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Abstract
This dissertation deals with phosphorus diffusion through, and the presence of diffusion barriers on p-type Cz silicon wafers, for screen printed silicon solar cells. Two
kinds of barriers were used: a thermal silicon dioxide grown in a tube furnace adjustable to be semitransparent against dopant atoms, and a spin-on oxide which
blocks diffusion.
Diffusion through silicon dioxide was tested either by performing dry thermal
oxidation and diffusion in two different tube furnaces, and by carrying out oxidationdiffusion as a single process, by oxidizing and diffusing silicon wafers in the P OCl3
tube furnace. Solar cells with high ohmic emitters were produced and could be well
contacted. The contactability led to the hypothesis of a micro-selective emitter which
can influence the contact formation. Efficiencies of 18%, open circuit voltages of 630
mV , short circuit current densities of 36.5 mA/cm2 and fill factors of 79% were
achieved with sheet resistances up to 90 Ω/sq by using standard metal pastes.
The knowledge obtained after performing diffusion through the silicon dioxide
was used to produce selective emitter cells with a single step diffusion masked by
a thermal silicon dioxide layer as a semitransparent barrier. By opening the oxide
locally and then carrying out phosphorus diffusion, the front side of the cell was
structured. A gain of 0.6% absolute in efficiency was reached for selective emitter
cells compared with standard solar cells with homogeneous 55 Ω/sq emitter sheet
resistance. Modules in a 2 by 2 cell arrangement were produced with best selective
emitter cells and cells with homogeneous 100 Ω/sq from diffusion through silicon
dioxide.
The spin-on oxide was used to obtain a height-selective emitter. This structure
consists of a highly doped emitter at the tips of the pyramids and a lowly doped
emitter in the valleys between pyramids. Solar cells with such emitters having a
high macroscopical sheet resistance were produced. Scanning electron microscopy
on prepared samples from partially processed wafers with a height-selective emitter
showed that the spin coated oxide covers valleys and leaves tips of the pyramids open.
A subsequent diffusion must lead to a heavier doping at the tips than at bottom
regions. Solar cells with sheet resistances up to 115 Ω/sq could be well contacted,
achieving fill factors above 77%.
Another investigation based on scanning electron microscopy was carried out on
prepared samples from cells with height-selective emitters and cells with standard
emitters of which the front side metalization was removed. It was found that silver
vii

crystallites in the height-selective emitter samples were located only at the tips of
the pyramids independent of the emitter sheet resistance, indicating that a few silver
crystallites, preferably located at the tips of the pyramids, are enough to allow for
a good contact. In the case of standard emitters, the existence of silver crystallites
was dependent on sheet resistance values.
Scanning Spreading Resistance Microscopy (SSRM) was applied to provide further evidence concerning the height-selective emitter. SSRM performs a 2D high
resolution measurement of a prepared cross section from a doped semiconductor
material by using an AFM probe tip. The SSRM characterization delivered local
doping profiles of a prepared sample from a cell with a height-selective emitter with
a high macroscopical sheet resistance as well as local doping profiles of a sample
from a cell with a standard emitter. Both cells exhibited similar fill factors. The local doping profiles were acquired at different positions in a pyramid of each sample.
It was qualitatively shown that tips of the pyramids of a height-selective emitter
are more heavily doped than regions in the bottom like valleys between pyramids.
Correcting the local doping profiles and using a doping dependent electron mobility
model, the local sheet resistances at different positions at a pyramid were calculated. The existence of a height-selective emitter demonstrated that a micro-selective
emitter is achievable.
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Table 3: List of symbols (n to x).
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Planck’s constant
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Table 4: List of constants (source: P. J. Mohr, B. N. Taylor, D. B. Newell: “Reviews of
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One
Introduction
1.1

Motivation and background
cumulative c-Si module production (MW)

The photovoltaic (PV) market has been expanding for several years. Prices have
been constantly decreasing which can be seen in learning curves1 for PV technology
(see figure 1.1). One of the significant reasons has been the implementation of a
feed-in tariff consisting of legislation about the production and reimbursement of
energy fed into the grid. This measure has led to increased production, installation
and research concerning photovoltaics. According to [1], by 2010 at least 61 countries
and 26 states/provinces worldwide have adopted feed-in tariff policies.
-1

c-Si module price/cost (€ 2010/W)
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Figure 1.1: Experience curve for the photovoltaic module price (in euro 2010 per watt
peak) for the 35 years period from 1976 to 2010. Source: Kersen et al. (2011) [2].

1

The concept of a learning curve can be studied by an empirical law that describes the reduction
of product cost in terms of cumulative PV Capacity in M W . This law is given by the equation
−b
ct = c0 PP0t
(found in reference [2]) where b is the learning coefficient, Pt is the historically
cumulative output level, P0 is the initial output level, ct is the cost at historically cumulated
output level Pt and c0 is the cost at initial output level P0 .

1

2
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It has been previously reported that there is a trend of cost reduction of about
22% when doubling the historic cumulative average production for the period between the years 1976 and 2003 [3]. If the learning curve shown in figure 1.1 is observed
in detail, it reveals that between the years 1976 and 1988 the learning rate2 (LR)
was about 30% (early years exhibit more deviation of the price than recent years
which is expressed in error bars), but the current trend of cost reduction is near
17% when doubling cumulative production. The oscilation seen in the curve trend is
mainly attributed to a silicon shortage between 2004 and 2008 expressed in a high
spot price of silicon. After these years the curve has been in a back in track as seen
in figure 1.1.
The research and new legislation resulted in a fast growth rate explained by
impact of module efficiency on the learning rate leading to savings in the complete
production chain. In this respect, the fastest growing industry in the last decades
has been photovoltaics. The average annual growth rates of global PV installations
have reached approximately 45% over the last 15 years [4], potentially becoming an
important source for an energy matrix. PV aims to show its competitiveness with
conventional electricity generation with regard to grid parity 3 . In order to reach this
goal, PV technology must be further developed by achieving high productivity, high
performance, high quality (long lifetime) and low cost. These common goals can be
reached by use of adequate production strategies, legislation and research.
It is the intention of this work to contribute to the development and to the
cost reduction mentioned above, and also to a better understanding of the solar cell
functionality. For this purpose, an exploration into methods to increase the solar
cell efficiency are intended. One of these approaches is the development of solar cells
with a selective emitter. In this dissertation, this structure is based on the diffusion
process performed through and with oxide barriers. These topics are central for this
thesis. Next section introduces the standard silicon solar cell.

1.2

The standard silicon solar cell

A solar cell is a semiconductor device consisting of a p-n junction and metalized
regions that directly convert sunlight into electricity where a portion of the electromagnetic radiation is absorbed in the semiconductor (such as silicon). If the energy
of an incoming photon (Eph = hν = hc/λ being h Planck’s constant, ν the frequency, λ the wavelength and c the speed of light) is larger than the bandgap (Eg ) of
the semiconductor, then an electron is released from the valence band in the silicon
lattice to the conduction band leaving a hole. Thus, an electron-hole pair is created
and these charge carriers can be separated due to an electric field, locally formed in
the p-n junction. After electron-hole pairs are created and separated, these must be
collected and conducted through metal contacts out from the semiconductor to an
external circuit.
2

Learning rate (LR): Parameter to estimate the cost reduction obtained from the relation
LR = 1 − P R where P R is the progress ratio calculated from P R = 2−b , with b as the learning
coefficient [2].
3
Point at which the electricity price obtained from photovoltaics is as cheap as conventional
grid power.

1.2. The standard silicon solar cell

3

Silicon solar cells are manufactured starting from crystalline silicon wafers. The
manufacturing comprises several steps. First, metallurgical grade silicon (MGS) with
a purity in the order of 98% to 99% is obtained after melting quartzite (SiO2 ) and
carbon (found in coal and coke) at temperatures above 1800o C according to the
reduction process expressed by equation 1.1 [5]:
SiO2 (s) + 2C(s) → Si(l) + 2CO(g)

(1.1)

Further purification is performed to obtain polycrystalline silicon where purities
higher than 99.999999% can be reached. MGS is converted to trichlorosilane using
hydrogen chloride according to the exothermic reaction [5]:
Si(s) + 3HCl(g) → SiHCl3 (g) + H2 (g) + heat

(1.2)

A series of distillation stages follow to increase the purity. Then, the Siemens
process is typically used where trichlorosilane is thermally reduced under hydrogen
to deposit polycrystalline silicon by means of Chemical Vapor Deposition (CVD)
according to the equation 1.3 [5]. In this way, silicon is deposited on high purity
silicon rods.
SiHCl3 (g) + H2 (g) → Si(s) + 3HCl(g)

(1.3)

Crystallization processes continue with use of the polycrystalline silicon just
described above to produce silicon wafers. Some methods are the Czochralski (Cz)
and the Float-Zone (FZ) processes. These methods result in high quality mono
crystalline silicon. Mono crystalline silicon is expensive to produce and its good
electrical properties can be exploited by the introduction of advanced cell processing.
Alternatively, multi crystalline silicon (mc-Si) is utilized as well to reduce production
costs.
One of the most important properties of a silicon wafer is its base doping, to
produce either a p-type semiconductor when introducing impurity atoms of an element from the III-group of the periodic table like boron, or a n-type semiconductor
when using impurity atoms of an element from the V -group of the periodic table
like phosphorus. The introduction of the impurity atoms to obtain the base doping
is performed during melting at the crystallization stage.
A typical industrial solar cell process based on p-type material can be described
as follows. First, the wafers’ surfaces are improved by removing the damage from
sawing and by giving an adequate shape to reduce light reflexion. This step is called
texturization. After that, wafers are immersed in different solutions to eliminate
metal impurities and organic residuals (HCl and HF are normally used). Then,
phosphorus diffusion is carried out to create a p-n junction. A further cleaning
step removes the formed phosphorus silicate glass (PSG) layer produced during
diffusion. Next, a silicon nitride layer is deposited by Plasma Enhanced Chemical
Vapor Deposition (PECVD) acting as an anti reflexion and passivation layer. Metal
contacts are screen printed and a laser edge isolation step follows (compare with
[6]). The resulting structure in operation is illustrated in figure 1.2.
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Illumination
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Figure 1.2: Sketch of a standard silicon solar cell. Note that the figure shows the front
and rear contact directly connected to a consumer. However, many solar cells need to be
interconnected to increase the output power.

Each step of a standard silicon solar cell process based on p-type starting material
is explained with more detail in the following.

Texturization
For a solar cell process based on mono crystalline wafers, (100) oriented surfaces are
utilized (e.g. Cz material) with a thickness of approximately 200 µm. The wafers are
treated in an etching solution to eliminate the damage caused by a prior sawing process. At this stage, the wafer surface is texturized in an alkaline solution consisting of
N aOH and Isopropyl Alcohol (IPA) (or KOH/IPA) where random pyramids in the
order of 7 µm height are obtained with {111} equivalent planes due to the anisotropical etching. The reflexion of an as-cut Cz wafer treated in N aOH is on the order
of 36% whilst after alkaline texturization this is reduced to 11% due to an increased
absorption probability compared to a flat surface. For multi crystalline silicon, an
acidic etching solution (HF /HN O3 /H2 O) is usually used where an isotropic etch
leads to scalloped surfaces and to a reflexion of 25% (all percentages are averaged
in the wavelength range from 400 nm to 1100 nm of the solar spectra).

Junction formation
A junction is formed when dopant atoms of a different type than those in the basis
are introduced into silicon lattice existing in a much larger concentration than that
in the basis creating a new layer and thus, a p-n junction. The new layer created
by adding a high impurity concentration of dopant atoms in the substrate material
is called emitter. The total dopant concentration can roughly reach peak values of
≈ 1 × 1021 atoms/cm3 . The most common method to produce an emitter is by
diffusion in a quartz tube furnace [7]. In the case of a p-type material phosphorus
diffusion from a P OCl3 source is typically performed. However, there are other
methods to create the junction. For instance, the use of a Spin On Dope (SOD), a
liquid phosphorus acid and others like ion implantation, epitaxy, etc. In case of the
standard solar cell, a homogeneous emitter is utilized.

1.2. The standard silicon solar cell
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Anti reflexion and passivation layer
The most used method to create an anti reflexion and, at the same time, a passivation
layer is silicon nitride (SiNx ) which can be deposited by PECVD. The main function
of passivation is to saturate dangling bonds at a surface and impurities in order to
reduce recombination. Due to the hydrogen presence during SiNx deposition, it can
diffuse into bulk silicon passivating defects. In the case of multi crystalline silicon,
hydrogenation can passivate grain boundaries. However, diffusion of hydrogen can
occur during a posterior high temperature step, i.e., firing [8]. A trade off between
lowest reflexion and maximal passivation is found for a thickness of ≈ 70 nm. In
the end, an optimized SiNx layer can lead to a significantly reduced reflexion of
about 4% for mono crystalline and 7% for multi crystalline material (averaged in
the wavelength range from 400 nm to 1100 nm of the solar spectra). The decrease in
reflexion is achieved by the reduction of the refractive index difference at an interface
(air/Si for nonencapsulated solar cells or glass/Si for encapsulated solar cells) and
by destructive interference between back-reflected and incident light.

Screen printing
In order to collect charge carriers and conduct the generated current to an external
circuit, electrical contacts are needed. The most used technology in the industry is
screen printing. A screen consists of a mesh made of stainless steel and coated by
an emulsion. The technology is based on the use of thick metal pastes deposited by
applying a squeegee force which allows that the pastes flow through the openings
of the screen. The pastes contain an organic binder and a solvent, glass frit4 , silver
(Ag particles) to contact n-type material and aluminum (Al particles) to contact
p-type material. The paste components need to ensure both: a necessary low viscosity to print over the wafer surface and a higher viscosity after the printing step.
Immediately after depositing silver or aluminum paste, a drying step follows at temperatures between 80o C and 200o C to remove the solvent. Since in a p-type based
standard silicon solar cell process, Ag fingers and busbars are used in the front side,
they must cause the minimal possible shadowing while ensuring a good contact, and
avoiding the introduction of metal impurities deep into the substrate. In addition,
aluminum cannot be soldered to construct a module, therefore solder pads are screen
printed on the rear side with a silver-aluminum (AgAl) paste, exactly in the equivalent position as the busbars of the front side. This step is generally performed after
printing silver on the front side and before printing aluminum on the rear.

Firing
The wafers flow inside a firing infrared (IR) belt furnace. During this step, the
glass frit interacts with the surfaces: the organic component of the paste burns out,
the glass melts and locally etches the SiNx layer (at temperatures above 700o C)
followed by the dissolution of silver particles and sintering. The sintered Ag particles
4

Typically, glasses of the type P bO:B2 O3 :SiO2 are used for screen printed silicon solar cells.
Alternatively, Bi2 O3 , ZnO, etc can replace P bO due to toxicity reasons [9, 10]. In case of aluminum
paste, glass frit is utilized to support the sintering of Al particles and not to etch SiNx [11].
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result in thick Ag fingers and busbars on the front side of the solar cell [12]. In the
regions where SiNx is completely removed, the melted glass reaches the emitter,
anisotropically etching and dissolving silicon. The firing step5 quickly ends, as seen
in figure 1.3. When the system is cooling down the glass establishes a mechanical
contact with silicon, the dissolved silicon regrows epitaxially and silver recrystallizes
at the glass/silicon interface in the form of Ag crystallites [13] (in chapters 3 and
5, Ag crystallites are investigated). During the firing step further processes take
place. Hydrogen diffuses from the H-rich SiNx layer into bulk silicon. An aluminum
alloyed back surface field (BSF) is created [14] (the BSF is a diffused layer with the
same doping type as the basis, establishing a high-low junction p+ p). BSF reduces
recombination losses to some extent at the rear side of the solar cell. In addition,
the aluminum back contact to the BSF and the contact pads are formed. A typical
T -t firing profile for screen printed standard solar cells is shown in figure 1.3.
8 0 0

T -t firin g p ro file

7 0 0

Temperature (°C)

6 0 0
5 0 0
4 0 0
3 0 0
2 0 0
1 0 0
0
0

1 0
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1 1 0

1 2 0

T im e (s )

Figure 1.3: T -t firing profile. The peak firing temperature (Tpeak ) was set to 840o C. The
maximal measured temperature was Tpeak =785o C. This kind of profile was utilized in the
experimental part of this dissertation.

Edge isolation
After metalization, the front and rear side metal contacts are electrically connected
via parasitic p-n junction at the edges of the wafer (see sketch of the standard solar
cell shown in figure 1.2). In order to avoid a short circuit an edge isolation step is
needed. A laser edge isolation is often used for industrial solar cells. Alternatively,
an edge isolation can be applied just after phosphorus diffusion by wet chemical
etching of one side of the wafer.
5

Figure 1.3 shows that the times above 700o C, 600o C, 577o C (eutectic temperature of Al-Si
melt) and 500o C were 5 s, 10 s, 18 s and 27 s, resp. This firing profile was determined with a Daten
Logger with a temperature sensor which recorded the actual temperature of the cell’s surface.
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Solar cell efficiency and JV-characteristics
The maximum conversion efficiency (η) for a semiconductor with a bandgap of 1.1
eV (silicon) and in non-concentrated arrangement is approximately 30% [15]. The
reasons for this limit are explained by the loss mechanisms in the solar cell. These
can be divided in two categories: optical and electrical (recombination and resistive)
losses [16].
Solar cell efficiency is determined under standard test conditions (STC) consisting of an irradiance of 1 kW/m2 , air mass6 1.5 (AM1.5) and 25o C cell temperature.
The basic relation is expressed by equation 1.4 [17]:
η=

PM P P
Plight

(1.4)

where Plight is the power of the incoming light and PM P P is the power at the maximum power point (M P P ) given by the product JM P P VM P P .
Another measure which quantifies the “quadrature” of the obtained JV characteristic curve of the solar cell is the fill factor (F F ) defined as (figure 1.4) [17]:
JM P P VM P P
(1.5)
Jsc Voc
where Jsc is the short circuit current density and Voc is the open circuit voltage.
Combining equations, the solar cell efficiency can be calculated as [17]:
FF =

η=

F F Jsc Voc
Plight

(1.6)

A relationship between voltage (V ) and current density (J) in a solar cell which
models the characteristic curve under illumination shown in figure 1.4 can be expressed by equation 1.7 [17, 18]:
V + JRser
(1.7)
Rshunt
known as the one diode model, where q is the elementary carrier charge, kB is the
Boltzmann’s constant, T is the temperature in Kelvin, JL is the photo generated
current density, J01 is the saturation current density and m1 is an ideality factor depending on the dominating recombination mechanism. The resistances are included
where Rser is the series resistance7 and Rshunt is the shunt resistance8 .
J(V ) = JL − J01 [eq(V +JRser )/m1 kB T − 1] −

6

Air mass stands for the path length of the light through the atmosphere normalized to the
shortest possible path length. For AM1.5, the angle from a vertical line (vertical direction opposite
to the apparent gravitational force at a location on earth surface) is close to 48o . AM constitutes
a determined solar spectral irradiance distribution used to perform measurements at STC.
7
The total series resistance can be divided into the lateral resistance of aluminum layer, contact
resistance of aluminum contact to base, resistance of base, resistance of emitter, contact resistance
of silver contact to emitter, lateral resistance of silver finger and lateral resistance of the busbar.
8
The shunt resistance is associated with leakage current which can be caused by current flow at
the edges of the solar cell where edge isolation was incomplete, crystal defects such a micro cracks
or grain boundaries allowing diffusion of metal particles during metalization.
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Figure 1.4: Sketch of a JV-characteristic curve of a solar cell.

The JV-characteristic curve shown in figure 1.4 can also be represented by equation 1.8, the second diode model of the solar cell [17, 18]:

J(V ) = JL −J01 [eq(V +JRser )/m1 kB T −1]−J02 [eq(V +JRser )/m2 kB T −1]−

V + JRser
(1.8)
Rshunt

where the saturation current density J01 corresponds to recombination losses in the
front and rear surfaces, in the emitter and bulk regions. The recombination losses
due to defects in the space charge region9 (SCR) are represented by the saturation
current density J02 . A theoretical derivation found in [18, 19] to obtain values of the
ideality factors lead to m1 = 1 and m2 = 2. Efforts to show the consistency of the
double exponential equation has been carried out by [20].
An ideal solar cell for which neither recombination in the SCR nor the resistances
(series and shunt) are considered, the open circuit voltage (Voc ) can be obtained from
equation 1.7 when setting J = 0, Rser = 0, Rshunt −→ ∞ and m1 = 1:
Jsc
kB T
ln
+1
Voc =
q
J0








(1.9)

where the quantity J0 is the recombination current density. The value of J0 can be
considered to be the sum of two saturation current densities: from the emitter (J0E )
and from the basis (J0b ). Thus, J0 = J0E + J0b .
9

The space charge region (also called depletion region) exists at a p-n junction due to the
different carrier concentration of each side. This concentration gradient leads to a diffusion of
carriers resulting in a charge imbalance. An electric field across the junction is created due to this
carrier imbalance with an opposite direction to the diffusion of carriers [19].
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Carrier lifetime
The average time for an electron-hole pair to recombine after its generation is defined as the carrier lifetime (τ ). It is related to the excess carrier density with the
recombination rate U through:
∆n
(1.10)
U
where ∆n is the excess carrier density of electrons (accordingly ∆p is the excess
carrier density of holes). In the case of absence of trapping effects, ∆n=∆p [21]. The
knowledge of the recombination lifetime as a function of ∆n allows for identifying
and quantifying the recombination mechanisms in semiconductors devices such as
silicon solar cells. Recombination in a solar cell materializes when illumination is
interrupted with the consequence of a decay in the density of charge carriers until equilibrium is reached. There are three groups for recombination mechanisms:
(a) Radiative Recombination, (b) Auger Recombination and (c) Recombination via
defects (or traps). Silicon solar cells are composed by different layers, interlayers, interfaces and surfaces where a combination of them can occur. For instance, (b) and
(c) can take place in the emitter and (c) in the bulk region. Therefore, an effective
carrier lifetime (τef f ) accounting for the overall recombination in the device is used
which can be written as [22]:
τ=

1



=

1

+

1

+

1



+

1

1

(1.11)
τef f
τRad τAuger τdef ect
τsurf ace τemitter
where the three terms inside the brackets are referred to the bulk recombination.
In the case of (a), the rate of recombination is given by [23]:
Urad = B · np

+

(1.12)

where n, p are the electron, hole density and B is the coefficient of radiative recombination. This mechanism represents an inverse case of absorption. In this case,
an electron occupying a higher energy state, compared to equilibrium, jumps to an
empty state at a lower energy level. A photon is emitted with energy of the difference between the original energy and the final energy state. As silicon is an indirect
semiconductor, the rate of radiative Recombination can be less probable to occur
compared to the Auger and SRH recombination processes [19].
For (b), the rate of recombination is obtained from [23]:
UAuger = Cn n2 p + Cp np2

(1.13)

where Cn and Cp are Auger coefficients. This mechanism is a three-particle interaction. When an electron of the conduction band and a hole of the valence band
recombine, an excess energy is transferred to a third free electron (“eeh” process)
or hole (“ehh” process). According to equation 1.13, losses due to recombination in
a solar cell can rapidly increase with increasing doping and injection levels.
For (c), the rate of recombination is given by [24, 25]:
USRH =

np − n2i
τpo (n + n1 ) + τno (p + p1 )

