of which
one side is donor doped and the other side acceptor doped, commonly referred
to as the n side and the p side, respectively. Due to di�usion, a small ratio
of dopant-induced charge carriers of both polarities are positioned on their
respective opposite sides across the junction and occupy available states on
each side. The result is a charge depleted area, the depletion region, which
is accompanied by an electric �eld due to the polarity di�erence, causing a
drift force to act on the di�using charge carriers. The depletion region will
only extend over a certain length, since the carrier drift counters the e�ect
of carrier di�usion.

Assume that an incoming photon, with a su�ciently high energy to excite
a lattice atom and thus create an electron-hole pair (hν > Eg), strikes the
semiconductor material near the p-n junction. The electric �eld created by
the electrostatic potential across the junction causes a drift of free electrons
towards the n-side, and an oppositely directed drift of free holes. Depending
on the properties of the semiconductor and the quality of the semiconductor
material, a certain number of the electron-hole pairs created from illumina-
tion reach the p-n junction. The junction serves to separate the hole and
electron from each other. The carriers may be directed into an external
circuit, contributing to a net current.
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2.1.3 Fermi levels and band diagrams

In a semiconductor, the Fermi energy level (EF ) represents the energy state
for which the probability of electron occupation equals 1

2 under thermal
equilibrium. The concept of Fermi levels allows for an easy analysis of semi-
conductor energies. For an undoped semiconductor, EF lies in the middle of
the band gap. The fermi level of an n-doped semiconductor is closer to the
conduction band energy Ec than the valence band energy Ev, and vice versa
for a p-doped semiconductor. Under thermal equilibrium, there can be no
spatial variations in the Fermi level since there is no net charge transport.
This can be used to combine the energy bands on the two sides of the junc-
tion in the case of no excess charge carriers; the Fermi level of the p-side will
equal that of the n-side. In Figs. 2.1, or band diagram, of a p-n junction is
shown.

Figure 2.1: Schematic representation of a p-n junction and its Fermi levels. a) The
n-side and the p-side separated from each other. b) The p-n junction at thermal
equilibrium.

In the absence of thermal equilibrium, the principle of Fermi levels is not valid
as excess carriers are present in addition to intrinsic charges. In this case an
equivalent Fermi level is used, which includes the net e�ect from the presence
of both �xed charges and excess charge carriers. The so-called quasi-Fermi
levels Fn and Fp allow for a band diagram for the non-equilibrium situation.

2.1.4 Recombination

Photoexcited charge carriers have a certain probability of recombining, which
means the electron loses the energy it has gained from the excitation and de-
cays across the band gap to the valence band, �lling the place of a hole. The
extent of recombination depends on the number of impurities in the mate-
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rial; both dopants and other impurities will cause recombination. Impurities
or defects present in the crystal lattice may introduce possible energy states
within the band gap, increasing the probability of recombination.

The charge carrier energy obviously decreases during recombination; addi-
tionally, in recombination processes involving phonons, there is also a change
in carrier momentum. As is subsequently shown in section 2.2, the total
recombination is a sum of di�erent mechanisms, where several factors con-
tribute to which mechanism is most signi�cant [8].

The probability of recombination can be described using the quantity of re-
combination lifetime, τ , de�ned as τ = ∆n/U , where the quantity U , with
denomination cm−3s−1, is the net recombination rate. Within the lifetime,
charge carrier must be transported across the p-n junction in order to pro-
duce a net current; τ is therefore a very useful quantity in characterization
of solar cells.

The nature of the recombination depends on the band gap properties. An
indirect band gap transition involves a change in charge carrier momentum
in addition to the energy change across the band gap. Silicon exhibits an
indirect band gap. GaAs is an example of a direct band gap semiconductor,
in which the recombination occurs with no change in momentum.

2.1.5 Silicon manufacture

Production of silicon for solar cells begins with SiO2 (quartz), which occurs
in large quantities in the Earth's crust. The quartz is reduced to silicon
by means of heating in combination with carbon, resulting in metallurgical
grade silicon. This material has a high concentration of impurities and is
puri�ed to yield polysilicon, for which there exists a range of technologies.
In order to obtain monocrystalline silicon, which resembles a continuous
crystal lattice with no grain boundaries, polysilicon may either be pulled
from a melt using a seed crystal (the Czochralski method), or be subjected
to an RF �eld which melts the polycrystalline rod locally multiple times (the
Float-zone method). Silicon ingots of the desired purity and crystallography
are then cut into wafers of the desired thickness. For applications within
in the electronics industry, wafer thicknesses normally are in the region of
600-800 µm [9]. Photovoltaic applications often require thinner wafers.
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2.2 Mechanisms of recombination

Several mechanisms contribute to determine the e�ective lifetime of a semi-
conductor crystal. In this section recombination is more closely investigated
and the di�erent contributions are speci�ed.

2.2.1 Recombination contributions

There are three distinctive contributions to recombination in semiconductors
[8]:

In radiative recombination, an excited electron decays to the valence band
where it recombines with a hole, emitting a photon in the process. The
energy of the released photon equals the band gap energy. This recombina-
tion is likely to occur if a photoexcited electron is not separated from the
hole. For silicon and other indirect semiconductors, the radiative process
also involves a change in momentum, as described above.

Band-to-band Auger recombination is a mechanism in which the excess en-
ergy from electron-hole recombination leads to the excitation of a third
charge carrier instead of emission of a photon. The resulting charge car-
rier decays to its initial state and a phonon is generated.

Defect energy levels inside the band gap also cause recombination, and it
is therefore desirable that a semiconductor for photovoltaic applications re-
sembles an ideal crystal, as well as having a low concentration of unwanted
impurities. Defects introduce energy states in the band gap, through which
charge carriers may recombine. In the process of defect-level recombina-
tion a phonon is normally released, which results in heating of the material.
The mechanism is described by the Shockley-Read-Hall (SRH) model, which,
based on some simplifying assumptions, enables calculation of the recombi-
nation rate implied by one particular defect. The model involves a trap
energy level Et in the band gap, caused by the defect. An electron may de-
cay from the conduction band to the defect level, and further to the valence
band.

A resultant bulk lifetime can be found by summing up the inverse of the
contribution from each lifetime mechanism,

τb =
( 1
τrad

+
1

τAuger
+

1
τdefect

)−1
(2.1)
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2.2.2 Surface recombination

The surface of a wafer is particularly prone to defects, due to the many
unpaired valence electrons, so-called `dangling bonds', as well as surface-
a�ecting process steps (chemical residues). Recombination in the surface is
therefore treated as a separate contribution to the defect-level recombination
mechanism and is distinguished from the bulk lifetime contributions. The ex-
tent of surface recombination is addressed in terms of surface recombination
velocity (SRV), de�ned as

S =
Us

∆ns
(2.2)

where the surface recombination rate Us here is measured in units of cm−2s−1

[8].

The lifetime components resulting from all contributions, including the sur-
face recombination, add up to a total value referred to as the e�ective life-
time, τeff . As for the components of the bulk lifetime, contributions to life-
time are inversely added; thus the mechanism yielding the lowest lifetime
contribution de�nes the maximum limit of e�ective lifetime:

τeff =
( 1
τb

+
1

τsurface

)−1
(2.3)

2.3 Dopant di�usion

In general, di�usion is the motion of some group of particles, which increases
the degree of homogeneity in particle distribution. In doping of semiconduc-
tors, understanding the di�usion mechanisms of dopant atoms is important,
for instance to monitor and optimize the dopant level inwards in the material
or the abruptness of p-n junctions.

Several methods exist for introduction of dopants in semiconductors. In
the IC (integrated circuits) industry, ion implantation has become the main
choice. In a typical ion implant system, ions are accelerated from a gas
containing the desired implant elements, and are guided by electrostatic de-
�ection plates to be implanted at the desired position of the target wafer.
The ion implant technology o�ers good selectivity and the dopant introduc-
tion is highly anisotropic, which is appropriate for the low dimensions in IC
fabrication [9]. In-di�usion of dopants is the concept which has now been
replaced with ion implantation for production of electronic circuits, but is
highly suitable to photovoltaic applications.
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This section �rst describes the theory of di�usion. Methods of in-di�usion
are then treated, and �nally the theory of dopant concentration with respect
to wafer depth (the dopant pro�le) is considered.

2.3.1 Di�usion principles

There are several mechanisms by which an impurity atommay di�use through
a semiconductor material. Assume an impurity atom is placed in the crystal
lattice. The atom may be placed either between lattice sites or at lattice
sites; that is, it may be interstitially or substitionally located. Interstitial
atoms di�use signi�cantly faster than substitonal atoms because energy is
needed for an atom to occupy a lattice site. However, atoms in interstitial
locations do not bond with the material lattice; therefore, unless energy (i.e.
heat) is applied to the atoms enabling for movement into a substitional site,
the di�usion does not a�ect conducting properties of the material. Substi-
tional di�usion of impurities may be represented by two main mechanisms,
direct exchange and vacancy exchange. The former mechanism involves two
di�erent atoms changing place, while the latter is the movement of an atom
into a vacancy location, which requires less energy [10].

The ability for a certain atom to di�use through solid-state matter is called
di�usivity, measured in cm2s−1. Di�usivity is dependent on several prop-
erties, such as material density and occurences of impurities and crystal
defects.

The di�usivity may be expressed by an Arrhenius relation as

D(T ) = D0 exp(−EA

kT
) (2.4)

where, in the ideal case, the prefactor D0 and the activation energy EA

are constant for a given element di�using in a given solid [10]. Hence, the
di�usivity increases with temperature and decreases with activation energy.

2.3.2 Deposition of dopants

In several process steps within the semiconductor industry, a spinner is used
for deposition of liquid substances. A circular wafer is placed on a vacuum
chuck and a few ml of the liquid is applied onto the wafer center. The wafer is
spun at large velocities (up to 5000 rpm , dependent on the desired resulting
layer thickness). The process creates a uniform distribution of the liquid on
the wafer [9].

In solar cell manufacture, however, the wafer size utilized is often large and
the wafers used are commonly square rather than circular, to exploit the
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available silicon material in terms of multiple-wafer installation into modules.
Also, a critical issue within solar cell production for commercial application
is the development of fast, e�ective production lines. In many cases, since
establishment of a large-scale industrial production facility for solar cells
involves vast investment costs, it is advantageous to avoid methods consist-
ing of several separate process steps. In-line tools have therefore become
common; for instance, conveyer belts are often utilized to transport wafers
continuously through the various processes. In this context, spinning of a
wafer would require a temporary halt in the process.

These requirements call for other methods for dopant application than the
spin-on technique. Dopant in-di�usion involves application of di�usants to
the wafer surface, followed by di�usion of the dopant atoms at high tem-
peratures. A range of solar cell manufacturers utilize a process where the
wafer surface prior to heating in a di�usion furnace is treated with a mist of
dopant-containing liquid [11]. The di�usants may also be deposited during
a CVD (chemical vapor deposition) process, as reactants contained in a gas
which is introduced over the wafer surface.

2.3.3 Dopant pro�le

Dopants di�using into a background-doped semiconductor will generally cre-
ate a gradual p-n junction, although an abrupt transition between the n-side
and the p-side would normally be desireable as an ideal case. The dopant
concentration as a function of depth, commonly referred to as the dopant
pro�le, depends on the di�usivity. For a given di�usion temperature, a large
di�usivity yields a high level of in-di�usion and thus a deeper dopant pro�le.

For calculations of the relationship between pro�les and the electronic prop-
erties, it is convenient to express the pro�le mathematically with respect to
wafer depth. A common representation of the dopant pro�le can be calcu-
lated from Fick's di�usion laws, where some simplifying assumptions about
the di�usion are made. Assuming an in�nite source of di�usants directly
above the semiconductor surface, the concentration versus the depth z and
time t then shows a complementary error function dependence [10]:

C(z, t) = Cserfc
( z

2
√
Dt

)
, t > 0 (2.5)

where Cs is the dopant concentration at the surface and
√
Dt is the charac-

teristic di�usion length.
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2.4 Sheet resistance of doped layers

Because in-di�usion of dopants in a silicon wafer surface creates available
energy states in the band gap, the conductivity increases with the level of
doping. It also means that the electrical resistivity ρ of a doped semicon-
ductor layer is dependent on the layer depth due to the inevitable doping
gradient. It is therefore inconvenient to utilize resistivity to characterize a
di�used wafer. The sheet resistance quantity is commonly used instead.

A rectangular wafer of length L, width w and thickness t has a resistance of

R =
ρL

wt
(2.6)

where ρ is the resistivity. If a current is conducted between two points
on the wafer surface, the resistance will be higher if the wafer width w is
reduced. Thus the resistance is also an inappropriate quantity. Instead, it is
common to use the term of sheet resistance, Rs. This is the simplest means
of characterizing the dopant pro�le of a di�used wafer [10]. Rs is related to
the resistivity as

Rs =
ρ

t
(2.7)

Comparing with the resistance expression yields

R =
RsL

w
(2.8)

The denomination of Rs is ohms; however, to avoid confusion, sheet resis-
tance is commonly expressed in units of `ohms per square', Ω/2.

2.5 Back-contact solar cells: An approach to en-

hanced e�ciency

Several technologies have been suggested for enhancement of the achievable
power per area in silicon solar cells. Interdigitated back-contact cells is a
concept which has proven to be a potential competitor to the conventional
cell type while also being appropriate for large-scale production. SunPower
Corporation, California, has introduced solar cells of this type with a com-
mercially achievable e�ciency of 22.9 % [12]. This section �rst describes the



12 Theory

main components involved in traditional solar cells, and further introduces
the back-contact concept.

2.5.1 Conventional solar cells

The most common solar cell design through the last few decades has by now
become quite well-known. A blue silicon surface, monocrystalline or mul-
ticrystalline, and partially covered with thin metal �ngers, is easily recog-
nized as a solar cell. The process which results in this appearance, assuming
a lightly doped p-type silicon wafer as the starting point, begins with doping
the front of the wafer with n-type doping, thereby creating a p-n junction in
close vicinity to the front surface. The in-di�used region in the front surface
is generally referred to as the emitter in solar cell terminology.

Next, the surface is treated with a passivating layer, commonly silicon nitride
with a hydrogen content; this is what causes the blue-coloured surface ap-
pearance. The hydrogen within the nitride layer serves to ful�ll uncompleted
atomic valences, so-called dangling bonds, thereby reducing the number of
surface defects.

In the �nal part of the fabrication, the cell is metallized; that is, well-
conducting metal �ngers are placed on the surface and contact with the
underlying silicon through the passivating layer is obtained through heat
treatment (�ring). Also, the whole area of the back side is covered with
metal for thorough conduction of charge carriers to the rear contact. See
Fig. 2.2.

Figure 2.2: Schematic illustration of a conventional solar cell [13].
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2.5.2 Back-contact solar cells

The idea of back-contact solar cells, �rst suggested in the mid-70's [5], is one
of the contributions among several ideas for enhancing the solar cell e�ciency
beyond that of the conventional technology. The concept generally means
removing metallization from the front surface of the cell. In order to collect
electrons and holes at the respective electrodes, both contact polarities must
then be available from the backside.

Several possible solutions have been suggested to achieve back-contacting,
which can be divided into three distinct approaches: In metallization wrap-
through (MWT) cells, the charge carriers arriving at the emitter �ngers
are conducted to the rear side with metal through bulk; hence the area-
occupying busbars are removed from the front side and only the remaining
�ngers yield shading of incident solar radiation. In emitter wrap-through
(EWT) cells, the emitter is extended by means of through-wafer connections
to the rear side, beneath the metallization. Two p-n junctions are thus
created, one at each side of the bulk region, which both collect photoexcited
carriers [13]. The back-junction (BJ) approach, which is the technology
applied by Sunpower Corp., involves rear placement of the emitter as well as
the base, as shown in Fig. 2.3. Back-junction technology, being the concept
investigated in the experimental work reported here, will be the back-contact
cell technology in focus for the remainder of this thesis.

Figure 2.3: Schematic illustration of a back-junction solar cell [13].

When considering back-junction cells in comparison with conventional, there
is an obvious advantage of reduced shading from metal �ngers and busbars,
which re�ect approximately 10 % of the incoming light. Additional bene�ts
arising from the back-contact solar cell concept are increased packing density
of cells, since connections are limited to the rear side, and aesthetically that
an unpatterned, non-metallized surface improves the visual appearance of
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modules. Also, there is a potential for resistance reduction, since no explicit
limitation to the thickness of metal �ngers is present for back-contact cells
[13].

2.6 Front surface passivation

Generally, passivation is enhancement of current from the incoming solar
energy by reduction of recombination at defects and impurities. Oxide or
nitride deposition on the silicon surface has been mentioned as a common
means of passivation of the front surface and is more thoroughly treated
in this section. Additional possible passivation techniques exist and are of
importance for the back-junction concept.

2.6.1 Passivating thin �lms

In the surface of a semiconductor material, there is extensive disturbance
in the lattice symmetry. Non-saturated atomic bonds establish available
energy states, surface states, within the band gap. The concequence is a high
level of recombination; in Eq. 2.2, this implies a high value of the surface
recombination rate Us and thus a high surface recombination velocity S [8].

Deposition of a silicon nitride (SixNy) �lm on the surface is a good means
of reducing the surface recombination. Silicon nitride has a high refractive
index, and also has a good ability to saturate the dangling bonds at the sur-
face. The most common manner of deposition the �lm is plasma-enhanced
chemical vapor deposition (PECVD). The occurence of hydrogen in the ni-
tride (coming from the ammonia used for deposition) is important for the
degree of passivation; optimization of the SixNy:H compound is therefore an
important factor.

Recently, there has also been a signi�cant focus on utilization of amorphous
silicon for passivation. Studies have shown that deposition of hydrogenated
a-Si as passivating �lm yields very low surface recombination velocities [14].

2.6.2 Front surface �eld

Similarly as for conventional cells, most of the charge carriers in a back-
junction solar cell are generated near the surface. As both contact polarities
in this case are placed on the back side, however, carriers must travel through
the full bulk width to reach the interdigitated p-n junctions; this implies that
a large bulk carrier lifetime is necessary.
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(a) p-n+ junction

(b) n+-n juntion

Figure 2.4: Band diagram of a p-n+ junction and an n+-n juntion, showing the
valence (VB) and conduction (CB) bands and the Fermi levels. The built-in elec-
trostatic potential, V0, is higher in the case of a p-n junction.