(1.14)
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which is derived from the Shockley-Read-Hall Statistics. This expression corresponds
to a case of a single defect level, where τpo =1/(σp vth Nt ) and τno =1/(σn vth Nt ) are
hole and electron lifetimes related to the thermal velocity of charge carriers (vth ),
the density of recombination defects (Nt ), and the capture cross-sections (σp and
σn ) for the specific defect. The quantities n1 and p1 are statistical factors: n1 =
NC · exp[(Et − EC )/(kB T )] and p1 = NV · exp[(EC − Eg − Et )/(kB T )] where NC and
NV are the effective density of states at the conduction and valence band edges, EC
and Eg are the conduction band and bandgap energies, and Et is the energy level
of the defect. Using these equations, the lifetime becomes:
τno (po + p1 + ∆n) + τpo (no + n1 + ∆n)
(1.15)
no + po + ∆n
A comparison between Radiative, Auger and SRH Recombination performed by
[22] showed that (i) SRH Recombination dominates at low doping concentrations.
When ∆n is high, Auger Recombination and Radiative Recombination compete. (ii)
For more lightly doped samples, SRH Recombination becomes completely dominant.
(iii) For very heavily doped wafers, Auger Recombination significantly surpasses
Radiative recombination at all injection levels.
Surfaces and also interfaces can constitute discontinuities in the crystalline structure such as dangling bonds producing a large amount of defect levels or interface
states Dit (Et ) at an energy level Et within the forbidden bandgap of the semiconductor. The recombination phenomena due to these defects can be also described
by the SRH Statistics. The surface recombination can be studied as an surface recombination velocity (S) according to the equation:
τSRH =

US
(1.16)
∆n
where US is the rate of surface recombination obtained from the SRH theory and
∆n is the already defined excess carrier density of electrons. At a region distant
from the space charge region (the surface), it holds that ∆n = ∆p and the injection
level can be varied by changing the illumination level [26]. The following equation
accounts for US :
S=

ns ps − n2i
US =
(ns + n1 )/Spo + (ps + p1 )/Sno

(1.17)

where ns and ps are the density of electrons and holes at the surface, and Sno and
Spo are related to the density of surface states per unit area (Nts ) and the capture
cross sections via Sno = σn vth Nts and Spo = σp vth Nts for the specific defect.
Due to the large number of defect levels, they can be considered a continuum
throughout the bandgap. Using Dit (E) for the density of interface traps at a given
energy (instead of Nts ), an integration over the whole bandgap provides US [21].
Concerning the evaluation for quantifying the recombination in the emitter, symmetrical structures such as n+ pn+ can be used. In this case, following equation allows
for measuring the emitter saturation current density (J0E ) [27]:
1
τef f

=

1
τBulk

+

2 · J0E (∆n + NA )
qWf n2i

(1.18)

1.3. Relevant concepts and definitions

11

where NA is the acceptor density, q is the elementary carrier charge, Wf is the sample
thickness and ni is the intrinsic carrier concentration. The factor 2 accounts for the
contribution of both surfaces (symmetrical structure). Through a study of the slope
1/τef f versus ∆n under high injection levels [28], J0E can be estimated. In such case,
the high injection level produces ∆n >> NA .
Another measure to study the effects of recombination is the implied open circuit
voltage (implied Voc ) because of its sensibility to the effective lifetime and saturation
current densities. A solar cell based on a p-type substrate with dopant density NA
(in this chapter also referred as density of acceptors defined above), the implied Voc
in a formed p-n junction can be obtained from [29]:
∆n(NA + ∆p)
kB T
· ln
+1
(1.19)
q
n2i
The generation-recombination phenomena can influence the value of the short
circuit current density (Jsc ) of a solar cell according to the number of minority
carriers, generated in the base or the emitter, which are able to diffuse to the junction
edge before recombining. The dependence of the short circuit current density on a
uniform generation rate Ge is given by [22]:




implied Voc =

Jsc = qGe Le

(1.20)

where Le is the diffusion length of the electron for a √
p-type base. The diffusion
length Le is related to the lifetime τn through Le = De τe in which De is the
electron diffusivity and τe is the electron lifetime.

Quantum efficiency
The quantum efficiency (QE) accounts for the ratio of collected charge carriers to
the incident photons of a given wavelength on the solar cell. The External Quantum
Efficiency (EQE) is defined when counting all incident photons, thus [30]:
Jsc /q
(1.21)
Φin (λ)
where q is the elementary charge carrier, Jsc is the short circuit current density of
the solar cell, Φin is the incident photon flux and λ is the wavelength.
When excluding the photons that are reflected at the front surface or leave the
cell through the front surface, the Internal Quantum Efficiency is defined:
EQE(λ) =

EQE(λ)
(1.22)
(1 − REF (λ))(1 − M )
where REF is the reflexion and M is the fraction shadowed by the front side grid.
Measuring IQE can reveal information about the emitter quality, the diffusion
length, the recombination and also the optical properties of the solar cell. The short
circuit current density (Jsc ) of the solar cell can be obtained when the curve of EQE
and the photon flux are known through the following equation [30, 31]:
IQE(λ) =

Jsc = q

Z λ2
λ1

EQE(λ)Φin (λ)dλ

(1.23)
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where the integral is taken until the largest wavelength corresponding to the bandgap
imposed by the semiconductor.
Remark: in this dissertation the quantum efficiency (QE) and reflexion, i.e.
EQE, REF and IQE of solar cells were determined and referred as the spectral
response (SR). However, QE is given in % and SR in A/W . These concepts are
related by the following equation:
qλ
· QE(λ)
(1.24)
hc
which means that SR accounts for the ratio of the generated current by the solar
cell to the power of the incident light [32, 33]. Summarizing, the external quantum
efficiency is equal to the normalized spectral response [34]:
SR(λ) =

hc
· SR(λ)
qλ
In the same way, IQE can be written in terms of the SR as:
EQE(λ) =

IQE(λ) =

hc
1
· SR(λ) ·
qλ
(1 − REF (λ))(1 − M )

(1.25)

(1.26)

where M is the fraction covered by the front side metalization.

Specific contact resistance
The determination of the specific contact resistance (ρc ) constitutes an important
measure to investigate the quality of the contact between silver and the n-type
emitter of the standard solar cells. In more general terms, ρc values are useful to
study the behavior of a metal-semiconductor barrier under operation. The analytical
expression for ρc is given by the following equation [35]:
∂J −1
(1.27)
∂V V =0
The current density J in equation 1.27 depends on the applied voltage V and the
barrier height ΦB according to the conduction mechanism between the metal and
the semiconductor [36]. Analytical treatment for obtaining equations in the form of
J = f (V, ΦB ) have been obtained by [37, 38, 39].
Three mechanisms can be distinguished to be responsible for the transport of
charge carriers in a metal-semiconductor junction: (a) the thermionic emission (TE),
(b) the field emission (FE) and (c) the thermionic field emission (TFE). TE is also
called Schottky Barrier and occurs via thermal activation of charge carriers over the
barrier for low doping concentrations (ND < 1017 cm−3 ). FE occurs via tunneling
of charge carriers through the barrier, being valid for high doping concentrations
(ND > 1019 cm−3 ). Ohmic contacts are usually fabricated on such a heavily doped
semiconductors. TFE is a combination of (a) and (b) occurring for doping concentrations in between (1017 < ND < 1019 cm−3 ) [36]. The functional dependence of ρc
on the doping level in a semiconductor for the cases TE, FE and TFE can be found
in [38]. In the case of a metal-semiconductor such as n-type silicon, this dependence
can be expressed by the equations 1.28, 1.29 and 1.30:


ρc =
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ρc ∝ exp



ΦBn
kB T



for the case (a) TE

(1.28)

where ΦBn is the barrier height of the metal-semiconductor, kB is the Boltzmann’s
constant and T is the temperature.
ΦBn
ρc ∝ exp √
ND




for the case (b) FE

(1.29)

where ND is the donor concentration. Thus, when selecting the metal, ρc values
can be reduced by using high doping concentrations. Standard screen printed silicon
solar cells usually exhibit emitters with doping concentrations above 1020 cm−3 .


ρc ∝ exp √

ΦBn
ND · coth(E00 /(kB T ))



for the case (c) TFE

(1.30)

where E00qis the characteristic energy related to the tunneling probability for which
qh
ND
. The equation for E00 depends also on the doping ND and the effecE00 = 4π
m∗ s
tive mass of the moving electron m∗ and the dielectric constant of the semiconductor
s . The tunneling probability increases with increasing ND given that the potential
barrier becomes thinner [38].
Experimentally, the contact resistance (Rc , in Ω) can be determined by the Transfer Length Method (TLM) incorporated in a 4-Point Probe device. The method is
based on the transfer length (LT ) which accounts for the effective length of the current flow from a diffused layer into a metal. An equation that relates Rc with ρc and
the sheet resistance (Rsheet ) of the diffused layer of the semiconductor is expressed
by the following equation [16, 36]:
√
Rc =

Rsheet · ρc
· coth Lf
l


s

Rsheet
ρc



(1.31)

where l is the q
contact length, Lf is the contact width, and LT is related to Rsheet
through LT = ρc /Rsheet .

1.4

Objective

The objective of this work is to explore phosphorus diffusion through oxide barriers
and apply this knowledge for developing solar cells with different features such as a
selective emitter structure, solar cells with a high ohmic homogeneous emitter and
solar cells with a height-selective emitter. The idea is to obtain new knowledge and
to observe differences when comparing with standard processed cells.
Some questions arise from these statements. Does thermal oxidation influence
the contact formation? Can the oxidation-diffusion process be performed as a single
process and yield high efficiencies which are comparable with standard cells or cells
with a selective emitter? Is it possible to create an inhomogeneous emitter in a
micrometer scale and influence the contact formation? What is the gain in efficiency
by using a selective emitter? It is the aim of this work to give answers to these
questions in the following chapters.
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1.5

Outline

This dissertation starts with an introduction in chapter 1 where a motivation and
background are laid out. This chapter continues with a description of a standard
industrial solar cell process, and with the introduction of relevant concepts and definitions. The objective of this work, outlines and the experimental details are also
presented. Chapter 2 describes fundamentals of phosphorus diffusion through silicon
dioxide, including an atomistic model and mathematical solutions of previous studies. In chapter 3, experiments concerning diffusion through oxide films are presented
where the oxidation-diffusion process is performed in a single run. Chapter 4 describes the concept of a selective emitter, gives a brief review of common methods of
achieving this structure and of applying diffusion through silicon dioxide to obtain
a selective emitter. Chapter 5 describes the development of height-selective emitters
by applying spin-on coated oxides. After that, a summary of the whole work is given
in chapter 6. An outlook is given in chapter 7. Finally, an appendix, references, list
of publications and patents, and acknoledgements follow.

1.6

Experimental details

Throughout all experiments for the realization of this thesis, the used material consisted of Cz as-cut p-type silicon wafers of 3 − 6 Ωcm resistivity, 15.6 × 15.6 cm2 size
and 180 µm thickness produced by Bosch Solar Energy AG.
All the process steps to produce solar cells and mostly all characterization were
performed at ISC-Konstanz10 (in the case of processing or measurement at an external institute, this will be indicated). The complete solar cell processing and characterization were financially supported by Bosch Solar Energy AG.

Processing
Wafers were alkaline texturized in a RENA semi automatic batch wet-bench and
cleaned in a RENA indus batch wet-bench where saw damage was removed in N aOH
(22%) at 80o C for approximately 4 min, metal impurities were treated in HCl (3%)
at room temperature (RT) for 5 min and oxides in HF (2%) at RT for 2 min. In
the case of thermal oxidation, a Piranha cleaning consisting of H2 SO4 (96%)+H2 O2
(30%) at 80o C for 10 min in a proportion of 4:1 was used. Thermal oxidation and
phosphorus (P OCl3 ) diffusion were carried out in a Centrotherm tube furnace. Emitters produced on wafers by directly carrying out P OCl3 diffusion without growing
any oxide before are called standard emitters. The RENA batch wet-bench was also
used to etch PSG after phosphorus diffusion. A Centrotherm PECVD furnace was
utilized for silicon nitride deposition. Wafers were screen printed and dried with
Baccini printer and drying machines, respectively. The firing step was carried out
in a Centrotherm firing IR belt furnace. Finally, the cells were edge isolated with a
Rofin Powerline E25 SHC laser with 532 nm green light, pulslength of approximately
40 ns at 50 kHz and a average power of 12 W at 30 kHz.
10

International Solar Energy Research Center Konstanz e.V.
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Characterization
The equipment used for carrying out the characterization, which is relevant to this
dissertation, is briefly listed.
• A GP Solar-Test Sun Simulator equipped with a Xenon lamp was used to
determine the solar cells’ IV characteristics. The device performs illuminated
and dark IV-measurements from which the values η, Jsc , Voc and F F were
obtained. The series resistance (Rser ) and shunt resistance (Rshunt ) can also
be extracted.
• A 4-Point probe (GP 4-Test Pro) allowed for measuring the sheet resistance
(Rsheet ), wafer resistivity, line and contact resistance.
• IQE Scan (PV-tools) was used to measure the external quantum efficiency and
reflexion of solar cells. The internal quantum efficiency was evaluated with the
Lassy program integrated. The device is equipped with a Xenon lamp for
wavelengths from 300 nm to 1200 nm and a white bias light up to 1.2 suns.
• A laser scanning microscope (Olympus LSM) was used to determine the geometry of the front side metalization.
• A scanning electron microscope (Vega TESCAN SEM) was utilized for high
resolution imaging and element detection via energy dispersive X-ray spectroscopy (EDX) from Oxford Instruments.
• An ellipsometer (SE 800 PV SENTECH) allowed for determining the thickness
of silicon dioxide films.
• A Sinton WCT-120 Lifetime Tester was utilized to obtain an injection level resolved minority charge carrier lifetime through the Quasi-Steady-State
Photoconductance (QSSPC) method. An illumination dependent open circuit
voltage based on the Quasi-Steady-State Open Circuit Voltage (SunsVoc) approach was used to estimate the pseudo fill factor (pF F ) and the second diode
saturation current density (J02 ).
• An Electrochemical Voltage Capacitance Profiler (Accent ECV profiler) delivered the emitter profiles on P OCl3 diffused samples.
The following device was used at Nanoelectronic Materials Laboratory (NaMLab), Dresden, Germany.
• Scanning Spreading Resistance Microscopy (SSRM) from Digital Instruments
provided high spatially 2D resolution doping profiles on cross section prepared
samples from solar cells. The method determines the concentration of electrically active dopants. This equipment consisted of an AFM device with a
SSRM-Amplifier.

Two
Fundamentals
Phosphorus diffusion, thermal oxidation and diffusion through thermally grown silicon dioxide films are treated in this chapter. Mathematical aspects are also described
and calculations are carried out by using solutions proposed by previous investigations performed by different authors.

2.1

Phosphorus diffusion

Phosphorus diffusion in a tube furnace is the most commonly used method in the
solar cell industry to create an emitter in a p-type silicon wafer. A method of carrying
out a phosphorus diffusion can be described as follows. The wafers are diffused in
a tube furnace starting with a liquid phosphorus oxychloride (P OCl3 ) source in
a closed tube. The wafers are loaded in a boat and stand parallel to each other.
Both the tube and the boat are usually made of quartz. Once the wafers are inside
the furnace, a heating process begins. The diffusion can be divided in two stages:
pre-deposition and drive-in. These stages can occur at the same or at a different
temperature.
During pre-deposition nitrogen (N2 ) is used as a carrier gas to bring liquid P OCl3
into the chamber inside the furnace where oxygen (O2 ) is being supplied as well.
P OCl3 becomes a gas and reacts with O2 to produce phosphorus pentoxide (P2 O5 )
and chlorine (Cl2 ) according to 2.1.
4P OCl3 (g) + 3O2 (g) → 2P2 O5 (l) + 6Cl2 (g)

(2.1)

For the drive-in step the supply of P OCl3 is suppressed. The deposited P2 O5
reacts with silicon to produce silicon dioxide (SiO2 ) on silicon surfaces and releases
P atoms that diffuse into silicon. As the entire process occurs at a temperature
between 750o C and 900o C phosphorus may already diffuse into silicon during predeposition. The drive-in stage is described by 2.2.
2P2 O5 (l) + 5Si(s) → 5SiO2 (s) + 4P (s)

(2.2)

Silicon is oxidized forming a liquid/solid thin layer of SiO2 growing at the silicon
surface. Moreover, phosphorus species (P2 O5 ) react with SiO2 to form phosphorus
silicate glass (PSG) on SiO2 (see section 2.1.1) according to equation 2.3 [40]:
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xSiO2 + yP2 O5 → xSiO2 · yP2 O5

(2.3)

As the reaction described by equation 2.2 goes on, SiO2 is continuously formed
at the oxide/Si interface. As a result, phosphorus needs to overcome both the glass
(PSG), a thin layer of SiO2 or the mixture of both to reach the silicon region. The
phosphorus part reaching silicon will create an n-type emitter. On the other hand,
it is already known that phosphorus in silicon will be redistributed near the growing
SiO2 until equilibrium is reached [41]. From that work, the diffusivity of phosphorus
in SiO2 is smaller than in silicon so that the redistribution due to diffusivity will not
play a big role. However, a crucial issue may arise from the fact that the SiO2 layer
permanently grows creating a time dependent boundary which separates SiO2 and
Si. In [42], it was affirmed that boron segregates preferentially in SiO2 . However,
phosphorus and arsenic are rejected by SiO2 and pile up at the silicon surface [42].
In another work [43], it was pointed out also that phosphorus is rejected from SiO2
and diffuses slowly in SiO2 producing accumulation at the silicon surface. In that
work it was established that the pile up phenomenon depends on the diffusivity
and the segregation coefficient of phosphorus in SiO2 . Regarding the control of the
emitter surface concentration, the phosphorus content in the glass can be varied by
changing the O2 flow during the drive-in step. An increased content of phosphorus
in the glass can ensure a high surface concentration in the emitter.

2.1.1

Phosphorus silicate glass (PSG)

Since PSG plays a major role in phosphorus diffusion, the PSG formation is briefly
described. The diffusion process occurs at high temperatures where firstly P2 O5
is produced during pre-deposition. During the drive-in step SiO2 is continuously
created on all silicon surfaces. Likewise, P2 O5 reacts with SiO2 and creates PSG.
At the usual diffusion temperatures (typically in the range of 750o C to 900o C for
phosphorus) all the species P2 O5 , SiO2 and Si coexist in a gas, liquid and solid phase.
Segregation of one substance into another can take place. On this line [44] performed
investigations based on a radio phosphorus technique11 to study the kinetics of PSG
and develop a model of P2 O5 diffusion.
Figure 2.1 illustrates different regions that take part during phosphorus diffusion
according to [44]. A first layer of SiO2 (s) is created on silicon according to equation
2.2 (region IV). On top of the SiO2 follows a layer of the mixture SiO2 (s) + P2 O5 (s)
(region III). After that, two different regions (II and I) are in a liquid+solid and a
liquid phase, respectively. Region II exists as a mixture between SiO2 (s) and PSG(l).
Region I is identified as liquid PSG. Referring to figure 2.1, the PSG thickness during
the diffusion process is considered to be xP SG = x1 + x2 + x3 . However, in [44], it
was found that x3 is negligible compared to x1 and x2 . Therefore, the PSG thickness
can be approximated as xP SG ≈ x1 + x2 .
11

Technique based on the decay analysis of the radioactive isotope of phosphorus
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Figure 2.1: Sketch of PSG on silicon (according to [44]).

PSG formation has been studied in [45]. It is established that the P2 O5 concentration decreases as the phosphorus species (phosphorus oxide) react with the
underlying SiO2 . Moreover, liquidus eutectic reaction represented by L *
) SiO2 +
o
2SiO2 · P2 O5 occurs near 850 C. These statements are discussed by [45] giving the
following reasons:
(a) The fact that for temperatures below 870o C crystallite formation was observed.
These crystallites were soluble in water.
(b) The temperature dependence of the solid solubility of P2 O5 in SiO2 changes
between 800o C and 900o C.
The brake in the curve representing (b) can be assumed as the result from a
changing composition of the phase while passing through the eutectic temperature
(see figure 2.2).
By characterizing the formation of PSG layers via etch rate profiles, [45] derived
an expression for calculating the thickness xP SG of the PSG as a function of the
concentration, time and temperature. The value of xP SG is defined as the thickness
up to the point in SiO2 where the P2 O5 concentration is equal to its solid solubility.
They proposed the following expression to calculate the effective PSG thickness for
the diffusion process:
xP SG = (9.032 ± 0.170) × 105 ·

q

cp t · exp(−0.815/kB T ) [nm]

(2.4)

Where T is the annealing temperature in Kelvin, t is the annealing time in
seconds and cp is the phosphorus concentration in the gas phase given in vol.%.
From equation 2.4, for a constant P OCl3 concentration, the PSG thickness xP SG
is proportional to the square root of the deposition time t. The thickness xP SG
can be controlled by changing the time, temperature and adjusting the P OCl3
concentration which will result in a P2 O5 content diffusing toward silicon.
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Figure 2.2: Maximum solid solubility of P2 O5 in SiO2 as a function of temperature (according to [45]).

2.1.2

Diffusivity of phosphorus in silicon

A diffusion process of a dopant substance consists of either the movement of the impurity atoms or the displacement of silicon atoms. The main mechanisms of diffusion
are: interstitial and vacancy. For interstitial diffusion, dopant atoms in interstitial
positions jump to another interstitial site without replacing atoms in the lattice. For
vacancy diffusion, a substitutional dopant atom exchanges positions in the lattice
with a vacancy. Interstitial diffusion occurs at a higher rate than vacancy diffusion
since the supply of vacancies is limited. A third mechanism is named interstitialcy
where impurity atoms replace silicon atoms in the lattice and silicon atoms are displaced to interstitial sites [43]. Another way to express interstitiality is the following:
An interstitial silicon atom displaces a substitutional impurity atom forcing it to be
at an interstitial site [46]. Two mechanisms exist describing how impurities may
return to the lattice. The Kick-out mechanism where an impurity atom replaces a
lattice atom, and the dissociative or Frank-Turnbull mechanism where an interstitial
impurity atom is captured by a vacancy. These two mechanisms do not require the
presence of self-interstitials as is regulated by the interstitialcy mechanism.
A model to describe diffusion has been proposed by [47] which is based on the
assumption that the diffusivity of phosphorus in silicon is dominated by the vacancy
mechanism. According to this model, there are three regimes where diffusivity behaves differently depending on the concentration of dopant atoms. Figure 2.3 shows
different regions, e.g.: the high concentration region where the diffusivity of the impurity D ∝ n2 (n is the electron concentration) and the tail region where D ∝ n3e
(ne is the electron concentration at the plateau level).
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Figure 2.3: Phosphorus diffusion profile (according to Fair and Tsai, 1977).