Research into back-junction cells has shown that an electric �eld in proximity
of the front surface is necessary for a su�cient carrier transport. Such a �eld
may be introduced by creating a doping gradient (high-low junction) from
the front surface and inwards in the cell. The band diagrams of a p-n+

junction and an n+-n juntion are shown in Figs. 2.4.

In a conventional solar cells with p-type bulk material, a similar high-low
(p+-p or n+-n) junction is commonly used on the rear side, then called a
back-surface �eld or BSF2. Exhibiting the same polarity as the bulk silicon
but with a higher level of doping, the in-di�used region introduces a potential
barrier which is low compared to that of a p-n junction; a built-in electric �eld
is established, which transports photoexcited minority carriers downwards
from the surface. The front and back surface �elds hence serve to decrease
the SRV value of the respective cell side.

The importance of a front surface �eld in a back junction solar cell was
investigated by simulations in 2007 by Granek [15]. Here it was found that
the extent of carrier transport necessary for the e�ciency of a BJ solar cell to
exceed 20 % can not be achieved without a front surface �eld. Furthermore,

2Aluminium, when used as backside metallization on p-type substrate solar cells, serves
both as acceptor dopant for establishing a BSF, and as contact metal.
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the results showed that when a front surface �eld is present, high e�ciencies
can be reached even with an imperfectly passivation of the BJ solar cell
surface.



Chapter 3

Experimental

The purpose of the experimental work was to get an understanding of front-
surface �eld with respect to the dopant pro�le. Monocrystalline wafers were
cut into smaller pieces, henceforth referred to as the samples of the exper-
iments. The work that was carried out consisted of two main parts, which
both involved processing of a series of phosphorus-di�used Si wafers at dif-
ferent temperatures. Samples with p-type background doping were used
to investigate the dopant pro�les based on sheet resistance measurements.
Samples with n-type background doping were then treated with the same
process to enable measurements of the e�ective lifetime. This chapter will
describe the processes used for fabrication and characterization of samples.

3.1 Experimental procedure

The main steps in the experimental work were

• In-di�usion of phosphorus in p-type samples for the formation of p-n
junctions. This step was carried out to investigate two issues: The
degree of homogeneity in phosphorus doping, and the dopant pro�les
resulting from the di�usion process.

• Measuring sheet resistance of the in-di�used p-type samples. As will be
seen, the sheet resistance was examined using two di�erent methods.

• In-di�usion of phosphorus to make n+-n-n+ structures. In order to
obtain good passivation, phosphorus was di�used into both sides of
each n-type sample. Subsequently the samples were treated with a
passivating layer (a-Si).
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• Measuring the e�ective lifetimes of di�used n-type samples.

3.2 Process steps in experiments

The processes carried out in the laboratory for deposition and in-di�usion
of dopants are described in this section. The procedure and purpose of
each process are explained. For a thorough description of the experimental
procedure, see the `Experimental details' section (3.4).

3.2.1 Dopant spray-on source

There are several reasons to avoid spinning of dopants in fabrication of solar
cells, described in section 2.3.2. At the time of the present experimental
work, the method used at IFE for dopant deposition (boron and phosphorus)
was liquid spray-on, implemented in a setup designed and realized by the
solar energy department, called `Sprutus'. A schematical presentation of
the Sprutus setup is shown in Fig. 3.1. In contrast to the spin-on method,
spray-on application of di�usants o�ers in-line production possibilities, as it
can be a part of the conveyer belt processing steps (section 2.3.2).

Figure 3.1: Schemactic of the `Sprutus' dopant spray-on setup.

3.2.2 Sol-gel silicon dioxide

The liquid used for in-di�usion of phosphorus from the Sprutus apparatus is
called a sol. The liquid is manufactured by Filmtronics, Inc., under the name
P509. This matter exhibits gel-like properties, which means the viscosity in-
creases when the deposited layer is subject to heat (baking). During the
so-called sol-gel transition, the sol becomes rigid and porous. The transition
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results in a SiO2-similar oxide layer on the surface [16], from which the phos-
phorus atoms are di�used into the silicon during application of su�ciently
high temperatures.

3.2.3 Baking and in-di�usion

Samples with a deposited phosphorus layer were placed in a temperature of
200 ◦C for 10 minutes for the sol-gel transition to take place. In-di�usion of
the phosphorus was then done with heat treatment in an IR-heated furnace.
The time of di�usion and temperatures utilized are described in section 3.4.

3.2.4 Oxide etch and oxidation

Native oxides from the ambient are unwanted in many process steps. An
oxide layer introduces contamination into the crystal and gives poor electri-
cal conduction to the contact metal. Wet etch using hydro�uoric acid is a
common manner of removing an oxide layer from a silicon surface.

Removal of a silicon dioxide layer can in many cases not be done solely
by a single dip in HF acid. For large oxide thicknesses, it is necessary to
oxidize the deposited surface by means of a short period heat treatment at
a high temperature in an oxygen-containing ambient, followed by another
HF dip. This is more e�cient because the new oxide layer grows into the
wafer by consuming the existing silicon. The oxygen must travel through
the oxide �lm to reach the silicon surface, but already after a short period of
oxidation the new oxide layer separates the wafer surface from the deposited
glass [8]. A HF dip treatment after the oxidation step will therefore etch the
heat-induced oxide layer, removing the glass layer with it as well.

To be suitable for nitride or a-Si deposition for surface passivation, the wafer
is subjected to additional cleaning using a piranha mixture, a strong solution
that is a combination of H2SO4 and H2O2. The solution removes organic
and metallic impurities.

3.2.5 Surface passivation and tempering

Application of the passivating layer was done using plasma-enhanced chem-
ical vapor deposition (PECVD). Amorphous silicon (a-Si) was used, being
the most satisfying method used for the plasma chamber at IFE at the time
of the experiments. The wafer was then subjected to application of a tem-
perature of 450 ◦C for a short duration (tempering), in order to couple the
amorphous silicon with dangling bonds in the silicon surface.
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3.3 Characterization methods

One of the most useful techniques for characterizing a complete solar cell
is the illuminated current-voltage (I-V) curve, which may be achieved by
illumination from a solar simulator lamp, a varying voltage bias applied
across the cell contacts, and measurements of the resulting current. The IV
curve of a well-passivated solar cell with small leak currents exhibits a high
current-voltage product, that is, a high output power.

In the silicon wafer samples without metallization used in this work, however,
no contacts conduct the photoexcited charge carriers out of the cell, meaning
that the material properties must be investigated using other techniques. It
is described in section 2.4, and will be shown in more detail in this section,
that the dopant pro�le inwards from the wafer surface is closely related to
the sheet resistance. Also explained is the characterization of a front surface
�eld from e�ective lifetime measurements, and in which manner the lifetime
has been measured in this work.

3.3.1 Measuring sheet resistance: Four-point probe

Four-point probing is a simple method for measuring the sheet resistance of
a di�used semiconductor sample. The most common setup, and the one used
in this work, is a collinear set of probes, of which a current is passed between
the two outer ones. A voltmeter measures the current-induced voltage drop
between the two inner probes, allowing for calculation of the sheet resistance
based on the voltage-current ratio, as shown schematically in Fig. 3.2. Al-
though the correction factor necessary to obtain the sheet resistance depends
on the probe geometry and spacing between probes, it can be approximated
as Rsh = 4.53 × Reff , where Reff is the e�ective voltage-current ratio, when
the spacing between probes is much larger than the junction depth [10].

Figure 3.2: Schematic of a collinear-type four-point probe (based on [10]).

A batch of p-type wafers were processed to investigate the sheet resistance
although n-type wafers were used for the �nal investigation of the lifetime
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induced by the front surface �eld. The resulting junction from phosphorus
in-di�usion in an n-type wafer is inappropriate for sheet resistivity mea-
surements, because the p-n junction, which is formed when phosphorus is
di�used into silicon with p-type background doping, must be present in or-
der to characterize the dopant pro�le by means of four-point probing. This
can be explained by considering the mechanisms distinct for this type of
junction. The potential barrier across the p-n junction, and the consequent
built-in electric �eld, prevents charge carriers from di�using across the junc-
tion. Similarly, in-di�usion of donors in n-type material gives rise to a poten-
tial di�erence across a so-called n+-n junction, considered in section 2.6.2;
however, the magnitude of the n+-n-junction �eld is signi�cantly lower, al-
lowing for charge carriers to move across it easily. This is seen on Fig. 2.4
in the theory chapter. Consequently, the current conducted during four-
point probing may be expected to go some distance into the wafer and even
across the high-low junction. Calculation of the sheet resistance based on
the voltage-current ratio will therefore, in this case, be larger than the actual
value. In four-point probing of a p-n junction, majority charges are repelled
by the potential barrier and thus current is likely to �ow in close proximity
to the surface.

3.3.2 Mapping of sheet resistance: Semilab SHR

The Semilab WT-2000 is an apparatus which may, among other functions, be
used to obtain a map of the sheet resistance of a di�used wafer surface. The
measurement is made based on the voltage potential present on the wafer
surface during illumination from a LED lamp. The front surface voltage po-
tential resulting from the illumination is found using two capacitive sensors.
The sheet resistance is related to this voltage potential, and is calculated by
the software for each point measured on the wafer.

In the present work, Semilab mappings were conducted on some of the sam-
ples from each batch of in-di�used Si samples. The mapping is a very useful
result as it gives an indication of the sheet resistance homogeneity across the
wafer area. However, due to uncertainties in the calibration of the Semilab
SHR, the four-point probe was chosen as the method for measurements of
Rs. This is explained in more detail in section 5.1.1.

3.3.3 Measuring lifetime: Sinton WCT-100

In section 2.2, the concept of bulk lifetime was described, as well as the
surface recombination mechanism. These contributions together yield the
e�ective lifetime, which is a very valuable quantity in characterization of
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the wafer material and optimization of process steps in the production of
photovoltaics.

Several techniques exist and are in use for lifetime characterization. One
example is the photoconductance decay method, in which the photoconduc-
tance is continuously measured during and after �ash illumination. Since a
higher lifetime yields conduction for a longer time after the �ash, the slope
of the decay (conductace vs time) gives information about the lifetime.

E�ective lifetime may also be investigated with a method called quasi-steady-
state photoconductance (qssPC). It is based on the assumption that excess
carriers are close to steady-state, although the illumination source is a �ash
lamp. Hence the decay of the �ash must be long for this method to be
valid. The average excess carrier density, ∆nav, may be used to express the
photogeneration current density Jph, given by

Jph =
∆navqW

τeff
(3.1)

where W is the wafer thickness and q the electronic charge [17]. The excess
photoconductance, σL, may also be expressed in terms of ∆n, for given values
of the electron and hole mobilities, µn and µp,

σL = q∆nav(µn + µp)W (3.2)

Combining the two expressions yields a photogeneration-dependence of the
e�ective lifetime:

τeff =
σL

Jph(µn + µp)
(3.3)

The WCT-100 lifetime measurement apparatus, produced by Sinton Con-
sulting Inc., exploits Eq. 3.3 by use of a �ash lamp as described above. The
photoconductance is found by means of a coil positioned underneath the
wafer. Prior to conducting the �ash and decay measurement, the WCT-100
must be calibrated with a reference sample. This way the correct relation
is established between the incident light and the resulting lifetime. A pho-
tocell monitors the light intensity in proximity of the wafer position. For
each point of measurement, the illumination is then known as well as the
photoconductance and hence the lifetime can be calculated. Since the level
of photoexcitation varies during the �ash, one obtains the e�ective lifetime
for a range of excess carrier concentrations. Constant illumination leads to
an increased intrinsic carrier concentration, which in turn yields higher re-
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combination [18]. Therefore, �ash illumination is a convenient feature for
both lifetime measurement methods described.

The quasi-steady state method takes the presumption that the rate of gen-
eration is approximately equal to the recombination. This means that the
�ash decay should not be too short. Low-quality or poorly passivated silicon
exhibits a high level of recombination; therefore, a su�ciently high lifetime
is necessary for a correct analysis and is a condition which must be satis�ed
for the QssPC technique [17].

3.4 Experimental details

In-di�usion of phosphorus on p-type wafers was done in the �rst part of
the work, in order to characterize the dopant pro�les with the use of sheet
resistance measurements. In the next part, the same procedure and equal
process parameters were used on n-type wafers, to �nd the relation between
dopant pro�les and the e�ective lifetime. Characterization of the samples
consisted of sheet-resistance measurements of p-type samples and lifetime
measurements of n-type samples. This section lists the details of the work.

3.4.1 Sample in-di�usion procedure

The p-type and n-type Si wafers were cut into smaller samples, listed in
detail in table 3.1. Processing of samples began with native-oxide removal
through etch in diluted hydro�uoric acid (5 % HF) for 2 minutes, followed by
a 1-minute rinse in deionized (DI) water. Next, the wafers were sprayed with
phosphorus using the Sprutus apparatus and baked at 200 ◦C for 10 minutes.
The n-type wafers for lifetime measurements were treated with phosphorus
spray on both sides, with a subsequent drying process for each spraying.
Di�usion was then carried out in dry air ambient in a RTC-1210 belt furnace.
In-di�usion of the n-type wafers was done at a constant di�usion duration
of 25 minutes, while two durations were chosen for the p-type wafers; 25
minutes and 37.5 minutes. Most of the resulting phosphorus-containing glass
layer was then removed in a 10-minute 5 % HF-dip. However, a subsequent
oxidation was necessary to remove the remnants of the glass. This was
achieved by heating in the belt furnace for 15 minutes at 800 ◦C in dry air,
followed by a 5 % HF dip for 5 minutes to completely remove the glass layer.
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p-type samples n-type samples

Geometry of origin wafers Square, 156× 156 Circular, d =100 mm
Geometry of sample Square, 60× 60 Quarter-circle
Surface Unpolished Polished
Characterization parameter Sheet resistance E�ective lifetime
Characterization method Four-point probe Sinton WCT-100

Table 3.1: Details of the samples used.

3.4.2 Optimization of experimental conditions

Measures were taken to ensure as similar conditions as possible for each
experiment and a low degree of unwanted impurities from the ambient. The
P509 solution was stored in a refrigerator and had to be placed in room
temperature some hours before spraying. To avoid clogging of the dopant
spray nozzle, cleaning or brushing of the nozzle was done before using the
Sprutus apparatus. Also, the time used between the processes of spraying
and drying a wafer was critical due to the impact of airborne impurities which
would easily stick to the phosphorus spray layer. The level of impurities
in the laboratory imposed a signi�cant risk of contamination and must be
considered a contribution to variations in sample results.

The Sprutus apparatus allows for adjustment of several parameters con-
cerning the spray-on process. In order to ensure good performance of the
spray, an optimization of some of the parameters was carried out. Polished
monocrystalline wafer samples were subjected to spraying, baking and di�u-
sion. The number of spraying repetitions was varied: samples were sprayed
either one, two or four times to investigate possible consequences of a thicker
glass layer. The pressure of air and liquid was also varied due to a visibly
unsatisfactory spraying performance in the initial phase.

Another important aspect is the concentration of the deposited P509 sol.
Mainly being intended for spin-on purposes, the viscousity of the P509 phos-
phorus compound is rather high. Obviously, this is to have a uniform disper-
sion of sol over the wafer surface whilst maintaining the sol layer su�ciently
thick when the wafer is spun. For the spraying method, however, the so-
lution must be diluted in order to pass through the nozzle properly. There
is reason to expect that the solution needs to form small droplets to have
a homogeneous deposition. Experience with the Sprutus apparatus as well
as hand-spraying experiments at IFE, has resulted in an ethanol-dilution
of P509 in the ratio 1 to 4 currently being used. Two other concentration
ratios were attempted utilized, to investigate the possibility of altering the
phosphorus concentration in the deposited glass layer.
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A characterization of the parameter variations was done by means of Semilab
mappings of the sheet resistance to examine the homogeneity of the sprayed
layer. The results are brie�y presented in the Results chapter.
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Chapter 4

Simulations

The investigation of dopant pro�les was best conducted with the help of
software simulations. To be able to compare the samples from experiments
and simulations, however, it was necessary that the simulation resulted in a
similar dopant pro�le as the samples resulting from in-di�usion for a given set
of process parameters. For this, parameters for the in-di�usion of phosphorus
was varied through simulations, aiming to obtain equal results for equal
di�usion temperature and di�usion time. Dopant pro�le simulations are
described in section 4.1. It was sought to utilize the resulting pro�les as a
basis for lifetime simulations, presented in section 4.2.

4.1 Simulations of dopant pro�le

Simulations of the e�ective lifetime were based on the dopant pro�les ex-
hibited by the samples processed. It was therefore necessary to �nd a rep-
resentation of the dopant pro�le resulting from a given di�usion time and
temperature. For this, the program Athena within the Silvaco software pack-
age was utilized. Athena is a tool for simulation of semiconductor structures
which uses the �nite element analysis method. Generally spoken the simu-
lator is physically based, which means that physical relations and equations,
to a certain level of complexity, have been implemented for �nding semicon-
ductor structures and their properties. With input material characteristics
and process parameters given, the Athena simulator computes the resulting
structure along with output values such as dopant concentration and sheet
resistance.

Another possible solution for the determination of dopant pro�les could be to
utilize SIMS (secondary ion mass spectroscopy) technology, which is a widely
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used method where the wafer is bombarded with a high-energy ion source,
thus sputtering the wafer for some distance into the material, followed by
mass spectroscopy. The method enables determination of impurity concen-
trations. However, for several reasons a SIMS process would be inconvenient
for the experiment. It was desirable to retain an intact wafer surface for sub-
sequent a-Si passivation and characterization; in addition, for the simulations
of lifetime, reliable dopant concentrations for a range of depths inwards into
the material must be provided. As will be shown later, simulations using the
Athena software allow for determination of the dopant pro�le.

4.1.1 Tuning of di�usion parameters

The exact case of di�usion into silicon from a sprayed-on phosphorus layer is
not supported in the Athena package. The di�usion was therefore approxi-
mated by using an oxide layer (SiO2) model and implementing a phosphorus
concentration into the simulated oxide. However, the in-di�usion will then
di�er somewhat from the real laboratory case. In the Appendix (Fig. 2) the
data sheet for spin-on dopants from Filmtronics Inc. is shown. The initial
concentration of oxide in the sol is only 5 %. To a certain extent, additional
oxide is created due to oxygen which reacts with the silicon surface; however,
this extent is di�cult to predict. The di�usion of phosphorus atoms through
the spray-on layer is inconsistent with simulations of an ordinary oxide layer
(5.3.2). To obtain a more accurate model, the parameters of phosphorus
di�usion in the oxide must be altered.