With regard to the energy required for an impurity atom to diffuse around silicon
atoms or displace silicon atoms, [48] reports that interstitial diffusion requires a lower
energy than vacancy diffusion. The latter can be explained in that interstitial atoms
are not as strongly bound as substitutional atoms are [46]. The energy required to
jump from one site to another site is defined as the activation energy (Ea ). However,
for a vacancy mechanism the activation energy is defined as the energy required to
create a silicon vacancy instead of the energy required to move the impurity [41].
It was pointed out in [49] that atoms from Groups IIIA (B, Al, Ga...) or VA (N ,
P , As, Sb...) act as substitutional impurities in silicon. In the case of phosphorus,
when replacing a silicon atom, four d-electrons are bound to the silicon atom neighbors. The fifth electron is weakly tied to the Group VA atom (phosphorus). Thus,
when phosphorus occupies a substitutional position in the lattice doping silicon, the
fifth electron has an activation energy of ≈ 0.04 eV . Therefore, it can be easily
removed [50].
The set of equations constituting the vacancy mechanism model shown in the
following are found in [48] where a review of diffusion of impurities in silicon is given
(compare with figure 2.3).
The intrinsic diffusivity of phosphorus is given by the equation:
Di = 3.85 · exp(−3.66/kB T ) [cm2 /s]

(2.5)

In the high concentration region, the total phosphorus concentration is higher
than the active P concentration. The P + ions unify with V = vacancies (double
negative charge vacancy) to form P + V = pairs denoted as (P V )− and the extrinsic
diffusivity of phosphorus is given by the equation:
Dx = D0 + D= (n/ni )2 [cm2 /s]

(2.6)
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where D+ = 0, D0 = Di and D= is given by:
D= = 44.2 · exp(−4.37/kB T ) [cm2 /s]

(2.7)

The electron concentration for the kink region is found to be:
Ne = 4.65 × 1021 exp(−0.39/kB T ) [cm−3 ]

(2.8)

The diffusivity in the tail region is expressed by the equations:
n3e
[1 + exp(0.3/kB T )] [cm2 /s]
Ne2 ni
D− = 4.44 · exp(−4/kB T ) [cm2 /s]

DT ail = D0 + D−

(2.9)
(2.10)

In contrast to this discussion of the vacancy mechanism, there is a different point
of view in which the interstitial mechanism is proposed to play the major role in
phosphorus diffusion. In [51], it is pointed out that oxidation of silicon influences
the diffusion of phosphorus and that self-interstitials may be strongly involved in
diffusion of elements from Group-III and Group-V. A series of experiments were performed in [52] to determine whether phosphorus diffusion occurs via vacancy excess
or deficit. They obtained evidence of a simultaneous phenomena of vacancy undersaturation and self-interstitial supersaturation and concluded that the conversion of
phosphorus interstitialcy to substitutional form is due to emission of self-interstitials.
In [53] a model was proposed to explain enhanced diffusivity in the tail of a phosphorus doping profile.

2.1.3

Solid solubility of phosphorus in silicon

The maximum amount of phosphorus that can be brought into a silicon lattice has
been investigated, for instance in [54]. According to their experiments, there is a
limit above which no more phosphorus can exist in a silicon lattice in equilibrium
at a given temperature. Surpassing this limit, precipitation of monoclinic and orthorhombic SiP particles takes place in the highly doped region. The formation of
SiP particles can be represented by the equation 2.11:
Si + P → SiP

(2.11)

In [54], it is recalled that the inactive phosphorus occupies substitutional positions in the silicon lattice. A hypothesis to explain the presence of inactive P can
be the formation of point defects, called E centers, resulting in the dopant being
electrically inactive (an E center is defined as a pair consisting of a phosphorus
atom and a charged or neutral vacancy). If phosphorus is inactive, it does not contribute to current transport. For even higher P concentrations, P -precipitates begin
to grow. All inactive P act as defects increasing recombination losses and thus the
open circuit voltage drops [55]. The zone near the surface where electrically inactive
dopants exist is commonly referred as a “dead layer”. Considering figure 2.3, the
dead layer can be defined as the depth “xd ” for which n(xd ) = ne , where ne is the
concentration of active dopants at the plateau level. Several authors have previously
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investigated the presence, orientation and growing conditions of SiP precipitates.
For instance, in [56], it is found that indeed the precipitate in the diffused silicon
can be identified by electron diffraction as SiP and that presumably P precipitates
at the Si/SiO2 interface. Later on, [57] found evidence of the precipitation mechanism for electrically inactive phosphorus in silicon. The presence of these regions
with SiP precipitates has also been investigated in [58] by using several microscopy
methods.
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Figure 2.4: Active P , saturation and inactive mobile P concentration.

Figure 2.4 shows the active phosphorus concentration ne , saturation concentration Csat and the inactive mobile phosphorus concentration Csat − ne . The curves
were obtained by using the equations obtained by [54]:

ne (T ) = 1.3 × 1022 · exp(−0.37/kB T ) [cm−3 ]
Csat (T ) = 2.45 × 1023 · exp(−0.62/kB T ) [cm−3 ]

(2.12)
(2.13)

A model that accounts for the existence of electrically inactive phosphorus and
also for the kink and tail doping profile is given by [59]. In this work it is established
that phosphorus diffuses into silicon by interacting with vacancies in three different
charge states: P + V × , P + V − and P + V = where V × stands for a neutral vacancy, V =
for double negative charge vacancy and V − for single negative charge vacancy. When
the concentration is higher than Ne (see figure 2.3) the P + V = will dominate. Thus,
an electron will be removed from the conduction band by the P + V = pair and will
complete the second acceptor level of the vacancy generating an electrically inactive
phosphorus atom. Finally, in this work it is also concluded that when the concentration is approximately Ne the V = vacancy has higher probability of losing an electron
and becoming V − . Thus, the lower binding energy of the P + V − pair enhances the
probability of pair dissociation creating an excess of V − above equilibrium values.
The latter is responsible for the enhanced diffusion in the tail part.
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In addition, [60] conducted experiments to determine the nature of electrically
inactive phosphorus in silicon. They probed the hypothesis that point defects constitute electrically inactive centers. Their investigation led to the conclusion that
the phosphorus solid solubility corresponds to the electrically active concentration
in equilibrium with inactive phosphorus. Thus, inactive P was found to be in a
precipitated phase and not point defects since they do not affect electron mobility
even at high concentrations. The hypothesis that point defects were responsible for
electrically inactive P was thus refused where a discrepancy with the equation of
the total dopant concentration in [59] was found.
Finally, in [61] all models for phosphorus diffusion in silicon at the time were criticized. In that work, a more consistent model was proposed in which both mechanisms
discussed in this section were considered to participate in the diffusion process. The
vacancy mechanism for the slower diffusing component and the interstitialcy mechanism, for the faster diffusion mechanism (compare with [62]). According to their
findings, the electron concentration in the flat zone (at the solid solubility level) is
a function of the diffusion temperature only, independent of the source or surface
concentration. They recognize that phosphorus precipitates in the high doped region
near the surface due to P atoms entering in supersaturation. The supersaturation
of phosphorus arises from the fact that apart of PSG during diffusion, atomic P
is formed exceeding solid solubility. Thus, the precipitates are found to have SiP
composition and orthorhombic structure. By applying conservation of energy and
conservation of charge, [61] demonstrated that the P + V = can constitute at most
one half of the inactive phosphorus. The model found in [61] of phosphorus diffusion
also gives an expression to calculate the local rate of precipitation by agglomeration
of phosphorus interstitialcies (P P Ti ):

1/2
P P Ti = 2πN vm
[2Dpi (Pi − Pi∗ )]3/2 t1/2

(2.14)

where N stands for the density of precipitates, vm for the molecular volume of SiP ,
Dpi for a precipitation constant, and Pi for the density of interstitialcy phosphorus.

2.2

Diffusion barriers

The previous section described the diffusion from a liquid P OCl3 source performed
in a tube furnace. If the intention is to retard or to block phosphorus diffusion, a
masking layer can be created prior to the diffusion [63]. Thus, silicon dioxide can
act as a semitransparent or a full barrier against phosphorus species (phosphorus
oxide). Silicon dioxide can be grown in a quartz tube furnace where wafers are
exposed just to an oxidizing atmosphere at a certain oxidation temperature Tox
during an oxidation time tox . This process is called thermal oxidation. The oxide
created can mask against a subsequent phosphorus diffusion. Two conditions are
defined: a partial masking and a total masking condition.
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The concept of partial and total masking

Partial masking
The oxide layer is grown or deposited on the wafer surface and the subsequent
diffusion produces an emitter (n-type for a phosphorus diffusion in an p-type base).
To do that, the oxide layer and the diffusion parameters have to be adjusted and are
coupled. If the oxidation-diffusion parameters are such that they adequately permit
impurity atoms to reach the base region, then a p-n junction is formed. This case
is defined as a partial masking condition. By measuring with a 4-point probe device
and with an Electrochemical Capacitance Voltage profiler (ECV profiler) [64, 65],
the existence of an emitter can be determined, revealing a partial masking.
Total masking
If after growing an oxide layer on the wafer surface, no impurity atoms can diffuse
through it and reach the base region, no p-n junction is formed. This case is defined
as a total masking condition.

2.2.2

Silicon dioxide

Thermal oxidation of silicon
Thermal oxidation can be performed in a tube furnace in an oxygen or water gas
atmosphere under high temperature. Silicon wafers are located parallel to each other
inside a quartz boat. There are two regimes for thermal oxidation: dry and wet.
Dry oxidation
The reaction inside the tube furnace can be described by 2.15:
Si(s) + O2 (g) → SiO2 (s)

(2.15)

Wet oxidation
The reaction inside the tube furnace can be described by 2.16:
Si(s) + 2H2 O(g) → SiO2 (s) + 2H2 (g)

(2.16)

Oxide growth mechanism
The kinetics of oxidation can be modeled by considering three stages [66, 67] as
seen in figure 2.5. First, the transport of oxygen molecules12 in the gas phase to
the outer surface of the already formed silicon dioxide13 , i.e. the interface gas/oxide
(considered that Si can be oxidized by oxygen from the air producing a native oxide).
12

According to [68, 69], the oxidant transport through the oxide layer occurs, possibly, via
molecular oxygen.
13
The fact that it is the inward movement of the oxidant through the oxide which occurs and
not the outward motion of silicon atoms to the outer surface of the oxide was supported by [70, 71].
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This flux is denoted by J1 . Second, oxygen must diffuse through the initial oxide
to reach silicon with a flux J2 . Third, at the interface SiO2 /Si oxygen reacts with
silicon to form a new layer of SiO2 . This flux is called J3 . The oxidation of silicon
occurs until no more O2 can diffuse through the previously formed SiO2 to reach
Si. In that case, the O2 cannot react with Si since the diffusion coefficient of O2 has
been reduced.

O2
(gas)
Cg

J1

C0

SiO2
x0

Si

J2

J3

Cs
*
C

Ci

x

Figure 2.5: Sketch of the oxidation process (according to Deal and Grove, 1965 [66]). Cg is
the concentration of the oxidant in the gas phase, Cs is the concentration of the oxidant
adjacent to the oxide surface, C0 is the concentration of the oxidant at the outer surface
of the oxide, C ∗ is the equilibrium concentration of the oxidant in the oxide layer and Ci
is the concentration of the oxidant at the oxide/silicon interface.

In steady state conditions, J1 = J2 = J3 holds and leads to a differential equation
with the following general solution [66]:
A
x0 =
2

s

1+

t + τ0
−1
A2 /4B



(2.17)

where A = 2Def f (ks−1 +∗ h−1 ), B = 2Def f C ∗ /NO2 and τ0 = (x2i + Axi )/B, for which
Def f is the effective diffusivity of the oxidant, ks is the interface-reaction constant, ∗ h
a gas-phase transport coefficient, C ∗ is the equilibrium concentration of the oxidant
in the oxide layer and NO2 is the number of oxidant molecules incorporated into a
unit volume of the growing SiO2 layer and xi is the initial oxide thickness.
Two extreme cases can be considered: (i) a very long oxidation time where t >>
A2 /(4B) and t >> τ0 , and (ii) a short oxidation time where (t + τ0 ) << A2 /(4B).
Considering (a) and (b), equation 2.17 becomes [66]:
x20 = Bt , for the case (i), a long oxidation time.

(2.18)

x0 = B(t + τ0 )/A , for the case (ii), a short oxidation time.

(2.19)

In a linear regime, almost no reduction of the oxidant concentration through
the SiO2 film occurs which means Ci = C ∗ . This condition suggests that it is the
interface reaction and not the diffusion of the oxidant, what limits the oxidation rate
of the oxidation process. In the case of an increase of x0 , Ci decreases in order to keep
the concentration gradient constant. Whereas, for a large increase of x0 , Ci becomes
smaller than the equilibrium concentration C ∗ and the concentration gradient starts
to decrease and thus, also the oxidation rate, resulting in a transition from linear to
parabolic grow regime [72].
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Concerning the cleanness of the silicon surface, [73] pointed out that an etch in
HF before the oxidation can enhance the oxidation rate due to the modification of
chemical bonds at the surface (OH − and H + bonded silicon). It was also determined
that the oxide thickness measured by ellipsometry immediately after HF etch can
be x0 = 0.7 nm.
Oxide growth on different surfaces
The oxidation of a planar silicon surface occurs at any site perpendicular to the
surface and parallel to the growth of neighboring regions. The oxidation of concave
and convex surfaces occurs at any site perpendicular to the surface but cannot be
parallel to neighboring regions, for example on textured surfaces. The consequence
of a concave surface is that the growth of oxide with growing neighboring sites
produces a compressive stress in the SiO2 layer and a tensile stress in silicon. For
the case of a convex surface, the growth of oxide with the growing neighboring sites
produces a tensile stress in SiO2 and a compressive stress in silicon [74] (figure 2.6).
The final effect of stress on SiO2 is the delay of the oxidation rate. The diffusion
coefficient of O2 in silicon depends on stress. For a concave surface under compressive
stress the oxidation rate is reduced. For a convex surface, the retardation from stress
is not present but the increase of Si-SiO2 area produces the same effect of reducing
the oxide growth [74].
In [75], it was also reported that thermal oxidation of silicon takes place by the
diffusion of oxygen where a new oxide layer is formed at the oxide-silicon interface.
Due to the differences in the volume of oxide created and volume of silicon consumed, stress is generated at the oxide/silicon interface. The stress can be released
by deformation of the oxide. Note that in [74], the oxide thicknesses used for investigation were larger than 350 nm and up to the order of 500 nm for textured
surfaces.

(a)
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Compressive stress
in SiO2

Tensile stress
in SiO2
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in Si

Si

Compressive stress
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Figure 2.6: Sketch of the oxide growth. (a) On a concave surface. (b) On a convex surface.

In order to elaborate a more complete model of the oxide growth, further features
must be taken into account. The doping of the substrate and the surface orientation
are also involved in the oxidation rate. It was reported that the linear (B/A) and
parabolic (B) oxidation rates are larger on highly doped silicon with phosphorus or
boron compared to lightly doped silicon [76]. It was also pointed out that B/A and
B are larger for an oxide growing on (111)- than on (100)-oriented silicon.
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Influence of a silicon dioxide/silicon system
The mechanisms described above for SiO2 to grow can form the basis to explain the
relation between the oxidation rate and the interface charge density, substrate doping and Oxidation Enhanced Diffusion (OED) and growth/re-growth of OxidationInduced-Stacking Faults (OSF) [72].
In [46], it was established that the diffusivity of impurities depend on the concentration of vacancies. In [77] and [78], it was pointed out that the oxidation causes a
high concentration of excess interstitials which are generated near the oxide/silicon
interface. According to [79], the number of silicon interstitials can be 1 × 1015 cm−2 .
The excess interstitial atoms constitute point defects decreasing with depth due to
the vacancy interstitial recombination. The effect of the excess interstitial concentration produced by the oxidation increases the diffusivity of phosphorus near the
surface. For that reason, the impurities may primarily diffuse by the interstitiality
mechanism.
The number of point defects decreases if they agglomerate becoming a larger
defect. During thermal oxidation, Oxidation-Induced-Stacking Faults (OSF) can be
created. These structures are 2D defects. Usually OSF are located in {111} planes.
The stacking faults caused by oxidation can result in rapid diffusion of dopants. The
presence of OSF has been observed to be reduced for high oxidation temperatures
and long oxidation times. The latter can be explained since dopant redistribution
takes place at these prolonged high temperature regimes. In [77], it was also reported
that apart from the OSF formation, an Oxidation-Enhanced-Diffusion (OED) can
arise leading to diffusing phosphorus via both vacancies and self-interstitials.
When thermal oxidation is performed to create a SiO2 layer and then diffusion
through it is carried out, segregation of dopants from the oxide to silicon takes place.
The SiO2 /silicon interface was treated as an interface layer where redistribution of
dopants occurs. It was reported [80] that phosphorus piles up in the interface layer
and that it is confined to 2 to 6 nm. The pile up results, to an extent, in electrically
inactive dopants which fills and depletes a fixed density of interface traps. These
features may result in the above mentioned SiP particles (section 2.1.3). Figure 2.7
illustrates that interface layer model of segregation.
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Figure 2.7: Sketch of the interface layer (according to [80]).
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The quantities t1 and t2 are the trapping probability from the SiO2 layer and
from silicon, respectively. Likewise, e1 and e2 are the emission probability into SiO2
and into silicon, respectively. The width of the interface layer is designated as δ. The
quantities C1 and C2 represent the dopant concentrations at the interface in SiO2
and in silicon, respectively.
According to [80] the segregation coefficient and the transport of impurities in
the interface layer are related via the trapping and the emission rates (t1 , t2 , e1
and e2 ). The model also agrees with the observed fact that the pile up phenomena
reaches a maximum at a certain point where dopants fill trap sites. A validation of
this model can be found in [81]. In addition, [82] performed an investigation related
to the doped silicon/silicon dioxide interface concluding that acceptors or donors
induce interface states and oxide charges at the interface.

2.2.3

Diffusion through silicon dioxide

The whole process of diffusing through an oxide barrier can be summarized as follows. First, the p-type starting material is thermally oxidized in a tube furnace so
that a layer of solid SiO2 is grown on both sides of the wafer. Then, phosphorus
diffusion is carried out. Silicon dioxide is completely effective masking P2 O5 in gas
phase. According to the diffusion dynamics described in this chapter, liquid P2 O5 is
formed on top of the SiO2 layer during the pre-deposition stage (equation 2.1). At
this stage, the p-type silicon wafer is surrounded by solid SiO2 and P2 O5 . In [83], the
diffusion of phosphorus in silicon dioxide films using p-type silicon substrates was
investigated. In that work, the system P2 O5 (gas)-SiO2 and Si was experimentally
studied and a theoretical treatment was proposed. The model obtained is based on
boundary conditions of segregation of the phosphorus species at the oxide/silicon
interface. In [84], this model was utilized for studying diffusion of boron through
silicon dioxide barriers.
It is pointed out that a reaction between SiO2 and phosphorus occurs forming a
phosphorus glass of a unknown composition Px Siy Oz (referred to PSG with composition xP2 O5 · ySiO2 , as described in subsection 2.1.1) at the silicon dioxide/silicon
interface. Between the glass and unreacted SiO2 is found a sharp boundary that
prevents diffusion. Their experiments showed that both, the growth of SiO2 and
the growth of the glass follow a parabolic law with respect to oxidation time. The
diffusion of the phosphorus species (phosphorus oxide) in the Px Siy Oz limits the
growth of the glass. In that case, no more diffusant is left to diffuse in the unreacted silicon dioxide. From the experimental evidence found by [83], it is possible to
express the idea of a parabolic law through equation 2.20, where the square of the
oxide or glass thickness is directly proportional to the exponential of the negative
ratio between the activation energy and the Boltzmann constant multiplied by the
absolute temperature:
(oxide or glass thickness)2 ∝ exp(−constant/kB T )

(2.20)

The constant is defined as the activation energy Ea needed to allow this process
to take place. The activation energy can be obtained by plotting the logarithm of

30

Chapter 2. Fundamentals

the oxide or glass thickness versus the reciprocal of the temperature. Then, the slope
in the plot verifies (slope) = −Ea /2kB .
In [83], it was proposed that in a partial masking condition phosphorus or phosphorus oxide diffuses through the glass with a diffusion coefficient D1 . The diffusion
of phosphorus in the p-type silicon follows with a diffusion coefficient D2 . Thus, a
p-n junction underneath the glass is formed. In other words, in this model the phosphorus species (phosphorus oxide, P2 O5 ) reacts with SiO2 to form phosphorus glass
with increasing thickness as the time goes on, until the whole SiO2 is converted into
PSG. A two-boundary diffusion model for partial masking was developed in that
work by solving Fick’s laws and setting proper boundary conditions (see figure 2.8).
Vapor P2O5
D1

D2
glass

SiO2
boundary

n-type emitter
p-type base

Figure 2.8: Sketch of a sample after diffusion through thermal SiO2 .

Two-boundary model for a partial masking
As shown in this section, phosphorus species need to diffuse through the phosphorus glass layer with diffusion coefficient D1 and reach the p-type region with a
diffusion coefficient D2 to form a p-n junction behind the glass. In [83], the question
of when silicon dioxide begins to fail against P2 O5 was experimentally investigated
by two methods. First, by growing different oxide thicknesses, fixing the diffusion
time and performing diffusions at several closely spaced temperatures. Second, by
fixing one oxide thickness, varying the diffusion temperature and determining the
time of masking. With the failure condition, it was verified experimentally that the
following relation holds (equation 2.21):
xSiO2
L= q
2 D1 tdif f

(2.21)

Where L is a function of the boundary condition at the vapor/SiO2 interface for
a complete reaction at the glass/SiO2 interface, xSiO2 is the silicon dioxide thickness,
D1 is the diffusion coefficient corresponding to the diffusion through the glass and
tdif f is the diffusion time. The equation for D1 can be written as:
D1 = D0 · exp(−Ea /kB Tdif f )

(2.22)

Where D0 is a pre-exponential diffusion coefficient, Ea is the activation energy
for this process and Tdif f is the diffusion temperature. Equation 2.21 and 2.22 can be
combined to obtain the SiO2 thickness depending on the diffusion time and diffusion
temperature (equation 2.23 where D1∗ is a new constant equal to 4D0 L2 ).
x2SiO2 /tdif f = D1∗ · exp(−Ea /kB Tdif f )

(2.23)
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Defining n(x, t) as a general term for the diffusant concentration of the phosphorus species depending on thickness and time: let Ns0 be the surface concentration
of the diffusant at the glass surface, n1 (x, t) the concentration of the diffusant as a
function of the thickness and time in the formed P -glass region, Ns be the surface
concentration of phosphorus on silicon at the glass/silicon interface and n2 (x, t) the
concentration of the diffusant as a function of the thickness and time in silicon (see
figure 2.9).
Region I

Region II

n(x,t)
glass

silicon

Ns0
n-type

p-type

n1(x,t)

Ns
n2(x,t)
n(xj) = n3

x = -x0(t)

x=0

x = xj

x

Original growth oxide

Figure 2.9: Sketch of the system SiO2 /P -glass/silicon (according to [83]).

The region between x = −x0 and x = 0 defines the glass, where x0 is the original SiO2 thickness. The mathematical treatment to obtain the solutions of Fick’s
equations given the boundary conditions was based on [85] where the mathematics
of diffusion are studied in detail. These mathematics were used in [83]. Only the
solutions from the found mathematical treatment are given in this thesis.
A remark regarding the curves which are obtained by [83] concerning the diffusion
through silicon oxide has to be made. The model cannot generate kink and tail
doping profiles because it does not consider the diffusion mechanisms discussed
before (vacancy and interstitialcy). However, this model allows for understanding
the diffusion through barriers when the position of the separating boundary between
glass and silicon is moving.
The solution of Fick’s equations 14 for region I (see figure 2.9) according to [83]:

n1 (x, t) = Ns0

∞
X
n=0



αn erf c

(2n + 1)x0 − x
(2n + 1)x0 + x
√
√
− α · erf c
2 D1 t
2 D1 t



(2.24)

The solution of Fick’s equations for region II (see figure 2.9) according to [83]:
14

The solutions of Fick’s equations contain complementary error functions (erf c) which are
based on error functions
(erf ). The complementary Rerror function is defined as erf c(x) = 1−erf (x)
Rx
∞
and erf (x) = π2 0 exp(−t2 )dt. Thus, erf c(x) = π2 x exp(−t2 )dt.
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∞
X

n2 (x, t) = m(1 − α)Ns0

αn erf c

n=0

(2n + 1)x0 + rx
√
2 D1 t

(2.25)

q

Where α = (m − r)/(m + r), r = D1 /D2 and m is the segregation coefficient of
phosphorus at the phosphorus glass/silicon interface given by m=n2 (x=0)/n1 (x= 0).
The value of Ns can be obtained from 2.25 by setting x = 0:
Ns = n2 (0, t) = m(1 − α)Ns0

∞
X
n=0

αn erf c

(2n + 1)x0
√
2 D1 t

(2.26)

The condition at the p-n junction can be obtained from 2.25 by setting x = xj
and n2 (xj , t) = n3 , where xj is the junction depth:
n3 = m(1 − α)Ns0

∞
X
n=0

2.2.4

αn erf c

(2n + 1)x0 + rxj
√
2 D1 t

(2.27)

Phosphorus concentration at the glass/Si interface

Using equation 2.26, the surface phosphorus concentration Ns as a function of the
glass thickness (x0 ) can be studied. The plotted values in the vertical axis correspond to the ratio of the phosphorus concentration at the glass/Si interface and the
phosphorus concentration at the glass surface multiplied by m(1 − α). This ratio
is shown as a function of the oxide thickness x0 . Assuming several values for r/m,
different curves are summarized in figure 2.10. The calculated curves shown in this
figure were obtained with Matlab v7.0. The used code is shown in section A of the
appendix. In the work of [83], the calculation was performed for r/m values equal
to 0.05, 0.1, 0.15, 1 and ∞ which correspond to m values of 6.8, 3.4, 2.3, 0.34 and
0, respectively. Those values are taken for the calculation illustrated in figure 2.10.
The used diffusion coefficient D2 (P in Si) corresponds to a temperature of 850o C
taken from theqdiffusivity curves found in [48]. Then, using r = 0.34 found by [83]
and since r = D1 /D2 , D1 can be calculated. The calculation was performed for 30
min diffusion time.
Figure 2.10 shows that for all oxide thicknesses (x0 ) the P concentration at the
interface is large for r/m < 1 or segregation coefficients m > 1. That is the case
when the glass tends to reject P atoms (the smaller value of r/m or higher m the
higher P concentration at the interface). Conversely, on the other hand if the glass
tends to maintain P atoms (r/m ≥ 1 or m ≤ 1) then the interface will contain less
phosphorus. For m = 1 the curve representing the P concentration at the interface
as a function of x0 follows a erfc function. For thicker oxides (x0 ≥ 50 nm for 30
min diffusion time) the curves tend to be together indicating a weaker dependency
of the P concentration on the segregation coefficient for increasing values of x0 . The
peak values in the curves shown are approximately the same as those found in [83]
since the same values for r/m were used.

N o rm a liz e d c o n c e n tra tio n a t th e g la s s /S i in te rfa c e
N s / m ( 1 - α) * N s 0
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Figure 2.10: Normalized concentration of P at the glass/silicon interface as a function of
the SiO2 thickness (x0 ) diffusion at 850o C for 30 min and 5 min.

2.2.5

Simulated doping profiles

By using equation 2.25, the model was used to simulate doping profiles. The simulation aims to show the capabilities and limitations of the model. A phosphorus
concentration at the glass surface Ns0 = 1 × 1020 cm−3 (see figure 2.9) and 30 min
diffusion time are assumed. The emitter profiles were obtained for initial SiO2 thicknesses of x0 = 0, 10, 20, 40, 80 and 100 nm and for different segregation coefficients
(m equal to 34, 6.8 and 3.4). The used diffusion coefficient D2 (P in silicon) corresponds to a temperature of 850o C taken from the diffusivity curves found in [48].
Then, using the r = 0.34 as in section 2.2.4.
Using the parameters mentioned above, the doping profiles for different values
of m are plotted in figures 2.11a, 2.11b and 2.11c. All cases represent the case when
m > 1. The simulated curves have in common that for a diffusion without any oxide
previously grown (x0 = 0), the surface concentration and depth are maximum. When
growing an initial oxide of thickness x0 = 10 nm, the surface concentration and
depth are sharply decreased. For increasing initial oxide thicknesses x0 equal to 20,
40, 80 and 100 nm, the curves shift toward the origin. Thus, reducing the segregation
coefficient m, the general tendency is that all curves or profiles are displaced to lower
concentrations and to lower depths. As seen before, a low segregation coefficient m
means that P atoms accumulate in the glass produced by a pile up in it.
Note that in figures 2.11a and 2.11b, carrier concentrations close to 1021 cm−3
are obtained. These concentrations violate the admissible active phosphorus by solid
solubility at 850o C (equation 2.12 and 2.13). Therefore, care must be taken when
using the model to predict doping profiles. It follows that the profile in figure 2.11c
more closely represents an approximation to reality. In this way, correct values for
m, the segregation coefficient, can be found.
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(b)

(a)

(c)

Figure 2.11: Phosphorus concentration in silicon as a function of the depth x. (a) for
m = 34, (b) for m = 6.8 and (c) for m = 3.4.

Three
Emitter from diffusion through thermal
silicon dioxide
3.1

Introduction

This chapter describes experiments consisting of diffusion through silicon dioxide for
homogeneous emitters. The oxide films are grown by means of dry thermal oxidation
in a tube furnace. The main goals are to study solar cells with emitters achieved
by diffusing through oxides films, to evaluate properties such as contactability and
losses, and to show that these cells can yield high efficiencies. Two approaches are
used: first, carrying out oxidation and phosphorus diffusion in two steps (section
3.2), which means two processes. Second, performing oxidation and diffusion in a
single process in the P OCl3 tube furnace (section 3.3).

3.2

Oxidation and diffusion performed in two
steps

After the cleaning steps described in section 1.6, textured wafers were oxidized
and diffused separately, i.e. SiO2 films were grown in the oxidation tube furnace.
Subsequently the wafers were unloaded from the oxidation boat and loaded into the
diffusion boat to be further processed in the diffusion tube furnace. In order to gain
knowledge about this approach: first, samples were prepared for investigating the
formed P -Glass after diffusion (subsection 3.2.1) and for determining emitter profiles
(subsection 3.2.2). Second, solar cells were produced (IV results are presented in
subsection 3.2.3) and an investigation of the contact formation from these cells was
carried out (subsection 3.2.4). Third, the influence of the peak firing temperature
on cell performance was investigated (subsection 3.2.5) and the spectral response of
selected cells was determined (subsection 3.2.6).

3.2.1

Microscopy of the oxide/P -glass system

After diffusing through SiO2 , samples were prepared for SEM analysis where the
thickness of the resulting phosphorus glass (P -glass) from the system SiO2 /P -glass
35
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was measured as shown in figures 3.1 and 3.2. Solar cells with low and high sheet
resistances were produced, and the results of which are shown in tables 3.3 and 3.4.
Figure 3.1 15 illustrates in image (a) the valley between two pyramids with a thin
layer of a dielectric which is the resulting glass after diffusing through a thermally
grown SiO2 as described by Sah in chapter 2. Image (b) shows the same position
as (a) with measurements of thickness of the layer. The dielectric is at the side
edge between 50 nm and 60 nm, whilst the bottom or valley is thicker measuring
approximately 130 nm (compare with [86]).
Figure 3.2 16 corresponds to the same sample of figure 3.1 and shows the top
of a pyramid with the dielectric layer appearing as thin, or just a few nanometers
thinner than the side edge. Images (b) and (c) show measurements according to two
different criteria to determine the thickness. In (b) the thickness is determined until
the bright color of the dielectric fades at the top. In (c) the glass may be thinner
than that indicated in (b) considering the curvature or form of the glass from the
bottom. The thickness of the dielectric at the tip of the pyramid is in the range of
40 nm to 60 nm and in the range of 55 nm to 65 nm at the edge.

(a)

(b)

62 nm
52 nm
131 nm

Figure 3.1: Cross section of a wafer from diffusion through thermal SiO2 .

(a)

(b)

58 nm (c)

66 nm 58 nm 66 nm

42 nm

59 nm

Figure 3.2: Cross section view of a wafer from diffusion through thermal SiO2 .

The measurements of the glass thickness shown in figures 3.1 and 3.2 suggest
that the glass is thicker in the valleys and thinner at the tips but also thin at the
15

The SEM images in figure 3.1 were taken at Fraunhofer ISE by Mr. U. Jäger. The sample
preparation was carried out by Mr. A. Kimmerle. Special acknoledgements are given to Dr. A.
Wolf and Dr. D. Biro for their collaboration.
16
SEM images in figure 3.2: same as SEM images in figure 3.1.
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edges. The resulting silicon dioxide grown during the oxidation process (before P diffusion) could have been thinner at the edges since, as already described in chapter
2, PSG grows on SiO2 (SiO2 converts into PSG according to the reaction expressed
by equation 2.3). Thus, the resulting P -glass after diffusing through oxide would be
thicker in the regions where SiO2 was also thicker.
Some questions arise from this measurement: 1. Is there a micro-selective emitter,
i.e. are small regions more doped than others (edges of pyramids more doped)? 2.
Is there any influence on the contact formation?
Recalling the fundamentals of diffusion, it has been already reported that during
the diffusion process (references of chapter 2) the phosphorus species exist in a
liquid phase on solid SiO2 and on a liquid-solid mixture between SiO2 and PSG.
Phosphorus needs to diffuse from this liquid-solid system toward silicon through solid
SiO2 +P2 O5 and pure SiO2 to create an emitter (see figure 2.1 in section 2.1.1). The
latter was depicted by using the Sah Model in chapter 2 where figure 2.9 showed
that dopants must diffuse through the resulting P -glass created after diffusion with
a diffusion coefficient D1 and through silicon with a diffusion coefficient D2 . Thus, a
thinner initial SiO2 created by thermal oxidation may support a heavier P -diffusion
on the edges.
For a general case of a P -diffusion on texturized wafers with <111> planes, at
the top part of the pyramid four of these different planes intercept/emerges at the
pyramid tip. At this point, after P -diffusion dopants could have a larger probability
to move to one of the four planes and diffuse into silicon since the tip offers less
surface where an oxide barrier can be grown and thus, dopants may more easily
diffuse into Si. On the contrary, the bottom or regions between the valleys have a
larger surface and planes which lay beside each other resulting in a thicker oxide
growing and masking diffusion in a more efficient way than at the pyramid tips. In
this scenario, it would be expected to find more silver crystallites where diffusion
was stronger due to a possible higher P -concentration supporting contact formation
(i.e. formation of Ag crystallites, see section 3.2.4).

3.2.2

Emitter profiles

Electrochemical Capacitance Voltage (ECV) measurements were carried out on standard emitters17 and emitters from diffusion through SiO2 . The measured samples
are listed in table 3.1, in which the time and the temperature for oxidation and temperature for diffusion are specified. The times indicated for a diffusion correspond
to the pre-deposition “tpre ” and drive-in “tdrive ” (in that order).
Standard emitters were produced with no oxidation prior to the pre-deposition
and drive-in stages of the diffusion, explaining the low sheet resistance from diffusion
850o C / 20-5 min (standard 55 Ω/sq emitter sheet resistance) compared to the same
diffusion through an oxide from oxidation 820o C / 5 min and 865o C / 5 min which
resulted in 78 Ω/sq and 97 Ω/sq, respectively. The high temperature 885o C led to
the most heavily doped emitter (18 Ω/sq). The emitter with 66 Ω/sq also used in
section 3.3 and was achieved with a diffusion for which the temperature for pre17

Standard emitter is defined here as an emitter from P OCl3 diffusion without having previously
created any oxide barrier and without any structuring or masking step.
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deposition “Tpre ” was lower than the temperature for the drive-in “Tdrive ” stage.
All other emitters were produced with diffusions where the temperature for the predeposition and drive-in stages were the same. The table indicates that the emitters
with the highest sheet resistances were created either by increasing the oxidation
temperature or the oxidation time.
Rsheet [Ω/sq]
18
40
55
66
105
78
97
103
160
306

Ox. Temp. [o C] /
Ox. Time [min]
no oxidation
no oxidation
no oxidation
no oxidation
no oxidation
820 / 5
865 / 5
820 / 5
865 / 85
865 / 95

Diff. Temp. [o C] /
Diff. Time [min]
885
865
850 / 20, 5
Tdrive -Tpre =65o C
815 / 15, 10
850 / 20, 5
850 / 20, 5
840 / 40, 5
840 / 40, 5
840 / 40, 5

Table 3.1: Oxidation and diffusion time/temperature.

Figure 3.3 shows the emitter profiles of the emitters from table 3.1. The data
points were fitted with an algorithm to estimate their plateau18 and junction depth.
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Figure 3.3: Emitter profiles of standard emitters and emitters from diffusion through SiO2 .

18

The plateau is indicated as a nearly constant density of active dopants from the surface up
to the thickness where the abrupt change in concentration occurs (compare with figure 2.3).
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Standard emitters exhibited deeper profiles and thicker plateaus [87] than emitters from diffusion through SiO2 , except the standard emitter with 105 Ω/sq. The
standard emitters with 18 Ω/sq, 40 Ω/sq and 55 Ω/sq showed larger plateaus and
junction depths than the emitters with smaller sheet resistances. This feature can
be particularly beneficial for contacting solar cells (see measurements of the specific contact resistance in section 3.2.5). A comparison of the profiles reveals that
the shape of the emitter profile determines the resulting sheet resistance and not
necessarily the surface concentration. For instance, the emitter with 160 Ω/sq from
diffusion through SiO2 exhibited a plateau at a similar concentration level as emitters with 78 Ω/sq, 103 Ω/sq from diffusion through SiO2 and the standard emitter
with 105 Ω/sq. However, the plateau of the emitter with 160 Ω/sq was approximately 15 nm and the concentration sharply decreased resulting in a junction depth of
100 nm. In can be seen than the emitters with 78 Ω/sq and 103 Ω/sq evidenced
plateaus of the same order (20 nm) but deeper profiles reaching at least 200 nm.
Emitters with low sheet resistances here seem to imply larger plateaus and deeper
profiles than those with high Rsheet values. This statement can not be generalized
because several parameters can influence a doping profile such as the time and
temperature for the pre-deposition and drive-in stages, and the gas fluxes used as
described in chapter 2. An example can be identified when comparing the standard
emitter with 66 Ω/sq and the emitters from diffusion through SiO2 with 78 Ω/sq
and 97 Ω/sq, for which from 70 nm the profiles coincided up to approximately 150
nm. However, from 0 nm (the surface) up to 70 nm the profiles’ shape and plateaus’
depth became different. Another example is found when comparing emitters with
160 Ω/sq and 306 Ω/sq from diffusion through SiO2 for which from the surface up
to 40 nm, these emitters exhibited different concentrations. Note that the surface
concentrations for all profiles in figure 3.3 were not smaller than 1 × 1020 cm−3 ,
even for the shallowest emitter (306 Ω/sq). The nature of the emitter profiles can
play a role during solar cell processing. In section 3.2.5, the influence of varying the
peak firing temperature in the solar cell performance was investigated and different
emitters were tested for this purpose.
The characterized emitters are summarized in table 3.2 with the corresponding
estimated plateau depth (xplateau ), junction depth (xj ), surface concentration (Ns )
and peak concentration (Npeak ). The values of Npeak are given because the ECV
profiler can produce some error in the measurement, thus Ns 6= Npeak is found for
some cases. For instance, emitters with 18 Ω/sq and 40 Ω/sq are situations in which
Ns and Npeak exhibit an inverse correlation.
It is seen that the plateau and junction depth decreased with increasing sheet
resistance. Table 3.2 gives also evidence that the profiles’ shape determined the
resulting sheet resistance (as described above). For example, emitter with 78 Ω/sq
and 105 Ω/sq exhibited similar surface and peak concentrations but a different
location of the their junctions produced by a faster diffusion of dopants, possibly
due to the diffusion at higher temperature (850o C for 20, 5 min) through an oxide
from the oxidation at 820o C for 5 min to obtain 78 Ω/sq compared to the diffusion
at 815o C for 15, 10 min to create 105 Ω/sq.

40

Chapter 3. Emitter from diffusion through thermal silicon dioxide
Rsheet [Ω/sq] xplateau [nm] xj [nm] Ns [cm−3 ] Npeak [cm−3 ]
18
150
600
4.3 × 1020
6.4 × 1020
20
40
65
330
5.6 × 10
5.8 × 1020
55
50
280
5.6 × 1020
5.7 × 1020
20
66
40
250
2.6 × 10
3.0 × 1020
105
25
170
3.1 × 1020
3.3 × 1020
78
20-30
220
3.6 × 1020
3.6 × 1020
20
97
25
200
2.4 × 10
2.4 × 1020
103
20
200
2.4 × 1020
3.4 × 1020
160
15
100
3.5 × 1020
3.7 × 1020
20
306
10
90
1.0 × 10
1.0 × 1020
Table 3.2: Extracted depth and concentration values from the ECV measurements.

3.2.3

Solar cell performance

A new set of experiments was carried out to produce solar cells with standard
emitters and emitters from diffusion through thermal SiO2 . These cells were also
used to prepare samples for investigating contact formation (subsection 3.2.4).
Tables 3.3 and 3.4 summarize IV measurements for cells with standard emitters
and cells with emitters from diffusion through thermal SiO2 , respectively. The table
shows average, standard deviation, best cell, and number of cells for each group.
Regarding the metalization, pastes DuPont PV147 (Ag) for the front side grid,
Ferro 3398 (AgAl pads) and monocrystal 12D (Al) for the rear side were utilized.
Rsheet [Ω/sq]
52 ± 1.4
(best)
64 ± 1.5
(best)
77 ± 2
(best)
110 ± 2.7
(best)
120 ± 2.1
124 ± 3.3
(best)

η [%] Jsc
17.3
±0.03
17.3
17.5
±0.04
17.6
17.5
±0.2
17.6
17.0
±0.1
17.1
16.8
15.6
±0.4
16.1

[mA/cm2 ] Voc [mV ] F F [%]
35.4
621.3
78.6
±0.08
±0.5
±0.09
35.5
621.0
78.5
35.8
622.6
78.4
±0.09
±0.6
±0.08
36.2
624.6
77.8
36.0
623.1
77.8
±0.2
±2.5
±0.2
36.1
625.1
78.0
36.3
620.8
75.4
±0.05
±1.4
±0.4
36.3
622.0
75.7
36.7
622.5
73.6
36.5
621.3
74.0
±0.3
±2.3
±7.9
36.3
614.8
72.2

# cells
5

5

5

3

1
5

Table 3.3: IV-measurements for cells with standard emitters.

Table 3.4 shows that cells from groups with 64 Ω/sq and 77 Ω/sq reached the
highest efficiencies with the same average and best cell. The group with the lowest
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emitter sheet resistance (52 Ω/sq) achieved the best fill factor values due to a low
contact resistance (ρc < 5 mΩcm2 up to a Rsheet value slightly lower than 110 Ω/sq
seen in figure 3.18) and values of Voc as low as those for the high ohmic emitters (110
Ω/sq to 124 Ω/sq). With increasing emitter sheet resistances, F F values dropped
due to a high contact resistance (ρc > 10 mΩcm2 for Rsheet > 110 Ω/sq) and Jsc
increased due to a better blue response (compare with internal quantum efficiency
in figure 3.23) but saturated at a value of ≈ 36.5 mA/cm2 .
Rsheet [Ω/sq]
65 ± 2
(best)
72 ± 4
(best)
82 ± 6
(best)
90 ± 2
(best)
100 ± 8
(best)
113 ± 10
(best)

η [%] Jsc
17.4
±0.06
17.5
17.4
±0.2
17.5
17.5
±0.2
17.8
17.5
±0.04
17.6
17.5
±0.1
17.6
12.0
±0.6
12.9

[mA/cm2 ] Voc [mV ] F F [%]
35.6
623.5
78.4
±0.1
±0.7
±0.1
35.7
624.8
78.4
35.8
625.0
77.7
±0.1
±0.8
±0.9
35.8
626.3
78.1
36.1
624.9
77.8
±0.03
±2.0
±0.4
36.4
628.4
77.9
36.3
624.9
77.1
±0.06
±0.6
±0.2
36.4
625.9
77.1
36.3
626.3
76.9
±0.06
±0.9
±0.4
36.3
625.8
77.3
36.0
614.4
54.2
±0.08
±3.8
±2.9
36.0
611.6
58.5

# cells
6

5

5

11

35

6

Table 3.4: IV-measurements for cells with emitters from diffusion through thermal SiO2 .

Table 3.4 shows that cells with emitters from diffusion through silicon dioxide
behaved similarly to standard emitters: the group with lowest Rsheet (65 Ω/sq) led to
the highest F F and the lowest Jsc values, and the highest Rsheet led to the highest
Jsc values (maximum of ≈ 36.4 mA/cm2 ). The Voc of the group with 65 Ω/sq
was just slightly higher than that for the equivalent group with standard emitters
(Rsheet = 64 Ω/sq) with a gain of ≈ 1 mV compared to the average Voc values.
However, the optimum performance was obtained in the group with 82 Ω/sq where
maximum Jsc and Voc values and high F F were achieved. Although F F was 0.6%
lower than the maximum average value reached with 65 Ω/sq (78.4%).

3.2.4

Contact formation

Silver crystallites were investigated as these can play major role in the current transport of solar cells [88, 89, 90] (compare with section 1.2). In these studies, the physical
mechanisms for the silver crystallites to grow and the chemical reactions involved,
were treated. When the firing step is in cooling down, excess silicon contained in the
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glass recrystallizes epitaxially on the substrate and Ag crystallites grow randomly
on silicon surfaces with 200-500 nm diameter and an average penetration of 130
nm [90]. Once the firing step ends, the glass contained in the paste results in a non
homogeneous isolating layer as shown in figure 3.4. The current transport between
the Ag bulk (the sintered Ag particles which constitute the Ag fingers and busbars)
and Si can occur: (a) via direct connections between the Ag crystallites grown in
silicon and the sintered Ag bulk, (b) via tunneling through very thin isolating glass
regions, (c) multi step tunneling or (d) via metal precipitates created in the glass
[91, 92]. These mechanisms are depicted in figure 3.4 where the contact system is
organized as follows: Si substrate, Ag crystallites on the Si surface, glass layer and
Ag bulk on top (sintered Ag). For highly doped emitters, i.e. concentrations are
higher than 1020 cm−3 , the Ag crystallites act as individual local ohmic contacts to
the emitter (see current transport mechanisms between metal and semiconductor
in section 1.3 and this subsection). Another explanation for the current transport
is the tunneling mechanism supported by nano Ag colloids [93, 94]. In these works,
the Ag crystallite formation was treated as an over firing condition.

(a)

Silver bulk
(sintered Ag)

Multi step tunneling
via metal precipitates

Tunneling
through thin
glass

(b)
Metal & Si
precipitates
Glass
layer
SiNx
Ag
Ag-crystallite

n-type
silicon

Glass

Direct
contact

Ag crystallite
p-type silicon

Silicon

Figure 3.4: (a) Possible current transport mechanisms (according to [91]). (b) TEM image
of a small portion of a metalized cell. The Ag bulk, a Ag crystallite, glass layer and silicon
substrate are recognizable (courtesy of E. Cabrera, Silicon FOREST Workshop, 2011).