For the P509 sol, the concentration of phosphorus is 10.5 %, also described in
the data sheet. It was necessary to �nd an approximate value for the phos-
phorus concentration for simulations of the di�usion process in Athena. Since
the conditions of the sol-gel transition are di�cult to describe physically, the
relation between phosphorus concentration in the sol prior to baking and
atomic phosphorus concentration after baking was uncertain. According to
the manufacturer, a phosphorus concentration of 1×1021 cm−3 could be as-
sumed in the undiluted sol [19]. The liquid was diluted with ethanol prior
to spraying, of which a certain ratio must be expected to evaporate. This
means that the e�ective concentration directly above the silicon surface is in
the range 2×1020-1×1021 cm−3.

The chosen output parameter for reference between the lab results and the
simulations was the sheet resistance Rs; that is, di�usivity in oxide was
varied until Rs was equal in experiments and simulations for equal di�usion
times and temperatures. See Fig. 4.1.

The Arrhenius relation for the di�usivity, Eq. 2.4, contains two lattice-
dependent coe�cients; a prefactor D0 and the activation energy EA. It was
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Figure 4.1: Schematic of the procedure which was carried out to correlate simula-
tions with lab results.

convenient to �nd several combinations of the coe�cients which all yielded
the same di�usivity for a give temperature, thus obtaining di�erent curves
for Rs versus temperature by using the chosen range of temperatures in
Athena. Smaller variations were then applied to the curve which �t best
with the actual Rs values, in order to achieve further optimization. Similar
�tting procedures have been performed in previous publications [20].

4.1.2 Details of Athena simulations

Two di�erent values were chosen for the di�usion time, 25 and 37.5 minutes,
both for which a range of �ve temperatures was chosen; from 790 to 910 ◦C,
with steps of 30 ◦C. This range of temperatures and di�usion times coin-
cides with the experimental laboratory work and hence enables comparison
between the two sets of results. Because the default properties of the simu-
lated oxide layer di�ered from the P509 phosphorus solution and thereby had
to be altered, a thorough e�ort was made to obtain a good approximation
that would �t results from the full range of 10 di�erent chosen in-di�usion
parameter sets.

As described in section 2.3, the di�usivity increases with temperature. There-
fore, the expected result of the experiments is a larger extent of dopant
in-di�usion for a higher temperature and a longer di�usion time.
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Parameters stated in the simulations were

• Background doping of bulk silicon

• Concentration of phosphorus in oxide and thickness of the oxide layer

• Ambient gases

• Di�usion temperature and time

• The di�usivity coe�cients D0 and EA

4.2 Simulation of substrate lifetime

In the basic lifetime theory given in section 2.2, it was stated that the front-
surface �eld reduces surface recombination by moving carriers away from the
surface, where the recombination is large. A high e�ective lifetime is a critical
requirement in back-contact solar cells because of the necessary through-
wafer carrier transport. However, the presence of dopants in the substrate
contributes to a reduction of the e�ective lifetime. Donor dopants establish
energy states close to the conduction band, and acceptor dopants establish
states near the valence band. The optimal e�ective lifetime is therefore
a result of the balance between surface recombination and recombination
caused by dopants. This section describes the simulation software used to
�nd e�ective lifetimes based on the dopant pro�les.

4.2.1 Lifetime simulation in PC1D

The program PC1D enables simulation of one-dimensional semiconductor
structures [21]. PC1D is a popular tool for investigating concepts within
photovoltaics, commonly used for interpreting experimental data [22]. Al-
though the geometric con�guration of the solar cell is limited to specifying
its thickness, PC1D is still a powerful software due to the ability of treat-
ing a range of parameters, regarding the material properties, dopants, and
manners of charge carrier excitation.

In the present work, a structure consisting of one in-di�used junction on each
side of an n-type wafer was to be simulated. The layout of the structure when
simulated in PC1D is shown in �g. 4.2. The software involves simulation
of a light �ash with adjustable properties. Data for the photoconductance
and electron-hole-pair generation are extracted from the simulation. The
e�ective lifetime is then found using processing tools which are based on the
Sinton WCT-100 software (section 3.3.3).
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Figure 4.2: The one-dimensional layout represented in PC1D. The �gure shows a
n+-n-n+ structure. A darker red color represents heavier donor doping.

4.2.2 Details of PC1D simulations

The value of surface recombination velocity needed to be set for each PC1D
simulation. A high SRV value corresponds to a poorly passivated surface, i.e.
a large dependence of the e�ective lifetime on the surface properties, while
a low SRV value implies good passivation. In previous PC1D simulation
studies of back-junction cells performed by Nichiporuk et al. [23], surface re-
combination velocities of 100 cm/s were used for the front and back surfaces.
This value was used as the minimum SRV value in the present work, due to
an assumed signi�cant level of surface contamination from the conditions in
the laboratory as described in section 3.4.2.

It was desirable to obtain an answer to whether and to which extent an in-
di�used front surface �eld is advantageous. This would in turn argue for the
case of front surface in-di�usion to support the theoretical foundation and
previous reports on this issue, considered in section 2.6.2. Data from PC1D
simulations were therefore used to plot the relationship between surface re-
combonation velocity and the e�ective lifetime.

Table 4.1 shows the parameters which were used for the simulations. The
wafer thickness, stated approximately by the wafer manufacturer, was con-
�rmed by a thickness measuring probe. The bulk resistivity of ρ = 2 Ω-cm
yields a background doping of n0 = 2.4×1015 cm−3 when the relationship
between these quantities, given by ρ = (qµnn0)−1, is applied [7].

As mentioned in the Theory chapter (2.5.2), SunPower Corp. produces and
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Parameter Value

Wafer thickness 300 µm
Bulk resistivity 2 Ω-cm
Bulk lifetime 700 µs
SRV 100, 500, 1000 cm/s

Table 4.1: Details of the PC1D simulations.

markets high-e�ciency BJ solar cells. The bulk lifetime of the starting wafer
material used in this manufacture exceeds 1 ms [24]. Prior to in-di�usion,
some passivated wafers were characterized through WCT-100 measurements.
The results showed that the lifetimes were relatively low; values averaging
to approximately 650 µs were found on well-passivated samples. Based on
these �ndings and including a lifetime margin due to surface recombination,
the bulk lifetime in simulations was set to 700 µs.

The photoconductance σL and the photogeneration current Jph were ex-
tracted from each simulation when the given input parameters were applied.
This allowed for lifetime calculations utilizing the qssPC method. A separate
calculation for processing of these data, based on the calculation software for
the WCT-100 apparatus, was utilized. Each value of light intensity yields a
certain excess carrier density for a given bulk lifetime and surface recombi-
nation velocity. From eqs. 3.1 and 3.2, the e�ective lifetime may hence be
found with respect to ∆n.

In the τeff vs. ∆n plots, an excess carrier density of 1×1014 cm−3 was chosen.
This is a likely value when unconcentrated sunlight is assumed.



Chapter 5

Results and discussion

Results are presented in this chapter and subsequent discussions are given on
each issue. The results from measurements of sheet resistance and e�ective
lifetime are �rst considered. Some aspects regarding the phosphorus spraying
process are then discussed, followed by a treatment of the dopant pro�le
simulations. Finally, the discussion on the e�ective lifetime is given which
comprises two main analyses; a comparison of the two lifetime computation
methods due to the observation of unreliable initial lifetime results, and the
investigation of dopant pro�le with respect to lifetime.

5.1 Characterization

A detailed description of the investigation of sheet resistance and e�ective
lifetime, for p-type and n-type wafers respectively, is given in section 3.3.
The results from measurements are presented and discussed in this section.

5.1.1 Sheet resistance mapping

Fig. 5.1 shows a mapping image from the Semilab SHR. The spatial variation
in sheet resistance on a square, 60-mm p-type wafer sample can be seen
represented by a color chart. The histogram on the right in the �gure is
a useful representation of the homogeneity of sheet resistance values in the
map.

In order to achieve correct Semilab measurements it was necessary to cal-
ibrate the apparatus. During calibration, the sheet resistance is measured
at a certain point on the wafer. The position of this point is not accurately
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Figure 5.1: Map of the sheet resistance in a wafer with an average Rs value of 55
Ω/2 and the resulting histogram.

known. This is because of the manner of characterization used in Semilab
measurements, brie�y described in section 3.3.2, which outputs a sheet re-
sistance based on the resultant voltage potential of a certain circular area on
the wafer. During conduction of the calibration procedure it was discovered
that spatial variations of the sheet resistance on wafers used for calibration
were too large. Consequently, the Semilab measurements gave inconsistent
results. To ensure a good accuracy, measurements using Semilab were there-
fore limited to considerations of the homogeneity, and four-point probing
was chosen as the main tool for obtaining the values of sheet resistance.
Cases with large variations on the surface were however easily discovered
using Semilab, regardless of the erroneous calibration; this way, the Semilab
measurements was a helpful tool in the measuring process.

5.1.2 Sheet resistance measurements

Four-point probe measurements were conducted on wafer batches of which
su�cient homogeneities could be ensured by use of the Semilab characteri-
zation. For sample batches with too high spatial sheet resistivity variations,
the wafers were discarded and new samples were processed. Sheet resistance
data versus di�usion temperature for di�usion durations of 25 minutes and
37.5 minutes are shown in Fig. 5.2.