The ingredients that constitute the paste and in particular the chemistry of the
glass frit, in combination with the firing conditions have been reported to be crucial
for the contact quality and loss features in the solar cell [95]. The behavior of the
glass frit with its chemistry and the firing conditions was theorized by [96]. It was
shown that a glass frit transition temperature Tg , which is characteristic to the
paste, defines the final structure of the contact. Tg is the temperature at which the
glass frit becomes liquid. A glass frit with a high Tg (less fluid) and a rapid firing
step generally leads to thin glass regions between the Ag bulk and Si. Thus, small
Ag crystallites can grow in the contact interface enabling the current transport via
(b) tunneling through a thin glass promoting high Voc values due to a low junction

3.2. Oxidation and diffusion performed in two steps

43

current density (J02 ) and reduced shunting. A glass frit with a low Tg (becomes fluid
more easily) can end in a thicker glass which separates Ag bulk and the emitter
because the glass flows in a early stage, rapidly supporting the interaction with Ag
particles for a longer time and dissolving too much Ag before sintering. A thick glass
isolating layer would imply low probability for the current transport via (c) multi
step tunneling. In the following, an investigation of the Ag crystallites of prepared
samples from selected cells of subsection 3.2.3 is presented.
Sample preparation
To remove the solar cells’ front side metalization, HN O3 (65%), DI water, HF
(5%) and DI water were used. All solutions were applied at room temperature.
Subsequently, SEM measurements were performed. HN O3 removes the Ag fingers
and HF eliminates glass rests. Thus, Ag crystallites that are covered by glass remain,
while Ag crystallites that are not covered by glass are removed resulting in contact
imprints [97]. The imprints are the local contact sites where Ag was making contact
with silicon. Another etch in HN O3 will remove all the remaining Ag [98].
In order to compare all samples, the used T -t firing profile was the same for all
cells (shown in figure 1.3). The figures presented in the following consist of SEM
images with magnifications of 5k×, 10k× and 40k× denoted with letters (a), (b)
and (c), respectively (except image 3.9c with a magnification of 20k×). The used
acceleration voltage was 5 kV . IV values and the specific contact resistance (ρc )
determined by TLM method before removing the metalization are also indicated.
Silver crystallites of cells with standard emitters
For cells with a standard emitter, the highly doped emitter (55 Ω/sq) showed a large
number of silver crystallites homogeneously distributed on the tips, edges and sides
of the pyramids (figure 3.5). The crystallites on the tips were very large. The fill
factor was high (78.7%). The number of crystallites and the fill factor decreased with
increasing sheet resistance (figures 3.6, 3.7 and 3.8). In the extreme case of a very
shallow homogeneous emitter (120 Ω/sq) the silver-crystallites were still found on
the edges and tips of the pyramids, but the fill factor was insufficiently low (73.6%).

(a)

(b)

(c)

Figure 3.5: Ag crystallites of an etched back metalized cell with a standard emitter of 52
Ω/sq. IV and TLM: 17.2%, 35.2 mA/cm2 , 620.8 mV , 78.7% and ρc = 2.9 ± 0.2 mΩcm2 .

Image 3.5a shows for 52 Ω/sq large Ag crystallites on the top region of a pyramid.
Images 3.5b and 3.5c reveal that the number of Ag crystallites on the sides was very
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large. The Ag crystallites located at the tip of the pyramid in image 3.5a were 600
to 800 nm long and around 400 nm wide. The size decreased for Ag crystallites that
were located at the pyramid’s sides.

(a)

(b)

(c)

Figure 3.6: Ag crystallites of an etched back metalized cell with a standard emitter of 64
Ω/sq. IV and TLM: 17.2%, 35.4 mA/cm2 , 621.2 mV , 78.5% and ρc = 2.6 ± 0.02 mΩcm2 .

Images 3.6a, 3.6b and 3.6c show for 64 Ω/sq crystallites at the tip as large as
the sample with 55 Ω/sq. Images 3.6b and 3.6c show a homogeneous distribution of
Ag crystallites in line with the sample with 55 Ω/sq.

(a)

(b)

(c)

Figure 3.7: Ag crystallites of an etched back metalized cell with a standard emitter of 77
Ω/sq. IV and TLM: 17.2%, 35.7 mA/cm2 , 619 mV , 77.8% and ρc = 4.9 ± 0.2 mΩcm2 .

In the case of images 3.7a and 3.7b (77 Ω/sq), imprints with a triangular form
are recognizable at the pyramids’ sides, and longish crystallites at the edges. Image
3.7c reveals lower amount of crystallites compared with the sample with 64 Ω/sq.
Crystallites were still found on the sides.

(a)

(b)

(c)

Figure 3.8: Ag crystallites of an etched back metalized cell with a standard emitter of 120
Ω/sq. IV and TLM: 16.8%, 36.7 mA/cm2 , 622.5 mV , 73.6% and ρc = 56 ± 27 mΩcm2 .
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Images 3.8a, 3.8b and 3.8c show for 120 Ω/sq silver crystallites appearing only
on the edges of the pyramids. On the sides there were no contact places.
Silver crystallites of cells with emitters from diffusion through SiO2
The highly doped emitter with 65 Ω/sq from diffusion through oxide (figure 3.9)
exhibited very few silver crystallites distributed on the sides. Instead, Ag crystallites
were found rather at the edges or on sharp surfaces. The tips of the pyramids also
exhibited formation of Ag crystallites.

(a)

(b)

(c)

Figure 3.9: Ag crystallites of an etched back metalized cell with 65 ± 2 Ω/sq from diffusion
through oxide. IV and TLM: 17.5%, 35.7 mA/cm2 , 624.8 mV , 78.4% and ρc = 3.0 ± 0.1
mΩcm2 .

The amount of silver crystallites on the cell with a sheet resistance of 73 Ω/sq
(figure 3.10) considerably decreased compared with the sample with 66 Ω/sq. Ag
crystallites were still found along (longish form). Tips of the pyramids also showed
Ag crystallite formation.

(a)

(b)

(c)

Figure 3.10: Ag crystallites of an etched back metalized cell with 73±4 Ω/sq from diffusion
through oxide. IV and TLM: 17.5%, 35.8 mA/cm2 , 626.3 mV , 78.2% and ρc = 3.8 ± 0.4
mΩcm2 .

For 82 Ω/sq the amount of silver crystallites further decreased compared with the
samples with 66 Ω/sq and 73 Ω/sq. This emitter sheet resistance nearly achieved the
optimum for solar cell performance (see section 3.3.5 and figure 3.29). This sample
did not exhibit formation of silver crystallites on the sides or bottom sites between
the pyramids. The edges contained longish Ag crystallites as did the tips of the
pyramids. The pattern exhibited by this sample looked similar to the sample with
a standard emitter of 120 Ω/sq shown in figure 3.8. Moreover the sample with 82
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Ω/sq achieved a fill factor of 77.9% contrasting with a fill factor of 73.6% for the
120 Ω/sq standard emitter.

(a)

(b)

(c)

Figure 3.11: Ag crystallites of an etched back metalized cell with 82±6 Ω/sq from diffusion
through oxide. IV and TLM: 17.8%, 36.4 mA/cm2 , 628.4 mV , 77.9% and ρc = 4.0 ± 0.3
mΩcm2 .

The same sample with 82 Ω/sq was investigated again using a different approach
to etch the front side metalization. This method was utilized by [99]. In this case,
another stripe of the sample with 82 Ω/sq was first etched in a HF bath (5% at RT)
to remove the glass between silver finger and silicon. The silver finger delaminated
leading to the pattern seen in figure 3.12b. In a subsequent step, the sample was
immersed in aqua requia (at 80o C for one hour approximately) to remove all the
remaining silver including silver crystallites. This removal resulted in imprints (figure
3.12a).
Figure 3.12b shows a large number of silver crystallites from which a pattern is
recognizable. They tended to be concentrated at the edges of the pyramids. Comparing with figure 3.12a, the contact imprints here were exclusively found on the
edges of the pyramids.

(a)

(b)

Figure 3.12: Cell with 82 Ω/sq from diffusion through oxide: (a) Contact imprints, (b) Ag
crystallites and rests just after HF bath.

The location of silver crystallites seems to play a role in ensuring a good contact
in the solar cell. For the sample with 82 Ω/sq from diffusion through SiO2 , having
Ag crystallites preferable on the edges was enough to achieve a low contact resistance
(ρc = 4.0 ± 0.3 mΩcm2 ).
The following section examines the influence of the peak firing temperature on
the solar cell performance.
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Influence of peak firing temperature on solar cell
performance: case analysis for cells with flat and
textured surfaces

For flat surfaces, wafers were etched in N aOH as described in section 1 (wafers
etched in N aOH are indeed not 100% flat. The surface is composed of small regions
at different heights of a few nanometers and of areas approximately 10 × 10 µm2 ).
Solar cells with 93 Ω/sq (from diffusion through SiO2 ) and 115 Ω/sq (without oxide)
emitter sheet resistances were produced. For textured wafers, values of Rsheet of 128
Ω/sq (from diffusion through SiO2 ), 55 Ω/sq (without oxide) and 117 Ω/sq (without
oxide) were used. The peak firing temperature was varied from 810o C to 870o C in
steps of 15o C. In the following, IV19 , specific contact resistance, line resistance and
second diode saturation current density measurements are discussed20 .
Efficiency
Figure 3.13a shows efficiency for solar cells with flat surfaces. The emitter with 93
Ω/sq reached a maximum efficiency at 855o C peak firing temperature. The emitter
with 115 Ω/sq exhibited best cell performance at the lowest peak firing temperature
(810o C ). However, efficiency values scattered. More insight can be gained with a
deeper analysis of the data for which the Jsc , Voc , F F , specific contact resistance
ρc , second diode saturation current density J02 and pseudo fill factor pF F (page 54)
values are presented in this subsection.

Figure 3.13: Cell efficiency for different emitters: (a) flat surfaces, (b) textured surfaces.

For textured surfaces, figure 3.13b shows that 117 Ω/sq achieved the highest efficiencies when the optimum peak firing temperature was between 825o C and 855o C.
However, cells which were fired at 840o C seem to have deteriorated (possible contamination) during processing. The performance of the cells with the highest sheet
resistance (128 Ω/sq) was not better than that of reference cells with 55 Ω/sq indicating that 128 Ω/sq was far from an optimum case.
19

The IV values are shown in box plots where each point represents a solar cell.
The line, specific contact resistance (also in box plots) and second diode saturation current
density are determined on selected samples.
20
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Short circuit current density
Figure 3.14a shows that for flat surfaces the Jsc values increased with increasing
firing temperature reaching a maximum at ≈ 33 mA/cm2 for both 93 Ω/sq and
for 115 Ω/sq. The increase in Jsc was more pronounced for the 93 Ω/sq than for
the 115 Ω/sq emitter. The main limiting factors for these Jsc values could be the
followings: the flat surface that contributed to higher light reflexion compared to
textured surfaces, and the increased series resistance (case at 810o C) due to the
high specific contact resistance (see figure 3.17a) and an incomplete BSF formation.
For textured surfaces, the Jsc values shown in figure 3.14b reached an optimum
at 840 o C for 128 Ω/sq and 55 Ω/sq emitter sheet resistances. The emitter with 117
Ω/sq exhibited a lower Jsc value at 840o C which might be related to degradation
as mentioned in the cell efficiency results presented above. Comparing the emitter
sheet resistances, the lowest Jsc values came from the emitter with 55 Ω/sq due to
a higher emitter recombination caused by the heavy doping (see spectral response
in subsection 3.2.6).

Figure 3.14: Short circuit current density for different emitters: (a) flat surfaces, (b) textured surfaces.

Open circuit voltage
Figure 3.15a shows that the Voc values of the emitter with 93 Ω/sq reached an
optimum of ≈ 623 mV at a peak firing temperature of 855 o C. The diffusion through
the oxide barrier could have caused a small emitter depth which at 870o C did not
prevent over firing. The shallow emitter could have facilitated the presence of defects
in the space charge region21 increasing the second diode saturation current density
J02 . The Voc values can be sensitive to the emitter profiles as seen in the subsection
3.2.2 in that: a junction depth much less than 200 nm and considered that the
Ag crystallite penetration could reach a value of 120 nm (given by [90]), there
is a probability of shunting. In the case of the emitter with 115 Ω/sq, Voc values
increased with the peak firing temperature reaching a maximum of ≈ 620 mV . The
emitter must have been deep enough to prevent shunting (shunt resistance “Rshunt ”
21

Studies about junction recombination in abrupt junction diodes has been performed by [100].

3.2. Oxidation and diffusion performed in two steps

49

extracted from fitting the IV characteristics was on average above 20 kΩcm2 for
both emitters, 93 Ω/sq and 115 Ω/sq at all peak firing temperatures, as seen in
table 3.5). The Voc values for 93 Ω/sq were higher than those for 115 Ω/sq emitter
sheet resistance. The low Voc values at the lowest peak firing temperature (810o C)
suggests that the formation of BSF in those cells was not complete.

Figure 3.15: Open circuit voltage for different emitters: (a) flat surfaces, (b) textured
surfaces.

For textured surfaces, 3.15b shows that the emitter with the highest emitter
sheet resistance (128 Ω/sq) exhibited the highest Voc value for the lowest peak firing
temperature (810o C). As the temperature increased, Voc values decreased. Since
128 Ω/sq could be a very shallow emitter, increasing the peak firing temperature
may cause over firing and high J02 values but possibly less shunting (fitting IV
characteristics provided Rshunt > 10 kΩcm2 on average, see table 3.6). Thus, Voc
decreased. On the other hand, for the emitters with 55 Ω/sq and 117 Ω/sq, Voc
increased with the temperature reaching maximum values at 870o C. However, the
emitter with 128 Ω/sq reached higher Voc values than the 55 Ω/sq and 117 Ω/sq
due to better blue response (see spectral response in subsection 3.2.6). The effect
of lower Voc values at the 810o C peak firing temperature was observed for emitters
with 55 Ω/sq and 117 Ω/sq. The emitter with 128 Ω/sq seems to be dominated by
an increasing J02 value for higher firing temperatures.
Fill factor
Figure 3.16a shows the fill factor for flat surfaces. In case of 93 Ω/sq, the fill factor
was lower than 60% at all peak firing temperatures indicating over firing, possibly
materialized in a thick glass layer separating silver finger and emitter but no shunting
(Rshunt > 20 kΩcm2 on average for both emitters with flat surfaces, see table 3.5).
For 115 Ω/sq, the average value of the fill factor reached approximately 70% at
810o C which can be explained by a low contribution of the contact resistance to the
series resistance (see specific contact resistance measurements in section 3.2.5). The
data suggests that at the peak firing temperature of 810o C, an adequate non under
firing and not over firing condition for contact formation without creating a thick
isolating glass layer betweeen finger bulk and emitter have been found.
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Figure 3.16: Fill factor for different emitters: (a) flat surfaces, (b) textured surfaces.

For textured surfaces, figure 3.16b shows that the emitter with the lowest sheet
resistance (55 Ω/sq) led to the highest fill factor values with a lower dependency on
the peak firing temperature as compared to the high ohmic emitters. The emitter
with 128 Ω/sq (from diffusion through oxide) could not promote a good contact
which is seen in the specific contact resistance measurements (ρc ≈ 20 mΩcm2 ).
However, the emitter with 117 Ω/sq led to high F F values on the order of 76% at
810o C and 870o C firing temperatures.
Specific contact resistance
Samples corresponding to emitters from all groups were prepared for contact resistance measurements determined by the TLM method. Stripes of size 15.6 × 1 cm2
were cleaved by lasering the rear side of the cells. The measurements are shown in
figures 3.17a and 3.17b.

Figure 3.17: Specific contact resistance for different emitter sheet resistances and peak
firing temperatures of samples: (a) flat surfaces, (b) textured surfaces.

Figure 3.17a shows that for 93 Ω/sq all temperatures resulted in ρc values above
50 mΩcm2 . No correlation between ρc and peak firing temperature could be es-
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tablished. On the other hand, for the emitter with 115 Ω/sq (no oxidation before
diffusion), the ρc values were remarkably low (≈ 5 mΩcm2 ) at the lowest temperature (810o C) suggesting that a peak firing temperature near the optimum was
reached. The low temperature was enough to allow for a good contact without introducing defects into the space charge region. For higher temperatures, ρc values
become extremely high (above 100 mΩcm2 ) indicating over firing.
For textured surfaces, figure 3.17b shows that ρc values increased with the peak
firing temperature for all emitters. In the case of 128 Ω/sq, ρc values were higher
than those for 55 Ω/sq and for 115 Ω/sq. The emitter with 128 Ω/sq must exhibit
the lowest doping levels than the other processed emitters. Since 128 Ω/sq may have
little depth, it varied more strongly with temperature than emitters with 55 Ω/sq
and 117 Ω/sq. Due to the texture, all three emitters achieved much lower ρc values
than emitters with flat surfaces due to a better contact formation for textured wafers.
A pyramidal geometry with <111> equivalent orientated planes promote a better
and faster formation of Ag crystallites than on flat surfaces with <100> orientation
[99]. An important effect of a high peak firing temperature in contact formation is
that Ag crystallites become larger but also the depth of the isolating glass layer
between Ag bulk finger and Si [101] (depicted in figure 3.4). Thus, ρc increases.
Figure 3.18 presents a wider overview of the specific contact resistance as a function of the sheet resistance from cells with textured surfaces. The measured samples
correspond to several experiments according to the process conditions (emitter from
standard diffusion, emitters from diffusion through oxide and peak firing temperature). The specific contact resistance increased with the sheet resistance for all kind
of emitters (without diffusing through oxide and with diffusing through oxide). Up
to ≈ 110 Ω/sq the specific contact resistance remained below 10 mΩcm2 . For higher
Rsheet values, ρc rapidly increased.
2 8
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Figure 3.18: Specific contact resistance as a function of the sheet resistance for several
peak firing temperatures (samples with textured surfaces).
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Shunt resistance
Tables 3.5 and 3.6 show the average of the shunt resistance for all processed cells
with flat and textured surfaces extracted from the IV-characteristics, respectively.
Rshunt (kΩcm2 )
Peak firing
temperature (o C)
810
825
840
855
870

93 Ω/sq
53.8 ± 6.1
49.4 ± 9.6
47.6 ± 3.7
40.7 ± 2.7
40.0 ± 9.0

115 Ω/sq
46.3 ± 6.8
51.2 ± 1.2
49.6 ± 4.4
42.7 ± 1.8
23.1 ± 1.6

Table 3.5: Shunt resistance for cells with flat surfaces.

It is seen that for flat surfaces, the average of the shunt resistance remained
above 40 kΩcm2 for the emitter with 93 Ω/sq at all peak firing temperatures. In
the case of the emitter with 115 Ω/sq, the shunt resistance was not lower than 20
kΩcm2 . Both emitters exhibited decreasing Rshunt values for increasing peak firing
temperatures which agrees with the pseudo fill factor (pF F ) of the selected samples
(see figures 3.21 and 3.22 for pF F as a function of peak firing temperature).
For cells textured, the average of the shunt resistance remained above 10 kΩcm2
for the three emitters at all peak firing temperatures. Increasing Tpeak had no negative impact on the shunt resistance (Rshunt > 20 kΩcm2 at 870o C).
Rshunt (kΩcm2 )
Peak firing
temperature (o C)
810
825
840
855
870

128 Ω/sq
19.7 ± 2.9
23.2 ± 5.5
19.4 ± 5.5
18.1 ± 2.6
21.1 ± 1.5

55 Ω/sq
12.0 ± 1.7
19.0 ± 4.6
21.4 ± 0.7
22.6 ± 3.9
20.6 ± 1.4

117 Ω/sq
15.8 ± 1.7
22.3 ± 5.4
21.6 ± 2.5
20.3 ± 1.0
24.3 ± 1.7

Table 3.6: Shunt resistance for cells with textured surfaces.

Line resistance
In order to measure the line resistance (Rline ), samples from solar cells of each group
were prepared. They were cleaved after lasering the rear side. The obtained samples
were of size 15.6 × 6 cm2 without busbars.
Table 3.7 shows that the line resistance for flat surfaces exhibited a light dependence on the peak firing temperature. It is shown that for increasing Tpeak , the
Rline values decreased. The latter indicates that the firing temperature can affect
the sintering process. Details concerning the densification of silver particles during
a firing step are found in [102] (see figure 3.20). The difference between Rline values
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of the sample fired at the lowest (810o C) and the highest temperature (870o C) is
more pronounced for the emitter with 93 Ω/sq than for 115 Ω/sq where a variation
of 0.04 Ω/cm and 0.01 Ω/cm were found, respectively.
Rline (Ω/cm)
Peak firing
temperature (o C)
810
825
840
855
870

93 Ω/sq
0.30 ± 0.01
0.29 ± 0.01
0.28 ± 0.01
0.27 ± 0.01
0.26 ± 8 × 10−3

115 Ω/sq
0.28 ± 0.01
0.28 ± 0.01
0.28 ± 0.01
0.28 ± 5 × 10−3
0.27 ± 0.01

Table 3.7: Line resistance for cells with flat surfaces.

Likewise, table 3.8 shows the line resistance for textured surfaces. As for flat
surfaces, the line resistance decreased with increasing peak firing temperature (cases
for emitters with 55 Ω/sq and 117 Ω/sq). Emitter with 128 Ω/sq did not indicate
such a marked tendency but rather scattering of the Rline values. Comparing emitter
sheet resistances, the heavily doped emitter with 55 Ω/sq exhibited lower Rline values
than emitters with high sheet resistances (128 Ω/sq and 117 Ω/sq).
Rline (Ω/cm)
Peak firing
temperature (o C)
810
825
840
855
870

128 Ω/sq
0.29 ± 0.02
0.27 ± 0.01
0.27 ± 0.01
0.23 ± 7 × 10−3
0.28 ± 0.01

55 Ω/sq
0.24 ± 4 × 10−3
0.24 ± 8 × 10−3
0.24 ± 9 × 10−3
0.24 ± 8 × 10−3
0.23 ± 0.01

117 Ω/sq
0.27 ± 0.01
0.27 ± 0.01
0.26 ± 5 × 10−3
0.25 ± 8 × 10−3
0.24 ± 6 × 10−3

Table 3.8: Line resistance for cells with textured surfaces.

Theoretically, the resistance of a metallic conductor as the finger resistance or
line resistance depends on geometrical dimensions and the metal resistivity (ρmet )
according to the following equation [103]:
R=

1 l · ρmet
·
3 a · Lf

(3.1)

where l is the finger length, Lf is the finger width and a the finger height (see figure
3.19). However, the measurement can be influenced by the emitter. As shown in table
3.8 for the smallest sheet resistance (Rsheet = 55 Ω/sq), the line resistance exhibited
the lowest value (Rline ≈ 0.24 Ω/cm). On the other hand, a large sheet resistance
(Rsheet > 90 Ω/sq) led to Rline ≈ 0.3 Ω/cm (including table 3.7). This feature can
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be explained by the fact that during the measurement of the line resistance22 , not
all current flows through the metal finger but also the emitter (plane in gray on
which Ag bulk was sintered). For a same applied current, the effect of an emitter
with high Rsheet will be to increase the resistance due to the high ohmic emitter and
thus to influence the measured Rline value.

l
a
Lf
Figure 3.19: Sketch of a Ag finger. The plane in gray corresponds to the contact region
between Ag finger and emitter which can influence the measurement of Rline .

Figure 3.20 illustrates a resulting sintered silver finger of a solar cell.

50µm

Figure 3.20: Silver finger after the complete solar cell processing.

Second diode saturation current density and pseudo fill factor
The second diode saturation current density23 (J02 ) (see equation 1.8) and pseudo
fill factor24 (pF F ) were estimated by measuring selected samples with the SunsVoc
device [104]. The J02 value is associated to losses in the space charge region due to
impurities (compare with [105] where an approach for investigating such losses was
used). The pseudo fill factor accounts for the fill factor for which the losses due to
series resistances (Rser ) are suppressed. For an illumination-Voc curve, determined
by SunsVoc at open circuit, the measurement is free from Rser . Thus, pF F can
indicate the presence of shunts in a solar cell. Figures 3.21 and 3.22 show J02 and
pF F as a function of the peak firing temperature for selected cells with flat and
textured surfaces, respectively.
22

Experimentally, Rline is measured as follows: an Ag finger is contacted with 4 metallic pins.
The current flows between the outer two pins. The resistance of the finger (R) is determined from
this current flow and the voltage drop between the two inner pins. Thus, Rline is obtained from
Rline = R/(distance between the two inner pins) in units of Ω/cm as seen in tables 3.7 and 3.8.
23
In [106], the origins of a 2nd recombination term proportional to exp[qV /(m2 kB T )] with
m2 = 2 were investigated. Summarizing, depletion region and edge recombination are the main
causes for this term. A theoretical treatment was carried out using Shockley-Read-Hall statistics.
24
SunsVoc can provide a pseudo JV curve from which a pseudo efficiency (pη) and a pseudo fill
factor (pF F ) are obtainable. A JV curve of a finished solar cell (fig. 1.4) differs from a pseudo JV
curve because the first one includes losses due to Rser . Thus η < pη and F F < pF F .
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Figure 3.21: J02 and pF F as a function of the peak firing temperature for cells with flat
surfaces.
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For cells with flat surfaces, J02 and pF F values of cells with 115 Ω/sq emitter
sheet resistance (no thermal oxidation before diffusion) remained stable for all temperatures. However, for cells with Rsheet = 93 Ω/sq (diffusion through oxide), J02
raised and pF F dropped as temperature increased indicating both more defects in
the space charge region and shunts (note that these are single cells) compared to
the emitter with 115 Ω/sq (see open circuit voltage in figure 3.15a).
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Figure 3.22: J02 and pF F as a function of the peak firing temperature for cells with
textured surfaces.

In the case of cells with textured surfaces, the emitter with Rsheet = 55 Ω/sq
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showed the most stable J02 and pF F values compared to the emitters with 117 Ω/sq
and 128 Ω/sq. The emitter from diffusion through oxide (128 Ω/sq) was sensitive to
the peak firing temperature. From the lowest to the highest Tpeak , J02 values rapidly
increased and pF F decreased. The latter indicates a very shallow emitter which
was affected by the incorporation of defects in the space charge regions reducing Voc
(compare with Voc values of the emitter with 128 Ω/sq in figure 3.15b).

3.2.6

Spectral response

Solar cells were cleaved into the size 5 × 5 cm2 by lasering the rear side. With the
obtained squares the external quantum efficiency and reflexion were measured with
the Spectral Response device at the University of Konstanz for wavelengths between
300 nm and 1200 nm. Then the internal quantum efficiency was calculated and is
illustrated in figure 3.23. The measured samples correspond to cells fired at 855o C
peak firing temperature.
Flat samples exhibited a much higher reflexion than those with textured surfaces.
The influence on the surface geometry was observed in higher Jsc values for textured
cells than those for flat cells. The emitter with the highest sheet resistance (128
Ω/sq) produced IQE values above all other samples with lower sheet resistances due
to a lowly doped emitter causing less recombination losses at the surface (at least
the front side) and in the emitter. The blue response became worse with decreasing
emitter sheet resistances where the lowest IQE values were achieved by the samples
with the lowest emitter sheet resistance (55 Ω/sq), due to a highly doped emitter
causing more significant recombination losses compared to those found in shallow
emitters. The spectral response could not reveal clear differences between emitters
obtained from diffusion through SiO2 and standard emitters.
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Figure 3.23: Internal quantum efficiency and reflexion for different emitters with textured
and flat surfaces from diffusion through oxide and without oxide.
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Solar cells with textured surfaces exhibited higher IQE values than those with flat
surfaces in the range of long wavelengths (λ = 900 nm to λ = 1100 nm, indicating
a better BSF formation for cells with textured surfaces.

3.2.7

Discussion

The analysis after IV, specific contact resistance, SunsVoc and spectral response
measurements carried out in subsections 3.2.3, 3.2.5 and 3.2.6 can contribute to
evaluate which requirements an emitter profile should fulfill. Section 3.2.2 presented
in figure 3.3 profiles of standard emitters and emitter from diffusion through SiO2 .
The different shapes of these profiles can imply weather an emitter is usable or not
for producing solar cells. For instance, the highly doped emitters with 18 Ω/sq, 40
Ω/sq and 55 Ω/sq exhibited high surface concentrations, deep plateaus and junction
depths. It was demonstrated that this feature is beneficial for contacting (ρc values
were the smallest for the smallest Rsheet tested, i.e. 55 Ω/sq compared with 117 Ω/sq
and 128 Ω/sq) and preventing of diffusion of metal impurities into the junction.
However, surface and emitter recombination can negatively impact the solar cell
performance as seen in the Jsc and Voc values. This effect can be recognized in the
IQE values for 55 compared with IQE for higher Rsheet . On the other hand, lowly
doped emitters offer the possibility of reducing such a recombination but they could
be vulnerable for impurities to reach the junction (J02 was smaller than 20 nA/cm2
for the textured cells with 55 Ω/sq, processed at all peak firing temperatures, but
larger for higher Rsheet and more sensitive to Tpeak ).
With regard to the incorporation of metal impurities deep into the substrate: by
considering a value for the segregation coefficient of Ag in Si of 1.7 × 10−5 [107],
a concentration of 1014 atoms/cm3 was estimated by [108] to be tolerable for not
deteriorating the solar cell performance. However, when the Ag concentration was
approximating to 1015 atoms/cm3 , i.e. even being lower than that value, the cell
efficiency decreased. Given that a standard solar cell process involves several steps
such as texturization, P OCl3 diffusion, passivating via PECVD, screen printing of
metal pastes, drying and firing at temperatures above 800o C, the emitter profile with
its shape can constitute one of these key issues affecting junction shunting, contact
resistance, and short wavelength IQE response [109]. Since during the firing step the
glass frit becomes liquid supporting the dissolution of Ag and Si (subsection 3.2.4),
the p-n junction can be vulnerable to the incorporation of metal impurities (e.g.
Ag) at or near the junction, turning in a decrease of Voc due to the leakage current
density [110]. Table 3.9 presents data of emitters from that reference to compare
with emitters of this chapter in terms of Ns , xj , Voc , F F , Rshunt and J02 .
Rsheet
Ns
[Ω/sq]
[cm−3 ]
45
2.3 × 1020
100
1.5 × 1020

xj
Voc
[nm] mV
495 627
277 627

FF
[%]
78.5
77.5

Rshunt
kΩcm2
188
3.3

Table 3.9: Data from reference [110].

J02
[nA/cm2 ]
29
10
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The efficiencies of the 45 Ω/sq and 100 Ω/sq emitters from ref. [110] were 16%
and 16.5%, respectively. Both based on FZ Si wafers, P OCl3 diffused, SiNx passivated, screen printed and fired. No texturization was used. The emitter with 45
Ω/sq exhibited a junction depth of 495 which is larger than the emitter with 40
Ω/sq shown in table 3.2 (xj =330 nm) but lower surface concentration. Likewise,
the emitter with 100 Ω/sq was 277 nm deep. This value approaches the junction
depth of the emitter with 55 Ω/sq (xj =280 nm) from table 3.2. Figure 3.22 indicates that the emitter with 55 Ω/sq was stable when the peak firing temperature
was varied: the J02 remained below 15 nA/cm2 and the pseudo fill factor above
82%. This provides further support to establish that the emitter profiles with deep
junctions are beneficial to obtain high Voc and F F values. With regard to the data
from ref. [110], the emitter with 100 Ω/sq showed J02 =10 nA/cm2 contrasting with
45 Ω/sq for which J02 =29 nA/cm2 . Note that, the high F F and Voc from reference
[110] were achieved by using optimized firing conditions for the used paste. In the
case of the standard emitter with 115 Ω/sq (figure 3.21), it maintained J02 values
below 10 nA/cm2 and pF F above 82%. In contrast, the emitter with a smaller sheet
resistance of 93 Ω/sq from diffusion through SiO2 degradated with increasing peak
firing temperature with a higher J02 but still at a moderate value of 20 nA/cm2 .
The data indicates shunting as the pF F =79% at Tpeak =870o C.

3.3

One step thermal oxidation-diffusion

The conventional diffusion through a thermally grown SiO2 is usually performed
separately in two different tube furnaces. After thermal oxidation the wafers have to
be removed from the oxidation boat and be loaded into the diffusion boat. The time
that it takes may hamper the application of this process in solar cell mass production. However, it is possible to perform both a thermal oxidation and subsequently a
P OCl3 diffusion in the same tube furnace. Since both thermal oxidation and diffusion are high temperature processes, a warm up and cooling down step are involved.
However, in the case of one step oxidation-diffusion process, the transition from the
oxidation regime to the diffusion need not dramatically change the temperature (in
the case of the oxidation and diffusion should occur at different temperatures). A
cooling down and warm up step can be eliminated if both oxidation and diffusion
occur at the same temperature. This approach has been used for producing solar
cells with a selective emitter on mc-Si wafers [111].

3.3.1

Preliminary experiment with flat samples

In order to test oxidation in the diffusion furnace, Si wafers were etched in N aOH as
described in section 1.6. Here, however for 10 min and cleaned in HCl and HF (no
Piranha cleaning25 was used). Then the wafers were oxidized in O2 atmosphere for
different times at the temperatures of 820o C, 840o C and 865o C. The diffusion was
turned off (no P OCl3 flux). After each oxidation the oxide thickness was measured
on several wafers at the same positions with an ellipsometer.
25

A H2 SO4 + H2 O2 solution as described in the experimental section in chapter 1.
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Oxidation-diffusion processes with textured samples

After the preliminary experiment, textured wafers were used to perform a one step
oxidation-diffusion process. The oxidation stage was carried out at 840o C and 865o C
for 40, 80 and 85 min. Three different diffusions were selected to combine with the
oxidations: 840o C / 40, 5 min, 850o C / 20, 5 min and 850o C / 40, 5 min. The times
correspond to the pre-deposition and the drive-in time, respectively.

3.3.3

Oxide homogeneity

The homogeneity of the oxide on flat surfaces was investigated by selecting some
wafers from the oxidation without P OCl3 flux. The oxide thickness was measured at
25 positions over the whole wafer (15.6×15.6 cm2 ). The measurements are illustrated
as contour graphs where the colors represent the oxide thickness: blue means thinner,
red is thicker oxide. Figures 3.24, 3.25 and 3.26 show the homogeneity of the oxide
for the oxidations performed at 820o C, 840o C and 865o C for 5, 85 min and 105 min.

(a)

(b)

(c)

Figure 3.24: Homogeneity of the oxide thickness for 5 min oxidation time. (a) At 820o C,
(b) at 840o C and (c) at 865o C.

The average of 50 measurements of the oxide thickness on the whole wafer for 5
min oxidation time (figure 3.24) resulted in 14.2 ± 1.6 nm for the 820o C, 17.1 ± 1.1
nm for the 840o C and 22.9 ± 0.8 nm for the 865o C oxidation temperature.

(a)

(b)

(c)

Figure 3.25: Homogeneity of the oxide thickness for 20 min oxidation time. (a) At 820o C,
(b) at 840o C and (c) at 865o C.
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In the case of 20 min oxidation time (figure 3.25) the average of the oxide
thickness was 14 ± 1.4 nm for the 820o C, 17.5 ± 1.2 nm for the 840o C and 22.3 ± 0.6
nm for the 865o C oxidation temperature.

(a)

(b)

(c)

Figure 3.26: Homogeneity of the oxide thickness for 105 min oxidation time. (a) At 820o C,
(b) at 840o C and (c) at 865o C.

Likewise, for 105 min oxidation time (figure 3.26) the measurement of oxide
thickness gave an average of 13 ± 0.7 nm for the 820o C, 18 ± 1.2 nm for the 840o C
and 22.6 ± 1 nm for the 865o C oxidation temperature.
The contour graphs show that the oxide was thinner in the interior regions and
thicker at the edges and corners. The average values of the oxide thickness on the
front and the rear were practically the same, with a difference of less than 2 nm. For
evaluation, an average of 50 measurements of the front and rear side for a sample
was considered. The thicker oxide at the corners and edges is attributed to the gas
flux inside the furnace which can be different at the top, at the bottom, at the
edges and at the corners according to the position of the wafer in the boat. The
measurements also show that after a few minutes of oxidation, very little additional
O2 could diffuse into the silicon and that the thickness saturated against higher
oxidation times. At any oxidation temperature the oxide reached its final thickness
after just 5 min of oxidation time. Table 3.10 summarizes the data concerning the
measurements of the oxide thickness.
Ox. Temp. [o C] /
time [min]
820 / 5
840 / 5
865 / 5
820 / 20
840 / 20
865 / 20
820 / 105
840 / 105
865 / 105

Oxide
thickness [nm]
14.2 ± 1.6
17.1 ± 1.1
22.9 ± 0.8
14.1 ± 1.4
17.5 ± 1.2
22.3 ± 0.6
13.0 ± 0.7
18.1 ± 1.2
22.6 ± 1.0

Table 3.10: Resulting oxide thickness for different oxidations on flat surfaces.
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The oxide thickness exhibited a strong dependence on the oxidation temperature, as seen in table 3.10. A low oxidation temperature resulted in a thin oxide,
whereas a higher oxidation temperature led to a thicker oxide. On the other hand,
the oxide thickness did not show a marked dependence on the oxidation time at a
constant temperature. For instance, at 820o C after 5 or 20 min of oxidation, the final oxide thickness became approximately 14 nm and after 105 min oxidation time,
the average oxide thickness was 13 nm. With regard to the inhomogeneity of the
oxide thickness, it was less than ±1.6 nm for all cases (see contour graphs).
Table 3.10 also shows that the oxide inhomogeneity was higher for lower oxidation
temperatures. As the oxidation temperature increased the oxide inhomogeneity also
increased (cases of 5 min and 20 min oxidation time).

3.3.4

Oxide thickness and sheet resistance

Flat surfaces
The flat wafers used in section 3.3.3 to investigate the oxide thickness were separated
in two groups to perform two different diffusions through the grown SiO2 (diffusion
at 840o C for 40, 5 min and diffusion at 850o C for 20, 5 min). Figure 3.27 summarizes
the sheet resistance as a function of the oxide thickness for the flat samples.
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Figure 3.27: Sheet resistance as a function of the oxide thickness for flat samples.

The sheet resistance follows a parabolic law with respect to the oxide thickness.
The diffusion performed at 840o C led to higher sheet resistance values than the
diffusion carried out at 850o C, even for a longer pre-deposition time. For oxide
layers approximately 20 nm thick, sheet resistance increased rapidly reaching 100
and 120 Ω/sq, respectively.
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In order to examine whether or not the oxide thickness increases significantly
for increasing oxidation time at a constant temperature, the oxidation at 840 o C
was performed for different times (10 min, 40 min, 60 min, 80 min and 85 min).
Also, the diffusion at 850 o C is included since it will be used for textured wafers.
All oxide thickness were calculated based on an average of 50 measurements. Only
the oxide thickness indicated between the round brackets in table 3.11 corresponds
to an average of 3 measurements.
Ox. Temp. [o C]
& time [min]
820
820
820
840
840
840
840
840
840
840
840
865
865
865
865
865

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

5
20
105
5
10
20
40
60
80
85
105
5
20
40
80
105

Oxide
Rsheet [Ω/sq]:
thickness [nm] (Diff. 840o C
40-5 min)
14.2 ± 1.6
69.4 ± 0.4
14.1 ± 1.4
69.1 ± 4.2
13.0 ± 0.7
67.2 ± 3.6
17.1 ± 1.1
76.9 ± 3.4
18.4 ± 2.4
75.4 ± 5.0
17.5 ± 1.2
16.1 ± 0.6
73.1 ± 4.5
(17.1 ± 1.0)
73.6 ± 4.8
17.4 ± 0.8
18.1 ± 1.2
22.9 ± 0.8
22.3 ± 0.6

22.6 ± 1.0

Rsheet [Ω/sq]: Rsheet [Ω/sq]:
(Diff. 850o C
(Diff. 850o C
20-5 min)
40-5 min)
64.2 ± 0.2
62.5 ± 2.7
60.6 ± 3.3
69.5 ± 0.3
67.3 ± 0.9
67.2 ± 1.3
69.4 ± 0.1
72.0 ± 2.8

45.9 ± 1.6

76.1 ± 7.0
120.0 ± 2.8

120.6 ± 7.5
masked

51.8 ± 0.4
51.6 ± 1.1

Table 3.11: Summary of the resulting oxide thickness and sheet resistance for several
oxidations and different diffusions with flat surfaces.

For an oxidation temperature of 840o C, the oxide thickness varied slowly with
an inhomogeneity of less than 2 nm with respect to the oxidation time. The sheet
resistance remained between 69 Ω/sq and 72 Ω/sq. The weak dependence of the oxide
thickness on the oxidation time was also demonstrated for an oxidation temperature
of 865o C where for 40 min and for 80 min the sheet resistance practically remained
equal at a value of 51 Ω/sq.
For an oxidation temperature of 865o C, diffusion at 840o C for 40, 5 min produced
120 Ω/sq but diffusion at 850o C for 20, 5 min resulted in a sheet resistance of 120
Ω/sq as well, though with a much higher inhomogeneity of the sheet resistance
(±7.5 Ω/sq), possibly due to a longer oxidation time. For longer oxidation time
(e.g. 105 min), diffusion at 850 o C for 20, 5 min could not overcome the barrier.
In contrast, diffusion at 850o C for 40, 5 min created a heavily doped emitter with
51 Ω/sq. Considering only diffusions at 850o C, it is suggested that a prolonged predeposition time could enrich the created P -glass more (due to the diffusion process)
which during the drive-in step can produce a heavier doping. Another interpretation
is that the thicker resulting glass (≈ 22 nm) blocked diffusion at 850o C for 20, 5
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min since not enough phosphorus was introduced into the oxide. However, diffusion
850o C for 40, 5 min produced a strong diffusion through SiO2 resulting in a low
sheet resistance on the order of 50 Ω/sq.
Textured surfaces
In the case of textured wafers, the evaluation of the oxide thickness based on ellipsometry measurements can be inaccurate. Therefore, figure 3.28 shows the sheet
resistance as a function of the oxidation-diffusion process used. The parameters for
the oxidation-diffusion processes are summarized in table 3.12.
Process
Ox-diff
Ox-diff
Ox-diff
Ox-diff

1
2
3
4

Oxidation
Temp. [o C]
865
865
840
865

Oxidation
time [min]
80
40
80
85

Diffusion
Temp. [o C]
850
840
850
840

Pre-deposition &
drive-in time [min]
40, 5
40, 5
40, 5
40, 5

Table 3.12: Set of parameters for the oxidation-diffusion processes.

Note that the diffusion for Ref. 1 with 55 Ω/sq and the diffusion for Ref. 2 with
66 Ω/sq in figure 3.28 were also used in subsection 3.2.2 for determining their emitter
profiles. In this case, target diffusion for 55 Ω/sq resulted in 50 Ω/sq.
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Figure 3.28: Sheet resistance as a function of the process or oxidation-diffusion used.

The selection of a set of parameters for diffusion through oxide layers on textured
wafers was more difficult than for flat samples since the growth of the oxide on
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concave and convex surfaces can depend on the position (compare with section 2.2).
For that reason, several combinations of oxidation-diffusion were performed. In some
cases, the oxide resulted in a very thick layer which completely masked against P diffusion. In those cases Rsheet was unmeasurable by the 4-point probe. For instance,
oxidation at 865o C for 80 min combined with diffusion at 850o C for 20, 5 min and
oxidation at 865o C for 40 combined with diffusion at 850o C for 20, 5 min could
not create an emitter. In other cases the set of parameters led to a range of Rsheet
between 50 Ω/sq to 130 Ω/sq. Those wafers were used for solar cells.
Figure 3.28 shows that with the diffusion 840o C / 40, 5 min through an oxide
corresponding to the oxidation at 865o C for 80 min could create a shallow emitter of
136 Ω/sq (combination not labeled). The latter indicates that a longer pre-deposition
time even at a lower temperature may create a thicker P -glass which can release
phosphorus to diffuse into Si during the drive-in step (compare with oxidation at
865o C for 80 min combined with diffusion at 850o C for 20-5 min in table 3.11). Using
a longer pre-deposition time of 40 min the diffusion performed at 850o C through an
oxide from an oxidation at 865o C for 40 min, 80 min and 85 min led to 73 Ω/sq, 78
Ω/sq and 130 Ω/sq, respectively (oxidation-diffusion 2, 1 and 4). Diffusion at 850o C
for a pre-deposition time of 40 min and a drive-in time of 5 min could produce an
emitter with a low Rsheet of 53 Ω/sq through an oxide corresponding to oxidation
at 840o C for 80 min (oxidation-diffusion 3). For reference, two diffusions were used
which led to 50 Ω/sq and 66 Ω/sq which are labeled as ref 1 and ref 2, respectively.
The resulting Rsheet values from the oxidation-diffusion processes indicate a great
dependence on the used parameters to perform the oxidation and the diffusion.
Even more, the set of parameters are coupled. This feature was tested in previous
experiments where different oxidations were carried out and combined with several
diffusions, both performed separately except in the P OCl3 furnace. In most of the
cases, the resulting oxide was too thick, masking the subsequent diffusion. In the case
of the oxidation, the growth of SiO2 on textured wafers strongly depended on the
oxidation temperature and to a less extent on the oxidation time (see section 3.3.3
for flat surfaces). For the diffusion, also the temperature and the pre-deposition time
seem to have critical importance since a textured wafer required a minimal thickness
of P -glass to create a n-type emitter.

3.3.5

Solar cell performance

Solar cells were produced using the wafers shown in figure 3.28. For comparison,
reference cells with 50 Ω/sq and 66 Ω/sq were also used. Figures 3.29, 3.30, 3.31
and 3.32 show the cell efficiency, the fill factor, the short circuit current density
and the open circuit voltage as a function of the sheet resistance, respectively. The
metalization was performed with the pastes DuPont PV16-A (Ag) for the front side
and the paste monocrystal Pase 1203 (Al) for the rear side.
The cell efficiency reached the highest values for sheet resistances between 66
Ω/sq and 88 Ω/sq. The highly doped emitters with 50 Ω/sq and 53 Ω/sq exhibited
lower efficiencies which is attributed to losses due to recombination. For emitters
with sheet resistances higher than 120 Ω/sq, the efficiency decreased strongly, possibly due to a low fill factor and a high contact resistance (figures 3.30 and 3.33).
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Figure 3.29: Cell efficiency as a function of the sheet resistance for different groups.

The fill factor decreased with increasing sheet resistances. Emitters up to a sheet
resistance of 88 Ω/sq all exhibited fill factors higher than 78%. Emitters with sheet
resistances higher than 120 Ω/sq were not contactable any more, possibly due to
a low doping concentration which was not high enough to ensure a low contact
resistance (see figure 3.33).
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Figure 3.30: Fill factor as a function of the sheet resistance for different groups.

The highest values of the short circuit current density were reached with the
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highest sheet resistances. Those emitters have low doping levels allowing a better
blue response (see spectral response). The current density seems to saturate at 36.5
mA/cm2 . The smallest sheet resistances with 50 Ω/sq and 53 Ω/sq can be highly
recombinative in the emitter and exhibited the lowest values of the current density.
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Figure 3.31: Short circuit current density as a function of the sheet resistance for different
groups.
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Figure 3.32: Open circuit voltage as a function of the sheet resistance for different groups.

The open circuit voltage showed a tendency to increase for increasing sheet resistances. However, for sheet resistances higher than 83 Ω/sq, the voltage decreased.

3.3. One step thermal oxidation-diffusion
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For Rsheet higher than 120 Ω/sq the voltage was insufficiently low. To explain this
feature: the value of Voc is influenced by the saturation current densities and passivation. For shallow emitters, the metalization can play a role by strongly increasing
the saturation current density under the front side grid (J0,met ). A high doping under
the contact can support the reduction of the recombination under metalized regions.
This issue is mentioned in section 4.4 (chapter 4) and further discussed in subsection
5.3.7 (chapter 5).