As can be expected from Eq. 2.4 when recalling that Rs is directly related to
the amount of in-di�used dopants, the sheet resistance decreases exponen-
tially with increasing temperature. Also, the resulting in-di�usion increases
with di�usion time, suggesting a good reliability of the measurements.
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Figure 5.2: Figure showing sheet resistance vs. di�usion temperature as measured
with 4-point probe, for the two chosen di�usion times.

5.1.3 Investigation of phosphorus glass

The front surface of two p-type samples were investigated by the use of a
scanning electron microscope (SEM) after the deposition and baking of phos-
phorus sol. Resulting images are shown in Fig. 5.3. The silicon material, in
the lower part of the �gures, can be distinguished from the glass layer above.
It can be seen in the left �gure, 5.3(a), that the thickness of the oxide layer
is inhomogeneous. It is also clear from the image that there are variations in
the glass layer, suggesting that it exhibits a certain porosity. Figure 5.3(b)
indicates that the oxide layer thickness is dependent on the wafer surface to-
pography; the layer is thicker over depressions in the underlying Si material
and thinner over elevations. This suggests that a �at surface is an important
factor for the homogeneity of the glass layer.

The inhomogeneity of glass is in agreement with the inhomogeneous sheet
resistance of the in-di�used region. It must be noted that the lateral di-
mensions covered in the SEM images are lower than the length scales that
can be measured by the Semilab SHR; however, we may assume that macro-
scopic inhomogeneities are present as well based on these images. This gives
reason to argue that the unsatisfactory level of sheet resistance homogene-
ity is caused by the spraying process. The SEM images are also helpful in
the determination of a range for the possible thickness of the oxide layer for
Athena simulations. Consideration of Figs. 5.3 and additional SEM images,
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(a) Close-up image of the phosphorus glass.

(b) An elevation in the Si wafer surface, resulting in a thin glass layer.

Figure 5.3: SEM images.
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displayed in the Appendix, indicates a thickness between 0.3 µm and 1.5
µm.

5.1.4 Measurements of e�ective lifetime

The Sinton WCT-100 apparatus was used to measure e�ective lifetimes after
passivation and tempering of n+-di�used n-type samples. The chosen dura-
tion of di�usion for these experiments was 25 minutes. The results of the
measurements are shown in Fig. 5.4.

Figure 5.4: The measured lifetimes after in-di�usion of phosphorus in n-type sam-
ples with respect to di�usion temperature.

The bulk lifetime is assumed to be approximately 650 µs, as mentioned in sec.
4.2.2. The maximal lifetime seen in Fig. 5.4 is 271 µs, which was measured
for a di�usion temperature of 850 ◦C. Thus, from these results, dopant in-
di�usion clearly yields high carrier recombination. The assumed bulk lifetime
was also measured at the IFE laboratory, but without subjecting the wafers
to large temperatures prior to measurements. The in-di�usion of unwanted
impurities due to contamination in the laboratory thus may be assumed as
a contribution to the reduction in lifetime. This issue is treated more closely
later in this chapter.

Also seen in the �gure are signi�cantly lower e�ective lifetimes for the range
790 ◦C-830 ◦C than for higher temperatures. This indicates that the mea-
surements are more prone to error for these temperatures because of the
low depth of the in-di�used dopant pro�le. A possible explanation lies in
the low levels of di�usion which occur at low temperatures. Considering



38 Results and discussion

the slight inhomogeneous dopant spraying pattern from the Sprutus appa-
ratus, it is reasonable to assume that there are small areas on the wafer
surface in which no phosphorus is in-di�used; thus, the relative change in
dopant concentration in the plane of the surface may be very large. Fig. 5.5
shows, schematically, a hypothetical situation where phosphorus has been
in-di�used into the wafer exclusively at a certain spot. Arrows indicate the
resulting electric �eld, which acts on charge carriers. Because of the dopant
gradient in the plane of the surface, it is probable that the doped area causes
charge carriers to move within this plane rather than downwards in the wafer,
in which case the e�ective lifetime is reduced due to surface recombination.

Figure 5.5: Schematical representation of a wafer segment in which a spot of phos-
phorus has been in-di�used. There is reason to assume that such an in-di�usion
will occur at low temperatures. The electric �eld �owing from lightly to heavily
n-doped areas is indicated by arrows.

The immediate conclusion from the lifetime measurement is that an optimal
di�usion temperature, with the provided di�usant and duration of di�usion,
seems to be lower than 850 ◦C . We have observed in Fig. 5.2 that the
sheet resistance for a 850 ◦C in-di�usion is only 44.8 Ω/2. From this, it
is clear that the experimental lifetime measurement results do not provide
good information about the relevant range of temperatures. However, for
higher temperatures the lifetime decreases with temperature, which is as
expected: An increasing extent of dopant energy levels within the band gap
causes increasing recombination. We can expect a higher lifetime if a better
spray-on homogeneity is achieved.

5.2 Phosphorus spray-on source

Optimizing the parameters of the Sprutus apparatus from the default values
(see section 3.4.2) resulted in the �ndings listed below.

• Setting the number of spraying repetitions to four showed that cracks
formed in the glass layer after baking at this layer thickness. When
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using two spraying repetitions, no cracks were visible while the wafer
surface still appeared to have a full coverage of glass.

• The air spray pressure visibly yielded a better performance when it
was decreased from the default values. When utilizing the pressure
value which was set from previously conducted optimization attempts,
the P509 spray was clearly inhomogeneously sprayed. After reducing
the pressure, an increased homogeneity resulted. The reason for this
can be seen by considering the sheet resistance maps; Fig. 5.6 displays
the Semilab SHR map from a test sample. Sheet resistance values are
higher at the wafer center, along the path of spraying. This suggests a
somewhat higher air �ow directly underneath the nozzle than in other
directions, causing more liquid to be directed towards the wafer sides.

• When the concentration of P509 solution in proportion to ethanol was
increased, the performance of the spraying process was changed. Spray
was more unevenly distributed and clogging of the nozzle occured
rapidly. It was concluded that the dilution ratio between phospho-
rus and ethanol of 1:4 was a well optimized concentration, yielding a
low degree of clogging.

Figure 5.6: Map of the sheet resistance in a circular test wafer. Sheet resistance
values are higher along the path of spraying, which suggests that the air spray
pattern is uneven.

Optimization of the parameters was a di�cult issue, due to mutual depen-
dence of certain parameters; also, the relation between chosen values and
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physical performance was often nonlinear. Moreover, clogging of the spray
nozzle introduced small, but signi�cant, changes in performance over time.

5.3 Athena simulations

In this section, the simulation of dopant pro�les is considered. A discussion
is carried out regarding the simulation of the P509 sol as a phosphorus-
doped oxide layer. Subsequently, the dopant pro�les resulting from the �tting
procedure based on sheet resistance measurements are treated.

5.3.1 Spray-on phosphorus modelled as SiO2

As described in section 4.1.1, the P509 sol exhibits an increase in viscosity
during baking. The di�usion properties of the resulting solid, represented by
the prefactor D0 and the activation energy EA, are expected to be somewhat
similar to the properties of SiO2, but may di�er to an extent which is di�cult
to calculate explicitly. This is described in section 4.1.1. The P509 is a
complex composition; thus, assessing the motion of phosphorus atoms in the
sol is di�cult. The di�usivity was therefore found empirically by means of a
�tting procedure using Athena simulations. Because monocrystalline silicon
was used, the occurence of irregularities like grain boundaries and defects is
small, which makes it reasonable to assume that the experimentally obtained
dopant pro�les equal the pro�les found in simulations.

Parameters for material properties and ambient gases were set to �xed values
for the full range of di�erent temperatures, as shown in table 5.1. Fitting
simulations with the measurements made from laboratory samples proved
to be a rather complex process, as it was necessary to perform multiple
simulations with varying parameters. The Athena script for a simulation of
phosphorus in-di�usion is given in the Appendix.

With no altering of the di�usivity coe�cients from the default oxide val-
ues, the simulated sheet resistance ended up too large for all temperature
values. The oxide thickness utilized was then 1 µm, based on the assumed
average thickness from SEM images. Using a larger value for the di�usivity
(i.e. either increasing D0 or decreasing EA) was then attempted. However,
the resulting range of sheet resistance did only coincide for one value of
temperature, which meant that a mutual weighing between D0 and EA was
necessary. Some di�erent combinations of the two di�usivity parameters, all
yielding the same di�usivity at a certain temperature, were then utilized in
simulations to assess this discrepancy. The parameter set shown in table
5.1 resulted after mutually adjusting not only D0 and EA, but also several
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Parameter Value

Bulk background doping (boron) 3.5×1015 cm−3

Dopant conc. in oxide 4.0×1020 cm−3

Thickness of doped oxide 0.5 µm
Ambient gases (percentage):
Nitrogen 78.5 %
Oxygen 21 %
Water vapour 0.5 %
Prefactor D0 0.5 cm2s−1

Activation energy EA 3.1 eV

Table 5.1: Simulation results for the front surface sheet resistance for some given
values of di�usion temperature and time.

attempts of varying the oxide thickness and the doping of the oxide layer
within a realistic range (see section 4.1.1).

5.3.2 Final dopant pro�les

Fig. 5.7 shows the previously displayed sheet resistance data, accompanied
by the resistance results from Athena simulations after �tting of the di�u-
sivity parameters.

The resulting dopant pro�les after the �tting process are presented in Fig.
5.8. The concentration shown is the active phosphorus atoms, i.e. the
dopants that are part of the lattice and hence contribute with charge carriers
to the dopant energy level. As expected, the extent of in-di�usion is larger
for higher temperatures. Note that the peak concentration remains within a
relatively short range, 2-3.5×1020 cm−3; that is, the junction depth is altered
with respect to di�usion temperature, while the peak concentration is kept
approximately constant.

For a consideration of the altering of in-di�usion properties, Fig. 5.9 shows
the resulting dopant pro�le when the default di�usivity parameters for silicon
dioxide are utilized. Clearly, the amount of in-di�used phosphorus is then
lower; thus, the di�usivity in P509 is larger than in silicon dioxide. To explain
this, a consideration of the motion of phosphorus atoms in the glass layer
is necessary. Due to the increasing viscosity in the sol-gel with respect to
the duration of baking, it is probable that di�usion of phosphorus molecules
occurs at a faster rate in the beginning of the di�usion process, although
slowing down as heat is continuously applied.
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Figure 5.7: Figure showing sheet resistance vs. di�usion temperature as measured
with 4-point probe (dotted) and the simulation results after adjustment to �t ex-
perimental results for both di�usion times (lines).

5.4 PC1D simulations

In the �rst phase of the PC1D simulations, an examination was carried
out concerning how the choice of lifetime calculation method a�ects the
reliability of the results. As described in section 2.3.3, approximation of the
dopant pro�le may be done based on the complementary error function (erfc).
The e�ective lifetime was simulated with respect to the sheet resistance using
built-in erfc pro�les in the software, in order to investigate and compare
some general cases and to obtain a reference for the further work. The
simulation results are treated in this section. Finally, the results of lifetime
analysis made from dopant pro�les from Athena simulations are presented
and discussed.

5.4.1 Discussion on lifetime computation methods

Two methods for obtaining the e�ective lifetime of a silicon wafer are de-
scribed in section 3.3.3. The photoconductance decay method gives the
lifetime as a result of the decay slope of photoconductance transients when
excitation is generated from a �ash lamp. The quasi-steady-state photocon-
ductance method assumes approximate steady-state conditions and makes
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(a) 25 minutes

(b) 37.5 minutes

Figure 5.8: Athena plots showing dopant pro�les inwards from the silicon surface,
i.e. the dopant concentration with respect to wafer depth, at the two durations of
di�usion.
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Figure 5.9: Athena plot of the dopant pro�le where di�usion parameters for SiO2

are used.

use of generation-recombination balance equations to �nd the lifetime. In
the processing of data from PC1D simulations, qssPC was the method ini-
tially utilized; however, as shown subsequently, the photoconductance decay
method was found more appropriate and was �nally the chosen means of cal-
culation. As in the case of experiments, using one of these two methods in
PC1D means that the simulated illumination must be in the form of a �ash.
The program enables for assigning the temporal properties of the �ash, i.e.
the light intensity versus time.

Testing the lifetime calculation software initially proved that the simulated
lifetime values were too high to be correct. As carriers are assumed to be
close to steady-state, the qssPC method does not apply to fast decaying light
pulses. Longer decay lengths were therefore tested; this would optimally give
quasi-steady-state conditions. The result is shown in Figs. 5.10 (a) and (b).
Excess carrier densities of 1×1014 cm−3 are assumed in interpretations of
lifetime simulations (see sec. 4.2.2).

Fig. 5.10(a) shows that the e�ective lifetime exceeds the bulk lifetime, which
is clearly incorrect according to Eq. 2.3. When the �ash decay is prolonged to
twice the original length, a lifetime decrease follows as seen in Fig. 5.10(b).
However, prolonging the decay lengths further did not give useful results.
The number of possible data points in PC1D is limited, so that no data was
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(a) Original �ash decay

(b) Flash decay length doubled

Figure 5.10: Lifetime simulations with respect to injection level using di�erent �ash
decay lengths.
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Figure 5.11: Lifetime simulation with respect to injection level using a long �ash
decay length. The number of allowed data points in PC1D is too low for this case;
concequently, no lifetime data is obtained for ∆n =1×1014 cm−3.

attained for the lower injection levels which apply at lower light intensities.
See Fig. 5.11.

In order to obtain lifetime calculations that yielded results for all injection
levels, the photoconductance decay method was used instead. The lifetime
then assumed lower values. Figs. 5.12 and 5.13 allow for a comparison of the
two cases. The former �gure shows that the qssPC method yields lifetimes
exceeding the bulk lifetime, while the latter �gure shows the lifetimes calcu-
lated with the photoconductance decay method which gives lifetime values
below the bulk lifetime. However, Fig. 5.12 is illustrative for the general
dependence of lifetime on the SRV value. Obviously, a lower surface recom-
bination velocity S0 yields a higher lifetime. In addition, the �gure shows
that for a higher surface recombination velocity, the optimal lifetime occurs
at a higher level of in-di�usion. The initial, short pulse decay length was
utilized in these simulations, since no quasi-steady-state requirement applies.
For the remainder of the results, the photoconductance decay method has
been used.

Two di�erent values for the surface recombination velocity S0 are used in
Figs. 5.12 and 5.13. As described in section 4.2.2, it is assumed that the
passivation yields a SRV value higher than 100 cm/s, based on existing
litterature on simulations of back-junction cells.

In Fig. 5.13, the e�ective lifetime dependence on the sheet resistance is also
implemented (upper axis). For lower SRV values, the lifetime is high for
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Figure 5.12: PC1D simulation results showing the lifetime dependence on the
dopant concentration with the quasi-steady-state photoconductance method.

Figure 5.13: PC1D lifetime simulation results with the photoconductance decay
method.
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Figure 5.14: PC1D lifetime simulation results based on dopant pro�les from
Athena, i.e. with the parameters given in Table 5.1.

large sheet resistances. This is as expected; a low degree of recombination
leads to a low impact from the front surface �eld.

The maximal lifetime is found for the sheet resistance range 90-100 Ω/2 in
the case S0 = 1000 cm/s. For the case of a low SRV, the range of maximal
sheet resistances is larger, 100-400 Ω/2. This implies that a relatively high
sheet resistance is necessary for good FSF passivation. Findings have re-
cently been published within BJ solar cell research which report of optimal
sheet resistance values of 148 Ω/2 [25].

The dopant pro�les which were found in Athena simulations (Fig. 5.8) were
loaded into PC1D. The simulations allow for e�ectively prolonging the range
of temperatures; data points were collected for temperatures ranging from
700 ◦C to 860 ◦C. E�ective lifetimes were then calculated, shown in Fig. 5.14.
Comparing these results with the measured lifetimes from the WCT-100 ap-
paratus in Fig. 5.4 shows a good agreement; at a di�usion temperature of
850 ◦C, the measured and simulated lifetimes are 271 µs and 280 µs, respec-
tively. Assuming that the simulation is correct based on this observation, we
may conclude that the lifetime is heavily impacted by dopant energy levels
at 850 ◦C.

In order to obtain the relationship between sheet resistances and di�usion
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Depth factor (µm) Rs (Ω/2) τeff,front (µs) τeff,back (µs)

0.001 66,120 91 68
1.0 66.1 85 67
3.0 22.0 85 67
10 6.6 64 67

Table 5.2: Simulations of the e�ective lifetime for some sheet resistance values,
where only the front or only the back surface of the wafer is phosphorus di�used.
`Front' and `back' refer to the wafer side for which the in-di�usion is done. Illumi-
nation is incident on the front side.

temperatures, it was necessary to prolong the plot of sheet resistance so that
lower temperatures were included. This is shown in the Appendix.

5.4.2 Discussion on simulation of the front-surface �eld

Utilization of built-in erfc pro�les allows for a reliable investigation of the
general impact of a surface �eld. Table 5.2 shows a comparison of the life-
times, given in µs, when a dopant region is present exclusively at one side
of the Si wafer. The dopant di�usions used are all erfc pro�les, with a peak
concentration of 1×1019 cm−3. For low values of the dopant depth, it is
readily seen that the front surface di�usion gives a higher yield in terms of
e�ective lifetime than di�usion on the backside. This is as expected, due to
the large extent of photogeneration at the front compared to the back side.
The di�used dopant region at the back surface does not give large variations
in lifetime with respect to dopant depth, and exceeds the only-front-di�used
case for larger dopant depths. However, as has been shown above, the front
surface sheet resistance should be large for an e�cient front-surface �eld at
moderate surface recombination velocities. Lifetimes following from front
di�usion are larger than for back di�usion for the relevant range of sheet
resistances.

In Fig. 5.15, the e�ective lifetime with respect to the junction depth is shown
for a peak dopant concentration of 4×1020 cm−3, based on the concentration
assumed in experiments. The line between the �rst two data points, at
which the junction depth is increased from 0 to 1 nm, clearly does not �t
into the trend of the plot. To assess this discontinuity, the treatment of
dopant pro�les in PC1D must be considered. A low junction depth value,
i.e. a narrow depth, leads to a very abrupt junction when the erfc pro�le
is utilized. The junction abruptness decreases when the depth is increased.
Since the peak dopant concentration is equal in all cases, a larger abruptness
contributes to increasing the surface �eld. This contribution is countered by
the total amount of doping, which obviously is larger for a larger junction
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Figure 5.15: Lifetime simulation results based on erfc dopant pro�les, where the
peak dopant concentration is kept constant at 4×1020 cm−3 and the junction depth
is varied. Three di�erent surface recombination velocities have been used.

depth. However, the observation that there is no continuous increase in
lifetime with respect to junction depth indicates that the latter contribution
has a low impact. It should also be noted that at a junction depth of zero,
i.e. when no di�usion is present at either side of the wafer, the lifetime
is very low for SRV values in the order of 1,000 cm/s. Thus, most of the
photoexcited charge carriers recombine in vicinity of the front surface.