3.3.6

Average of IV-measurements

The average of the IV-measurements is shown in table 3.13. Reference 1 (ref 1)
and 2 (ref 2) correspond to emitters without diffusing through SiO2 . The diffusions
to obtain ref 1 and ref 2 were different in the sense that ref 1 was produced by
performing the pre-deposition and the drive-in step at the same temperature. In
case of ref 2, the pre-deposition time was carried out at a lower temperature than
that at the drive-in step. The standard deviation is indicated after the ± symbols.
Cell type
ref 1
ref 2
Ox-diff 3
Ox-diff 2
Ox-diff 1
Ox-diff 4

Rsheet [Ω/sq]
50
±0.2
66
±0.2
53
±1
73
±3
78
±6
130
±7

η [%] Jsc
17.3
±0.1
17.9
±0.07
17.5
±0.05
17.8
±0.06
17.8
±0.13
12.6
±1.2

[mA/cm2 ] Voc [mV ] F F [%]
35.2
621.6
79.2
±0.08
±0.2
±0.4
36.2
629.4
78.6
±0.09
±0.4
±0.1
35.5
625.1
79.2
±0.1
±0.08
±0.03
36.1
629.4
78.6
±0.04
±0.2
±0.2
36.2
629.8
78.5
±0.18
±1.6
±0.2
36.3
616.9
56.3
±0.1
±6.1
±5.1

Table 3.13: Average of IV-measurements.

From table 3.13, the emitter with 66 Ω/sq reached the best average efficiency
(17.9%) followed by the 73 Ω/sq and the emitter with 78 Ω/sq with average efficiencies of 17.8%, both from diffusion through oxide. The emitter with 53 Ω/sq
from diffusion through oxide reached much better values of efficiency, current density and voltage than ref. 1. Their fill factors were practically equal. The emitter
with 53 Ω/sq differed from the emitter with 73 Ω/sq with respect to the final fill
factors because the series resistance in the case of the emitter with 53 Ω/sq could
be smaller than that of the emitter with 73 Ω/sq (see ρc values in subsection 3.3.7).
The emitters with an averaged sheet resistance of 78 Ω/sq and 130 Ω/sq exhibited
higher deviations of the IV values than the emitter with smaller sheet resistances.
Due to the scattering in the results, the average efficiency of the emitter with 78
Ω/sq appears to drop compared to the emitter with 73 Ω/sq. However, as seen in
the figures 3.29, 3.30, 3.31 and 3.32 the maximum efficiencies were obtained in the
group of cells with 78 Ω/sq sheet resistance.
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Line and specific contact resistance

Cells from reference groups and cells with emitters from diffusion through oxide were
selected for line and contact resistance measurements. Samples were cleaved into the
size 15.6 × 6 cm2 and 15.6 × 1 cm2 by lasering the rear side to respectively determine
line resistance and specific contact resistance. The average from the measurements
of Rline was less than 0.15 Ω/cm with a deviation smaller than 0.01 Ω/cm for all
samples of all groups (10 measurements on each sample). Figure 3.33 shows contact
resistance measurements as a function of the sheet resistance for all groups.
The lowest specific contact resistance values were achieved with ref. 1 with 50
Ω/sq and with 53 Ω/sq from the group oxidation-diffusion 3 (ρc < 2 mΩcm2 ). The
group ref 2. with 66 Ω/sq reached ρc values smaller than 3.5 mΩcm2 . However,
the specific contact resistance for the samples from diffusion through SiO2 from
oxidation-diffusion 1 and 2 was less than 3 mΩcm2 up to sheet resistances of 70 Ω/sq.
The ρc values for oxidation-diffusion 1 ran parallel to those for oxidation-diffusion
2 but were even smaller. For both oxidation-diffusion 1 and 2, ρc < 5 mΩcm2 up
to 90 Ω/sq. The group from oxidation-diffusion 4 exhibited a high specific contact
resistance (ρc > 100 mΩcm2 for Rsheet ≈ 130 Ω/sq) which explains the low fill factor
seen in table 3.13 (F F = 56.3%).
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Figure 3.33: Specific contact resistance as a function of the sheet resistance for different
cells.

3.3.8

Spectral response

The external quantum efficiency and the reflexion on selected samples from the
previous section 3.3.5 were measured with the IQE Scan (pv-tools) for wavelengths
between 300 nm and 1200 nm. Figure 3.34 summarizes the calculated internal quantum efficiency based on the EQE and REF measurements.
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The higher the sheet resistance, the better the short wavelength IQE of the cell.
Reference 1 with 50 Ω/sq exhibited the poorest blue response. However, reference 2
with 66 Ω/sq behaved like the cell with an emitter from diffusion though oxide with
77 Ω/sq. The latter explains the high values of Jsc and Voc for ref. 2. The measured
points for the emitter with 126 Ω/sq indicated a sharp decrease for wavelengths
smaller than 380 nm which could be originated from device artifacts.
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Figure 3.34: Internal quantum efficiency and reflexion for reference cells and different
samples from several oxidation-diffusion processes.

3.4

Summary

First, dry thermal oxidation and phosphorus diffusion were separately performed in
different tube furnaces to produce solar cells with emitters from diffusion through
the silicon dioxide grown during the oxidation. For comparison cells with standard
emitters were also produced and included in the examination. The oxide/P -glass
system was investigated by SEM on wafers with emitters from diffusion through
the oxide. The resulting glass was thicker in the valleys and thinner at the tips and
edges of the pyramids. The layer of silicon dioxide grown before diffusion was possibly
thinner at the edges given that during the diffusion process the phosphorus species
exist in a liquid phase around the solid glass, which means: where the solid glass
was thin, a heavier diffusion should occur. Emitter profiles were discussed. It turned
out that the shape of the profiles must be considered to take advantage of the main
characteristics for ensuring a low contact resistance and avoiding leakage effects
and the introduction of impurities near the junction. To investigate the contact
formation, SEM measurements were carried out in which silver crystallites were
studied. For cells with low emitter sheet resistances from diffusion through oxide,
silver crystallites were found in all positions, such as at tips of the pyramids, edges
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and planes. For increasing sheet resistances, the silver crystallites tended to be found
on the edges. This feature was associated with a heavier diffusion at sharp surfaces
where the oxide may have been thinner, and depicted as a micro-selective emitter.
The best solar cell achieved by diffusing through oxide reached 17.8% efficiency,
Jsc = 36.4 mA/cm2 , Voc = 628.4 mV and F F = 77.9% suggesting that the location
of silver crystallites is more important than a large amount of them. A case analysis
of cells with emitters from diffusion through oxide and cells with standard emitters
was made. These cells were separated into two groups: those with flat and those
with texturized surfaces. Five different peak firing temperatures were used (from
810o C to 870o C in steps of 15o C). Emitters with textured surfaces and very high
sheet resistances (Rsheet = 130 Ω/sq) from diffusion through oxide could not be
contacted at any firing temperature. For flat surfaces, the standard emitter with
115 Ω/sq could be well contacted at the lowest peak firing temperature (810o C)
with a specific contact resistance on the order of 5 mΩcm2 . For increasing firing
temperatures, ρc rapidly increased.
Afterwards, the oxidation-diffusion as single process was explored by processing
flat and textured wafers in the same tube furnace (the P OCl3 tube). For thicker
oxides, the diffusion parameters needed to be stronger to overcome the barrier. The
results showed cases where oxide completely masked against the subsequent phosphorus diffusion. Thus, depending on the oxidation and diffusion parameters used,
the oxide can act as a semitransparent barrier against phosphorus diffusion. It was
observed that oxidation and diffusion parameters were coupled. The ellipsometry
measurements of the oxide homogeneity on flat surfaces indicated that the oxide
was thicker at the edges of the wafer due to more exposure to the oxygen gas. The
inhomogeneity of the oxide could lead to inhomogeneity in the sheet resistance when
diffusing through those oxides. It was also observed that the final oxide thickness
depended strongly on the oxidation temperature, but only slightly on the oxidation
time. The 4-probe measurements on flat surfaces revealed a parabolic behavior between the sheet resistance and the oxide thickness. Using the textured wafers where
the oxide partially masked the diffusion, solar cells were produced. For comparison,
two reference emitters were applied as well. Overall, the oxide could be used to control the desired sheet resistance allowing for higher values of the current density and
open circuit voltage. Efficiency values of 18%, Voc ≈ 630, Jsc ≈ 36.5 mA/cm2 and
F F ≈ 79% of up to a sheet resistance of approximately 90 Ω/sq were achieved with
the use of standard pastes.

Four
Selective emitter structured with a single
step diffusion
4.1

Introduction

This chapter illustrates the realization of a selective emitter cell using a single step
diffusion masked by a thermally grown silicon dioxide film as a semitransparent barrier. The method relies on the local opening of the oxide layer and then performing
phosphorus diffusion in a tube furnace. This approach is intended for the industrial
application. That is large area wafers of 15.6 × 15.6 cm2 size and screen printing
techniques. Since the barrier is opened by using etching pastes, an alignment step is
required. The practical aspects and experimental procedure are described in detail.
For comparison, standard solar cells with a homogeneous emitter are produced as
reference samples as well as solar cells with a homogeneous emitter from diffusion
through silicon dioxide. Modules with a 2 × 2 arrangement are produced with the
best solar cells with a selective emitter and with cells from the diffusion through silicon dioxide process. For characterization, sheet resistance, emitter profiles, IV, line
and contact resistance, and spectral response measurements are carried out. Before
explaining the investigated approach and presenting results, a short introduction to
the concept of a selective emitter and a classification of the most common methods
are given.

4.1.1

The concept of a selective emitter

The selective emitter structure combines two features. The emitter exactly under
the contacts is highly doped. In the illuminated areas between the contacts there is a
lowly doped emitter. In this way, the optimization of contactability and passivation
are decoupled. The advantage of a lowly doped emitter is potentially a higher short
circuit current density due to a better blue response and a higher open circuit voltage
due to a lower Auger Recombination. A highly doped emitter can provide a good
lateral conductivity and a low contact resistance for a process based on a screen
printed firing through approach. Figure 4.1 shows a sketch of a selective emitter
structure.
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Figure 4.1: Sketch of a solar cell with a selective emitter structure.

4.1.2

Methods of forming a selective emitter

Several ways to structure a selective emitter have been developed in the past. It was
reported in [112] that the efficiency increase for the best cells with a selective emitter
is around 0.5% − 0.6% absolute compared to standard cells, where the cell potential
for all technologies is about 19% and that the average efficiencies for industrial mass
production are 18.5% − 18.6% for Cz and 17.1% for mc-silicon.
Figure 4.2 gives an overview of the current most common and applied selective
emitter approaches. It distinguishes two large groups: concepts that use a single
diffusion and concepts based on two diffusions. A sub-classification results from
the way the metalization is performed: a plating step after structuring the front
side allows self alignment. If no plating is used, an alignment is required to ensure
reproducible front side metalization. A further sub-classification can be made with
respect to the Laser doping: a wet laser doping with liquids [113] and a dry laser
doping with solid films [114, 115]. The concepts shown in figure 4.2 are briefly
explained in the following:
partial masking approach uses a semitransparent barrier like SiO2 typically
grown by thermal oxidation in a tube furnace. Then, the barrier needs to be opened
where the upcoming metalization will follow. A subsequent P OCl3 diffusion produces a lightly doped emitter where the barrier is present and a highly doped emitter in the opened areas. The approach investigated in this thesis relies on creating
the opening with a screen printed etching paste. In [116] laser ablation to open the
barrier was applied. After the opening, by etching paste or laser ablation, a cleaning
or damage removal step is required, respectively. Another kind of diffusion through
a semitransparent barrier was investigated by [117] where porous silicon is formed
before P OCl3 and used as a diffusion barrier, instead of thermal SiO2 . In that work,
the barrier (porous Si) is opened with a printed etching paste.
Wet etch back method has been studied at the University of Konstanz, for instance, by [118]. First, a strong P OCl3 diffusion is performed. Then, an acid resistant
etch barrier is screen printed followed by a wet etching process. Thus, the first tens
of nanometers are etched away in such a way that the dead layer (defined in subsection 2.1.3) is decreased or eliminated in the regions that will not be metalized.
Finally, the barrier is removed.
Doped ink concept utilizes highly doped silicon nano-particles [119]. The doped
ink can be screen printed before a shallow P OCl3 diffusion. The printed pattern is
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the same as the one of metal fingers. Remarkably, this approach requires only one
extra step compared to a standard solar cell process.
Ion implantation works as follows: before ion implantation, a mask is deposited
on the regions that should have a lowly doped emitter. An annealing step follows
to remove the crystal damage. A layer of SiO2 is created and used also as a surface
passivation [120].
Laser doping via PSG uses the phosphorus glass created during P OCl3 diffusion
as a phosphorus source. A laser beam melts the system of phosphorus glass and
silicon to produce a heavily doped emitter. This method has been investigated, for
instance, by [121, 122].
Laser doping via LCP, N iAg LIP and the Laser doping, plating belong to the
same group of a selective emitter with a single step diffusion but they additionally
feature self alignment. Both approaches start as a standard solar cell process with
P OCl3 diffusion (shallow), PSG removal, SiNx deposition, Ag and Al screen printing
and co-firing. The first method continues (after the firing step) with a laser doping
via LCP. It consists of a simultaneous ablation of the SiNx layer and a melting of
the emitter underneath by means of a liquid guided laser beam (Laser Chemical
Processing, LCP). The liquid contains phosphorus. Self alignment is achieved by
a light-induced-plating (LIP) of N i and Ag [123]. The second method has a similar sequence but the LCP is replaced by a phosphoric acid deposited by Spin-on
Dope (SOD) before the laser doping. The highly doped emitter is formed by a laser
diffusion. Finally, a plating step is carried out to obtain a N iCuAg front contact
[124].
Some examples of double step diffusion process are given. For instance, the Total
masking A process performed by [125]: after texturization, it continues with a barrier
deposition for diffusion, and then the local removal of the diffusion barrier by screen
printed etching paste. Next, a highly doped emitter is formed by P OCl3 diffusion.
After that, the diffusion barrier is removed in a HF etch and, a lightly doped emitter
is formed by a second P OCl3 diffusion.
The sequence Total masking B used by [126] is another example: after texturization, it continues with a shallow diffusion and the removal of the PSG. After that,
SiNx is deposited and used as a mask. Next, an etching paste is screen printed to
etch the SiNx where fingers and busbars will be printed. Now, phosphorus diffusion
occurs into the opened areas and finally the PSG is removed. The method developed
by [127] has a similar sequence as that of [126] but treats two different ways to open
the mask: laser ablation and screen printing of an etching paste.
Another approach, PSG masking is found in [128]. It starts with a shallow P OCl3
diffusion. The created PSG is protected by an etch mask in the upcoming metalization regions. The PSG is etched away except where the mask is. Then the etch
mask is removed. A drive-in step produces a highly doped emitter where the PSG
is still present.
A further sequence P -doped paste carried out by [129] begins with a shallow
P OCl3 diffusion followed by a PSG etching. Then, a phosphorus doped paste (P doped paste) is screen printed. A drive-in step in an IR in-line furnace creates the
highly doped emitter in the regions printed with the P -doped paste.
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Figure 4.2: Overview of the current and used selective emitter approaches.

4.1.3

Selective emitter approach of this thesis

The selected approach for this work to achieve solar cells with a selective emitter
is represented in the workflow shown in figure 4.3. The text in red stands for the
structuring which was not carried out to achieve standard cells. The sequence started
with a N aOH/IP A texturization of as cut Cz p-type silicon wafers, and HCl, HF
cleaning. Then, Piranha cleaning26 and dry thermal oxidation were performed to
obtain a thin layer of SiO2 (≈ 25 nm). In order to open the oxide barrier, an etching
paste was screen printed in the upcoming metalization areas. After the application
of the etching paste, the wafers needed to be cleaned in such a way that there were
no paste residuals but at the same time the oxide was not etched away. Next, P OCl3
was carried out producing a highly doped emitter in the opened areas and a lowly
doped emitter where the oxide barrier was present. The PSG was etched in a HF
bath and SiNx was deposited by PECVD. Subsequently Ag paste for the front side
and, AgAl paste for solder pads and Al paste for the rear side were screen printed.
After that a co-firing step and a laser edge isolation were performed.
26

See experimental section in section 1.6.
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Figure 4.3: Workflow for standard and selective emitter cells.

In this work, two etching pastes were used: a paste with phosphoric acid “BES”
(dark color)27 and a paste containing hydrogen fluoride “BRS” (reddish color)28 ,
both isishape SolarEtchTM produced by Merck. The wafers with the BES paste
were heated between 300o C and 350o C in a fast firing IR belt furnace to activate
the etching process. Thereafter, they were cleaned in an ultrasonic cleaner with 20 l
deionized water and 60 ml KOH at 40o C. After printing the BRS paste, the wafers
were cleaned in an ultrasonic cleaner at 40o C with 20 l deionized water and without
KOH.
The metalization was performed with the pastes DuPont PV147 (Ag) for the
front side, Ferro 3398 (AgAl pads) and monocrystal Analog Pase 12D (Al) for the
rear side.

4.2

Selectivity

Thermally grown silicon dioxide was used as a semitransparent barrier. A set of experiments was performed to find a proper set of parameters which produce a shallow
emitter when diffusing through SiO2 and a heavily doped emitter when diffusing
without SiO2 . For this purpose, 4-Point Probe and Electrochemical Capacitance
Voltage (ECV) measurements were carried out. The concept of selectivity is defined
as the ratio of the higher sheet resistance in uncovered regions and the lower sheet
resistance in covered regions where “covered” means covered by the upcoming Agfingers and busbars. The goal was to achieve 90-100 Ω/sq on the uncovered regions
and 40-50 Ω/sq in the covered regions.
In order to test the oxidation-diffusion, the sequence started with the as cut Cz
p-type silicon wafers. As seen in section 1.6 (chapter 1), the process continued with
N aOH/IP A alkaline texturization and HCl, HF cleaning. The group of wafers to
receive the diffusion barrier was first treated with Piranha cleaning followed by a
27

A H3 P O4 complex with a viscosity of 20 − 40 P a · s at 23o C and an etching rate of 1.5 − 2
nm/s on SiO2 at room temperature.
28
An ammoniumhydrogendifluoride complex with a viscosity of 10 − 20 P a · s at 23o C and an
etching rate of 3 − 4 nm/s on SiO2 at room temperature.
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dry oxidation. The test samples were not structured. Finally all wafers were P OCl3
diffused and HF etched. Afterwards the sheet resistance and emitter profile were
measured and compared for diffusion through oxide and without oxide.

4.2.1

Sheet resistances

After performing several oxidations and different diffusions through the grown oxides, measurements of the sheet resistance were carried out with the 4-point probe
device and are shown in figure 4.4. Only the values of the sheet resistances with a
standard deviation lower than 10% were considered to be used for solar cells. The
full and dotted lines correspond to a fit of the data points.
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Figure 4.4: Sheet resistance as a function of oxidation time for several diffusions.

Oxidations were all performed at 865o C with varying oxidation times. The diffusions are designated by the letters A to G where A: 840o C / 40, 5 min, B: 840o C
/ 50, 5 min, C: 850o C / 30, 5 min, D: 850o C / 40, 5 min, E: 860o C / 25, 5 min, F:
860o C / 25, 5 min and G: 870o C / 15, 5 min. Each diffusion was performed with
the same temperature for pre-deposition and drive-in. The O2 , N2 and P OCl3 fluxes
were fixed for all diffusions. The times for the drive-in step were kept at 5 min.
The red points represent diffusion B which reached 49 ± 4 Ω/sq (denoted as 50
Ω/sq) without oxide and 100 ± 8 Ω/sq (denoted as 100 Ω/sq) through the oxide for
a 120 min oxidation time. The gray points (diffusion E) showed also good selectivity
of 38.5 ± 1.4 Ω/sq and 89.0 ± 9.7 Ω/sq for a 100 min oxidation time. In the end,
diffusion B was selected due to better homogeneity of the high sheet resistance
(100 Ω/sq). The corresponding oxide thickness on a textured wafer to achieve this
sheet resistance was measured with an ellipsometer. Based on 10 measurements, the
thickness was estimated to be 28 ± 1.5 nm by using a tilt angle of 45o C.
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Emitter profiles

The emitter profiles on textured wafers from the oxidation-diffusion processes were
determined using the ECV technique. Figure 4.5 shows depth profiles for wafers with
shallow and heavily doped emitters from diffusion B.
The 50 Ω/sq emitter exhibited a deeper profile than the 100 Ω/sq emitter. The
shallow emitter was 0.19 µm deep with a surface concentration of 3.1 × 1020 cm−3 .
The heavily doped emitter was 0.28 µm deep with a surface concentration of 5.3 ×
1020 cm−3 . The more heavily doped emitter with a deeper profile was used to form
good quality contacts, i.e. low contact resistance. This emitter can also prevent the
formation of shunts as discussed in chapter 3. The lowly doped emitter can result
in lower Auger Recombination, increasing Joc and Voc due to a better quantum
efficiency for the range of the short wavelengths.
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Figure 4.5: Emitter profiles for a shallow and a heavily doped emitter.

The depth profile of the sample with a 100 Ω/sq emitter sheet resistance from diffusion through thermal silicon dioxide exhibits an increasing concentration from the
surface reaching a peak at approximately 20 nm and then decreasing in the depth.
This behavior can be explained by a segregation of impurities in the oxide/silicon
interface. Thus, phosphorus could have been piled up in the interface and diffusing
back to or have stayed in the oxide.

4.3

Optical alignment

The wafers were first printed with etching pastes to open the barrier. After P OCl3
diffusion, a printing step was performed again for metalization. Therefore, an alignment step was required. An alignment consists of recognizing the exact position of
the wafer during the first printing to print silver fingers inside and along the opened
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regions. According to the used printer (a semi automatic screen printer from Baccini with an alignment precision of ±25 µm), there are two methods of obtaining an
effective alignment: an optical alignment based on the camera recognition of three
positions at the edges (edge alignment), and an alignment based on the camera
recognition of two laser marks (Fiducial alignment). In this work, the alignment was
performed by edge recognition. Figure 4.6 shows where the cameras of the printing
machine look to check the position.
After printing the etching paste, the opened finger was visible to the eye. In order
to investigate if the alignment was correct, an optical microscope was used. Figure
4.7 shows a cell just printed with silver paste and dried. The opened finger was 390
µm wide and the silver finger 150 µm. The Ag finger could be printed inside and
along the opened region. The opened region was wider than the metal printed finger
by a factor of 2.6 .

(a)

P1

(b)

P1

P2

P3
P2
Figure 4.6: Sketch of a solar cell with the positions to be recognized by the camera: (a)
Edge alignment. (b) Fiducial alignment.

155µm

150µm

390µm

Figure 4.7: Laser scanning microscope image of a silver finger inside the opened region.

The image in 4.7 shows that the opened region with the more highly doped
emitter was wider than the silver finger (also illustrated in the sketch of a solar cell
with a selective emitter structure in figure 4.1). This situation could allow for further
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improving the process. For instance, decreasing the opening of the barrier to avoid
non metalized, highly doped regions under illumination. In this way, losses due to
surface and emitter recombination could be minimized.