It was desirable to focus on the applicability to the practical case. Therefore,
only realistic sheet resistance values are represented in the PC1D simulations:
The resistance is limited to a range from 10 to 1000 Ω/2. The ranges of
the parameters (e.g. junction depth in Figs. 5.15 and 5.16) are consequently
quite di�erent for each case of peak dopant concentration.

In Fig. 5.16, the lifetime is investigated for cases of high surface recombi-
nation velocities. A lower peak concentration (1×1019 cm−3) is used. In
order to obtain relevant sheet resistances, the junction depths represented
are unequal in the two �gures, as mentioned above; that is, using lower
dopant concentrations requires a deeper di�usion. This way, the junction
abruptness is decreased. Note that only nonzero depths are plotted in this
graph; with the undi�used case included as well, a similar discontinuity in
lifetime as seen in the previous plot would be expected. The three surface
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Figure 5.16: Lifetime simulation results for cases of high surface recombination
velocities, where the peak dopant concentration is kept constant at 1×1019 cm−3

and the junction depth is varied.

recombination velocities utilized yield largely dissimilar results of the life-
time versus the junction depth, which in combination are very illustrative
for the dependence of lifetime on S0:

• For S0 =1,000 cm/s, the lifetime is continuously decreasing with re-
spect to junction depth. The surface recombination is clearly not high
enough for the lifetime to exhibit a maximal point.

• Increasing the surface recombination velocity 10 times yields a max-
imum lifetime value for a sheet resistance of 13.2 Ω/2. The lifetime
remains relatively stable for decreasing junction depths from this maxi-
mal point, which implies that the decrease in lifetime caused by surface
recombination balances the e�ect of the front surface �eld.

• A surface recombination velocity in the order 1×105 cm/s yields a
maximal point in lifetime at a lower sheet resistance; 6.6 Ω/2. Hence,
the surface recombination has a large impact and a very deep di�usion
is necessary for the dopant atoms to cause more lifetime reduction than
the surface recombination.

Generally, the optimal sheet resistances observed above are lower than what
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was seen in Fig. 5.13. This is due to the high SRV values. The case of
S0 =1×105 cm/s corresponds to a very poor passivation or an unpassivated
surface. Hence, in such cases, Fig. 5.16 gives a good indication of which
junction depth to choose for the front surface �eld. However, using a range
of di�usion depths is seemingly not a good means of front surface �eld opti-
mization when we assume a good surface passivation and that the conditions
for sol deposition at the IFE laboratory apply. Ideally, the dopant sol depo-
sition should be homogeneous over the area of the wafer - assuming that this
is the case, the results obtained in this study show that the sol layer should
be as thin as possible.

5.4.3 Optimization of e�ective lifetime

The results from simulations where the junction depth is varied clearly di�er
from simulations where the peak concentration is varied. Altering the peak
concentration leads to a certain sheet resistance, or a range of sheet resistance
values, for which the e�ective lifetime is optimized. Particularly for the case
of a high surface recombination velocity, optimization based on the peak
concentration is e�ective. Altering the junction depth, on the other hand,
yields no maximal point in lifetime with respect to sheet resistance except in
the case of very high surface recombination velocities, i.e. for unpassivated
or poorly passivated surfaces. This situation was clearly observed in Fig.
5.14, where the Athena simulations were made based on alteration of the
junction depth.

This shows that the choice of parameter for altering the sheet resistance is
very important for the optimization of lifetime. Considering the observation
described above with regard to the results from experimental work, we recall
from Figs. 5.8 that these dopant pro�les, which are assumed to be resulting
from the physical in-di�usion of phosphorus, all exhibit approximately equal
peak dopant concentrations. A range of di�usion temperatures thus yields
a range of junction depths, provided a constant dopant concentration in the
di�usant sol.

As previously shown, an inhomogeneous glass layer imposes a requirement
for a thicker layer, in order to prevent built-in electric �elds in the plane
of the surface which increase recombination. Combined with the �ndings
above, this means that the optimal lifetime resulting from deposition with
the Sprutus apparatus is achieved by minimizing the sol layer thickness,
while ensuring that the layer is thick enough for the major part of the total
electric �eld to be directed perpendicular on the surface.
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Conclusion

This study has examined the concept of front-surface �eld passivation of
back-junction solar cells. The aim has been to obtain an understanding of
the relation between dopant pro�les and the potential solar cell e�ciency
through a consideration of simple in-di�used silicon structures.

The results have shown that in order to obtain an e�cient front surface �eld,
relatively high values of sheet resistance are needed. A condition which must
be satis�ed for this to be valid is the depostition of a passivating layer on
the silicon surface.

The simulation has also involved the comparison between two methods for
determination of e�ective lifetime for photoconductance data. The study
showed that the quasi-steady-state photoconductance method imposes a re-
quirement of su�ciently long �ash decays for correct results, which can not
be met by the limited data set yielded from PC1D simulations. In the imple-
mentation of photoconductance results into the software for lifetime calcula-
tions, the photoconductance decay method is suitable and can be expected
to yield results for all excess carrier densities.

The depth of the in-di�used p-n junction has been altered in the experimen-
tal work, seeking to optimize the e�ective lifetime and hence the potential
e�ciency of a back-junction solar cell. The �ndings have shown that with
this method, the lifetime in theory will decrease with increasing junction
depth for all nonzero depths. Assuming an ideally homogeneous in-di�usion
of dopants, using a junction depth which is as low as possible yields the op-
timal dopant pro�le for a given peak dopant concentration. In practice, the
di�used layer will exhibit inhomogeneities; using the peak dopant concentra-
tion as the varying parameter is then a more adequate method of optimizing
the e�ecting lifetime.
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Future prospect

Several aspects regarding the back-junction technology have been left out
in this work. An important issue is the mutual dependence of the process
steps from wafer to the functional back-junction solar cell. For example,
the utilization of high temperatures e.g. for oxidation may cause additional
in-di�usion. The possibility of performing di�erent processes simultaneously
in one step is another important issue, in which there are many potential
solutions. One example is the in-di�usion for the front surface �eld which
may be combined with the creation of emitter regions on the rear side of the
cell.

The phosphorus concentration in the P509 sol was a constant parameter
throughout the experimental work. The results which have been presented
indicate that a better means of optimizing the e�ective lifetime would be
achieved by using the dopant concentration of the sol as parameter variable.
As has been shown, however, the high viscosity of the sol causes large vari-
ations in spraying properties depending on the dilution ratio. An attempt
to vary the phosphorus concentration therefore requires that the spraying
method is substituted with spin-on deposition or that other measures are
taken to ensure a controlled deposition process. For example, a thin layer of
oxide or nitride may be grown on the surface under controlled conditions to
act as a di�usion barrier for the phosphorus. Varying the thickness of the
di�usion barrier may yield various peak concentrations.
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Appendix

A data sheet from the product catalog of spin-on di�usants from Filmtronics
Inc. is shown in Fig. 1. The table displays in the range of phosphorus and
boron spin-on dopant products manufactured by the company.

Figs.2 (a) and (b) display additional SEM results to the images supplied in
section 5.1.3. In these images the thickness is approximately 2.0 µm on an
average.

Fig. 3 shows the sheet resistance simulations obtained in Athena when tem-
peratures from 700 ◦C are used. This plot is thus a prolongation of the
simulation results in �g. 5.7 and was used to add sheet resistance values to
Fig. 5.14.

The source code for Athena simulations is given below.

go athena

line x loc=0 spacing=0.002

line x loc=0.2 spacing=0.002

line y loc=0 spacing=0.005

line y loc=2 spacing=0.1

init silicon c.boron=3.5e15 orientation=100

impurity i.phos oxide dix.0=0.5 dix.e=3.1

deposit oxide thick=0.5 c.phos=4e20 divisions=500

method two.dim high.conc compress grid.ox=.01
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diff time=25 temp=750 F.O2=21 F.N2=78.5 F.H2O=0.5

structure outf=oxide.str

etch oxide

extract name="xj" xj silicon mat.occno=1 x.val=0.0 junc.occno=1

extract name="rho" sheet.res material="Silicon" mat.occno=1

x.val=0.4 region.occno=1

structure outf=after_oxide_removal_1.str

# (Repeated 4 times with various diffusion temperatures)

tonyplot -overlay after_oxide_removal_1.str after_oxide_removal_2.str

after_oxide_removal_3.str after_oxide_removal_4.str

after_oxide_removal_5.str -set advdifex06.set

quit
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Figure 1: Data sheet from the Filmtronics catalog, showing the phosphorus and
SiO2 content.
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(a)

(b)

Figure 2: SEM images used for an indication of the oxide thickness in Athena
simulations.
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Figure 3: Simulations of sheet resistance as a function of di�usion temperature,
where low temperatures are included.
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