4.4

Characterization on individual cells

4.4.1

Improvement of the cell performance

Table 5.2 summarizes IV-measurements29 for cells with 50 Ω/sq (49 ± 4 Ω/sq),
reference cells with 55 Ω/sq (52 ± 2 Ω/sq), cells with 100 Ω/sq (100 ± 8 Ω/sq
from diffusion through SiO2 ) and selective emitter cells using BRS and BES etching
pastes, both with a selectivity of 50-100 Ω/sq.
Selective emitter cells
The average of selective emitter cells opened with BRS reached a gain in efficiency of
+0.6% compared to the average of reference cells. With regard to Jsc and Voc values,
the gain was repectively +1.1 mA/cm2 and +8.9 mV . The fill factor dropped with
respect to the reference cells by 0.8%. The best cell opened with BRS etching paste
had an efficiency of 17.7% meaning an improvement of +0.7% (abs.) above the
best reference cell, and 0.8% (abs.) above the average of the reference cells. The
improvement of the best cell above the average of reference cells for Jsc and Voc
was 1.1 mA/cm2 and 9 mV , respectively. The fill factor was similar to those of the
reference cells (≈ 78%) which means that for that case, the quality of the contacts
was maintained.
Cell type
50 Ω/sq (avg.)
50 Ω/sq (best)
55 Ω/sq Ref. (avg.)
55 Ω/sq Ref. (best)
100 Ω/sq (avg.)
100 Ω/sq (best)
SE BRS (avg.)
SE BRS (best)
SE BES (avg.)
SE BES (best)

η [%] Jsc [mA/cm2 ] Voc [mV ] F F [%]
16.2
34.0
613.0
78.0
±0.03
±0.05
±0.9
±0.2
16.3
34.0
612.7
78.3
16.9
35.0
619.0
78.1
±0.05
±0.02
±0.6
±0.2
17.0
35.0
619.5
78.2
17.5
36.3
626.3
76.7
±0.1
±0.06
±0.9
±0.4
17.6
36.3
626.8
77.3
17.5
36.1
627.9
77.3
±0.4
±0.1
±2.5
±1.7
17.7
36.1
628.5
78.1
16.9
35.1
619.5
77.7
±0.3
±0.3
±3.6
±0.3
17.7
36.1
628.4
78.1

Table 4.1: Summary of the IV-measurements.
29

The IV-measurements were performed at Bosch Solar Energy AG.

# cells
10

4

35

20

40
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It is observed from table 4.1 that the deviation of the IV values for selective
emitter cells was higher than for cells with homogeneous emitters. Selective emitter
cells opened with BRS exhibited ∆η = ±0.4%, ∆Jsc = ±0.1 mA/cm2 , ∆Voc =
±2.5 mV and ∆F F = ±1.7%. Those values mean that these cells could potentially
achieve η = 17.9%, Jsc = 36.2 mA/cm2 , Voc = 630.4 mV and F F = 79%.
On average there was no gain with respect to selective emitter cells opened with
BES in terms of efficiency, short circuit current density and open circuit voltage
compared to the average of reference cells. The fill factor decreased 0.4% compared
to the average of the reference cells. However, the best cell opened with BES etching
paste had an efficiency of 17.7% which represents an improvement of +0.7% (abs.)
in efficiency above the average of reference cells and +0.8% above the best reference
cell (same gain as selective emitter cells opened with BRS). The improvements of
the best selective emitter cell above the average of the reference cells in terms of Jsc
and Voc were +1.1 mA/cm2 and +9.4 mV , respectively. The fill factor of the best
cell was at the same level of the average for reference cells with approximately 78%.
The improvement of 0.7% in cell efficiency of the selective emitter cells opened with
BES etching paste demonstrates that in principle, high efficiencies are achievable
with BES but the use of BES etching paste led to an unstable process, since the
averaged IV values were not higher than those of the reference cells.

Cells with a homogeneous emitter
The homogeneous emitter with 50 Ω/sq exhibited the highest fill factor values with
approximately 78% (78.3% the best) compared to cells with higher sheet resistances
and also with the average of selective emitter cells. Reference cells with 55 Ω/sq
reached practically the same fill factors as cells with 50 Ω/sq. It was demonstrated
that the highly doped emitter contributed with a low contact and series resistance
increasing the fill factor (see contact and series resistance in section 4.4.2). However,
the cells with low sheet resistance show the lowest Jsc and Voc values due recombination losses also limiting the fill factor and cell efficiency. The emitter with 50
Ω/sq achieved Jsc = 34 mA/cm2 and Voc = 613 mV in average.
In the case of the homogeneous emitter with 100 Ω/sq from diffusion through
SiO2 , its lowly doped emitter allowed for obtaining the highest Jsc values compared
to cells with lower sheet resistances and selective emitters (Jsc = 36.3 mA/cm2 ) due
to a lower degree of surface and emitter recombination increasing the blue response
and thus, photo generation (see spectral response in figure 4.8). Values for Voc are
high though slightly lower than the average of the selective emitter cells (Voc = 626.2
mV ). It has been reported that the reduction of Voc values of solar cells with very
shallow emitters arises from two effects: an increased second diode recombination
current density J02 and a larger value of the saturation current density under metal
(J0E,metal ) [130]. In this sense, the selective emitter not only decreases the contact
resistance under the silver fingers but also reduces the recombination under metal
contacts expressed by J0E,metal and prevents the introduction of impurities or defects
in the space charge region or near the junction.
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Line, contact and series resistance

The contact and specific contact resistance were measured by the TLM method on
stripes of 15.6 × 1 cm2 size which were cleaved after lasering the rear side of the
cells. Likewise, the line resistance was obtained by measuring prepared samples of
size 15.6 × 6 cm2 . The series resistance was extracted from the IV-characteristics.
Table 4.2 summarizes the resistance measurements and also shows the extracted
series resistance.
Group (cell type) Rline [Ω/cm]
Rc [Ω]
50 Ω/sq
0.31 ± 0.02
0.27 ± 0.01
55 Ω/sq Ref.
0.34 ± 0.03
0.32 ± 0.01
100 Ω/sq
0.40 ± 0.03
0.58 ± 0.18
SE. BRS
0.34 ± 0.04 not available (NA)
SE. BES
0.33 ± 0.03
0.30 ± 0.02

ρc [mΩcm2 ] Rser [mΩ]
1.48 ± 0.03 3.4 ± 0.24
1.92 ± 0.22 3.4 ± 0.17
3.25 ± 0.50 4.0 ± 0.36
NA
3.7 ± 0.14
1.65 ± 0.07 3.7 ± 0.88

Table 4.2: Summary of line, contact resistance, specific contact resistance and series resistance for all groups of cells.

The line resistance appears to be dependent on the emitter sheet resistance. However, the effect of a lower Rline value on lower sheet resistances is merely attributed
to the method of measuring as explained in section 3.2.5 (chapter 3).
Cells with the lowest sheet resistances 50 Ω/sq and 55 Ω/sq (homogeneous emitters) achieved the lowest contact and series resistances. Cells with selective emitters
follows with a higher series resistance than the emitters with 50 Ω/sq and 55 Ω/sq.
However, the contact resistance and specific contact resistance values lay between
those of 50 Ω/sq and 55 Ω/sq. The cells with 100 Ω/sq (homogeneous emitter from
diffusion through SiO2 ) had the highest contribution to series resistance compared
to all other groups of cells.

4.4.3

Enhancement of the blue response

After the IV-measurements some cells were cleaved into the size 5×5 cm2 by lasering
the rear side. Then the external quantum efficiency and reflexion were measured with
the Spectral Response device at the University of Konstanz for wavelengths between
300 nm and 1200 nm. Then the internal quantum efficiency was calculated and is
illustrated in figure 4.8 between 350 nm and 600 nm.
The orange curve stands for the cells with 50 Ω/sq and the dark gray represents
the cells with 100 Ω/sq. The red curve symbolizes the reference cells. The blue curve
corresponds to selective emitter cells opened with BRS and the black curve to the
selective emitter cells opened with BES etching paste.
Cells with 100 Ω/sq from diffusion through SiO2 exhibited the best blue response
compared to all other groups. The poorest behavior in the range of short wavelengths
was recorded for the cells with 50 Ω/sq. Considering the blue line (BRS), there was
a remarkably better response for the short wavelengths compared to the reference
cells. This improvement tends to the response of the 100 Ω/sq cells. The latter
gives evidence of a lower recombination at the front surface due to a lower doping
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concentration in the surfaces under illumination. The average of selective emitter
cells opened with BRS reached an IQE of about 90%, whereas reference cells achieved
an IQE of 70% at 400 nm. In contrast, IQE for the selective emitter cells opened
with the BES etching paste exhibited no significant improvement compared to the
reference cells. Two possible explanations can be considered here: first, after printing
the BES etching paste the wafers were heated in the firing furnace where metal
residuals or particles were present. Then the wafers were cleaned but the removal
of the paste was not complete. The following step was a high temperature step
(P OCl3 diffusion) where impurities could diffuse into the material and contaminate
the device. Second, the opening of the barrier with BES etching paste could have
been much wider than that performed with BRS etching paste. This problem can be
seen in table 4.1. The cells opened with BRS reached higher Jsc , Voc and therefore
also higher η values than those selective emitter cells with BES etching paste. Figure
4.9 shows that the removal of the BES paste after heating and cleaning was not
complete.
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Figure 4.8: Internal quantum efficiency and reflexion of cells with 50 Ω/sq, 100 Ω/sq,
reference and selective emitter cells. The curves are the average of three different measured
samples.

Figure 4.9: The BES etching paste (containing phosphoric acid) could not be removed
completely.
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Characterization on modules

A group of four cells with selective emitters opened with BRS etching paste and
cells with 100 Ω/sq homogeneous emitters from diffusion through thermal silicon
dioxide were selected to construct small modules30 of 2 by 2 cells each (see figure
4.10). The encapsulation was carried out with Ethylene Vinyl Acetate (EVA).

4.5.1

IV measurements

The performance of the module with selective emitter cells and cells with emitters
from diffusion through thermal SiO2 is shown in table 4.3, and the average of the
individual cell performance for the selective emitter cells and cells with emitters
from diffusion through thermal SiO2 is found in table 4.4. The selectivity of the
selective emitter cells was 50-100 Ω/sq.

Sel. Em.
Hom. Em.

η
[%]
15.4
15.2

Isc
Voc
FF
[A] [mV ] [%]
8.79 2.50 67.7
8.85 2.48 66.5

Rser Rshunt
[mΩ]
[Ω]
50
26.3
53
18.0

MP P
[W ]
14.9
14.6

Table 4.3: Summary of the IV-measurements for the small modules.

From table 4.3, the module with selective emitter cells exhibited a slightly higher
efficiency than that of the module with homogeneous emitters due to a higher fill
factor. Since cells with a selective emitter achieved 50 Ω/sq in the metalized regions,
while the cells with an emitter from diffusion through oxide received 100 Ω/sq,
the contribution of the contact resistance to the series resistance was lower for the
module with selective emitter cells (seen in section 4.4.2). However, the cells with
an emitter from diffusion through oxide showed a higher generated current due to a
better blue response of cells with 100 Ω/sq (see figure 4.8).
η
[%]
Sel. Em. (Avg.)
17.7
Std. Dev.
0.02
Hom. Em. (Avg.) 17.5
Std. Dev.
0.04

Isc
[A]
8.7
8 × 10−3
8.8
6 × 10−3

Voc
[mV ]
629.0
0.6
626.7
0.8

F F Rser Rshunt
[%] [mΩ]
[Ω]
78.0 3.5
148
0.08 0.3
30
76.9 3.9
476
0.06 0.4
375

MP P
[W ]
4.3
4 × 10−3
4.2
9 × 10−3

Table 4.4: Summary of the IV-measurements of the four cells of each module.

From table 4.4, the average of the fill factor for selective emitter cells was 1%
above that for cells with homogeneous emitters due to a lower series resistance and
higher Voc value. The lower series resistance can be explained by a lower contribution
of the contact resistance for selective emitter cells since these cells received a strong
30

The modules, the corresponding IV measurements of the selected cells and the modules were
performed by Bosch Solar Energy AG.
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diffusion, resulting in 50 Ω/sq unter the front side metalized regions. The higher Voc
value can arise from an enhanced blue response for selective emitter cells, similar
to that of the cells with homogeneous emitters due to the shallow 100 Ω/sq emitter in the illuminated regions. The saturation current density under metalization
(J0E,metal ) was possibly reduced for selective emitter cells due to the heavily doped
emitter underneath the metal. The generated current was nevertheless slightly lower
for selective emitter cells. The wider opening of the barrier produced non metalized
heavily doped regions under illumination. Overall, selective emitter cells achieved a
higher efficiency than cells with a high ohmic homogeneous emitter. Comparing the
cell with the module performance, the efficiency dropped approximately 2% (abs.)
mainly due to the soldering causing a high series resistance and a drop in the fill
factor of ≈ 10% for both type of cells.
Note that the short circuit currents of the module were slightly higher than the
currents of the individual cells (tables 4.3 and 4.4). Because there is space between
the cells in the modules, light will be reflected, but a part will be reflected again to
the cells due to different layers such as the glass and EVA (see next subsection and
figure 4.12).

Figure 4.10: Picture of a 2 by 2 cell module.

4.5.2

Spectral response

The external quantum efficiency (EQE) of the module with selective emitter cells
was determined with a Spectral Response device at IPV-Stuttgart31 . A comparison
between EQE values of the module with selective emitter cells and EQE of cells is
shown in figure 4.11.
EQE values of the module with selective emitter cells were in the wavelength (λ)
range from 300 nm to 1200 nm below those of the selective emitter cells. For defining
a criteria, this λ-range can be divided in two: (a) From 300 nm to approximately 400
nm and (b) from ≈ 400 nm to 1200 nm. In (a), for λ < 400 nm, the module exhibited
a sharp decrease in EQE, possibly due to encapsulant (EVA), which resulted in a
reduction of the transmittance to the cells. However, there was still a gain compared
31

Institute for Photovoltaics, University of Stuttgart.
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with EQE values of cells with 50 Ω/sq and of reference cells with 55 Ω/sq. In case
of (b), the reduction of EQE values for the module became less pronounced than for
case (a).
Note that, the measurement of the module provided EQE values higher than
10%, between λ = 300 nm and λ = 350 nm. Since the measurement was carried out
on a 2 by 2 module arrangement, artifacts could have affected the short wavelength
range in that, more light than usual was possibly available for light absoption.
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Figure 4.11: External quantum efficiency for cells and the module with selective emitter
cells opened with BRS etching paste.

Overall, the optical behavior of the module is influenced by the dispersion, multiple internal reflexions inside and between the layers which was investigated by [131]
(see figure 4.12). In this work, a model for computing and simulating structures with
several layers was developed (e.g. the system: air/solar glass/encapsulation/anti reflexion layer/silicon). Their model allows for calculating optical losses and optical
transmission of any encapsulation for PV modules.
n0 air

n1 glass
n2 EVA
n3 SiNx
n4 silicon

Figure 4.12: Sketch of the transmittance for different layers (according to [131]).
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With regard to investigations for obtaining optimum values of refractive indexes
(nmaterial ), the work of [132] dealt with optical losses in the module after encapsulation. Optimum values of nSiNx = 2.04 and a thickness of 66 nm SiNx were found
for cells with fully textured surfaces. Studies concerning selective emitter module
encapsulation was carried out by [133]. In this work, selective emitter modules with
encapsulants such as Ethylene Vinyl Acetate (EVA), Polyvinyl Butyral (PVB) and
silicones in combination with solar glass or Ethylene Tetrafluoroethylene (ETFE)
were compared.

4.6

Summary

The concept of a selective emitter was reviewed where the most common methods
of obtaining this structure were classified. The selected approach for this thesis was
P OCl3 diffusion through a semitransparent SiO2 layer, thermally grown in a tube
furnace. In order to find the correct selectivity, a test of oxidation-diffusion was
carried out. After finding the proper parameters for the combination of diffusing
without an oxide barrier and through the barrier, the selective emitter process was
performed. The chosen selectivity was 50 Ω/sq and 100 Ω/sq. Two etching pastes
were used to open the oxide barrier in the regions of the upcoming metalization.
The alignment was carried out by edge recognition. The IV-measurements showed
that selective emitter cells opened with the BRS achieved higher efficiencies than the
reference cells with a standard homogeneous emitter of 55 Ω/sq (+0.6% compared
to average of reference cells and +0.7% best selective emitter cell compared to the
average of the reference cells). The efficiency of the selective emitter cells opened
with the BES etching paste was at the same level of the average of the reference cells.
However, the fill factor decreased 0.4% compared to the average of reference cells,
possibly due to metal contamination during the heating step for the BES paste
in order to activate the etching process and a much wider opening of the barrier
than the real width of the silver finger. The best cell achieved +0.7% (abs.) gain in
efficiency and +0.8% above the average of reference cells which is the same gain that
the selective emitter cells opened with BRS reached. It was observed that cleaning
after applying the BES paste left residuals. The spectral response showed that the
selective emitter cells opened with the BRS paste increased the blue response but
selective emitter cells opened with the BES paste were comparable to the reference
cells, and did not show a significant improvement. It follows that high efficiencies
are achievable with BES but its use led to an unstable process.
Modules with a 2 by 2 cell arrangement were constructed with selective emitter
cells opened with the BRS etching paste and cells with an 100 Ω/sq emitter sheet
resistance formed by means of diffusion through thermal silicon dioxide. The IV
measurements of the cells and the modules indicated a reduction of about 2% in
efficiency due to losses mainly caused by the interconnection of cells in the module.
The loss in the fill factor was roughly 10%. The perfomance of both modules exhibits
a difference in efficiency of 0.3% and a ∆M P P of 0.2 W in favor of the module with
selective emitter cells. The mesurement of the external quantum efficiency of the
module with selective emitter cells provided more insight about the losses in the
short wavelength range when using a standard encapsulation.

Five
Height-selective emitters
5.1

Introduction

The purpose of this chapter is the development and characterization of a heightselective emitter. This concept is based on the idea of the classical selective emitter
for which in the metalized regions there is a highly doped emitter and in the illuminated areas a lowly doped emitter. The concept of a height-selective emitter is
defined in a smaller scale. In this case, the selectivity is given by a highly doped
emitter only on the tips of the pyramids and a lowly doped emitter at the bottom
or regions between pyramids (valleys). The feature of a heavier doping in a small
region was defined in chapter 3 as a micro-selective emitter.
Height-selective emitter cells can provide a basis for production of well contacted
solar cells with a high emitter sheet resistance by using standard metalization pastes.
The height-selective emitter relies on the spin coating of a liquid oxide precursor on
a textured wafer. Such a height-selective emitter is compared with a single diffusion
standard homogeneous emitter and with a double diffusion homogeneous emitter.
The characterization includes scanning electron and laser scanning microscopy (SEM
and LSM), IV-characteristics, specific contact resistance, carrier lifetime, spectral
response and Scanning Spreading Resistance Microscopy (SSRM) measurements on
both partially processed wafers and on fully processed cells.

5.2

Height-selective emitter process

Figure 5.1 shows the process steps for standard homogeneous emitter cells, homogeneous emitter cells with double diffusion, both as references, and height-selective
emitter cells. The three approaches started with an alkaline texturization to obtain
a random pyramid textured surface followed by a HCl, HF cleaning. Then, for the
height-selective emitter sequence, a shallow P OCl3 diffusion was performed, PSG
was etched in a HF bath, a liquid precursor named ABSE (see section B of the
appendix) was deposited by spin coating and thermally converted to an oxide. Subsequently, a second diffusion was carried out. The homogeneous emitter process with
double diffusion did not include the spin coating step. The standard homogeneous
emitter process included neither the shallow diffusion nor the spin coating step. For
the shallow diffusion, recipes with target sheet resistances of 185 Ω/sq and 135 Ω/sq
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were used. For the second diffusion, recipes with target sheet resistances of 135, 115,
100, 85, 65 and 55 Ω/sq were used. For the standard homogeneous emitter process
only the 55 Ω/sq diffusion was performed. The following steps were identical for all
processes: the phosphorus glass (and the oxide barrier) was etched in HF , silicon
nitride was deposited (same standard recipe was used as depositions for textured
surfaces in experiments described in chapters 3 and 4), the wafers were printed with
standard pastes, co-fired and laser edge isolated.
Standard cells
Homogeneous
emitter cells
double diffused

Alkaline
texturization
of Cz p-type
Height-selective silicon wafers
emitter cells

PSG removal

HCl
+
HF
cleaning

PECVD SiNx

POCl3 diffusion
Shallow POCl3 diffusion
PSG removal
Strong POCl3 diffusion
Shallow POCl3 diffusion
PSG removal
Spin coating
Second POCl3 diffusion

Screen printing
Ag, AgAl and Al

Co-firing

Laser
edge isolation

Figure 5.1: Workflow for homogeneous and height-selective emitter cells.

The following section consists of the characterization on samples from partially
processed wafers just after the first diffusion and the spin coating step, and after the
second diffusion for height-selective emitters. Then, measurements were performed
on cells from each sequence shown in the figure 5.1, i.e. it includes homogeneous
emitters (single and double diffused). In this chapter, the line resistance was not
fully investigated in that, the peak firing temperature was varied. A measurement
of Rline resulted in comparable values to those in chapter 3 and 4, which means,
Rline ≈ 0.30 Ω/cm.

5.3
5.3.1

Characterization
Shallow diffusion before spin coating

The shallow P OCl3 diffusions were adjusted to obtain emitter sheet resistances of
135 Ω/sq and 185 Ω/sq (before removing the PSG). After removing the PSG the
sheet resistance was measured again. Figure 5.2 is a box plot showing the distribution
of the sheet resistance before and after the PSG removal.
Before the PSG removal, the averages of the emitter sheet resistances over all
samples of each diffusion were 133.5 ± 3.5 Ω/sq and 186.7 ± 2.7 Ω/sq. After the PSG
removal Rsheet values became 141 ± 3.5 Ω/sq and 194.2 ± 3.7 Ω/sq, respectively.
Figure 5.3 shows the emitter profiles of flat samples with measured sheet resistances
of 142 ± 8 Ω/sq and 195 ± 10 Ω/sq, determined by the ECV method.
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Figure 5.2: Measurement of the sheet resistance before and after PSG removal.

The emitter profiles in figure 5.3 exhibit a similar surface concentration of 4.1 ×
1020 cm−3 and also a similar profile beginning from 30 nm up to 120 nm. After
120 nm, the fitted lines (obtained with use of an algorithm), provide the indication
of non equal junction depths (xj ). For the 135 Ω/sq diffusion, xj ≈ 140 nm while
for the 185 Ω/sq diffusion, xj ≈ 180 nm. The shape at the first 30 nm can cause
the difference in the sheet resistance since the profile of the 185 Ω/sq diffusion
drops quickly to 6 × 1019 cm−3 at 20 nm while the 135 Ω/sq diffusion retains its
concentration at 3 × 1020 cm−3 up to 20 nm.
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Figure 5.3: Emitter profiles of the shallow diffusions measured by the ECV method.

5.3.2

Oxide coverage

The oxide coverage was investigated by electron and laser scanning microscopy. The
prepared samples consisted of textured wafers which were cleaned in a HCl and
HF bath. Then, a shallow diffusion was performed and the PSG was etched in HF .
After that, a spin-on precursor was deposited followed by a drying step at 40o C.
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Figure 5.4 summarizes LSM images to compare a naked textured wafer and a
wafer with the spin-on oxide. Images 5.4a and 5.4b show a naked textured wafer,
and 5.4c and 5.4d a wafer with a spin-on oxide. Images (a) and (c) are top views,
and images (b) and (d) are seen with an arbitrary angle of inclination. Comparing
figure 5.4a with 5.4c and figure 5.4b with 5.4d, the regions with the precursor are
distinguishable by a darker blue color. Images 5.4c and 5.4d reveal that the spin-on
oxide is abundant in the valleys between the pyramids and that the tips are not
covered by the oxide. Images 5.4a and 5.4b do not have any dark regions in the
valleys. It is also possible that small pyramids can be completely covered by the
resulting oxide. Thus, a subsequent diffusion would be hampered (compare with
figure B.4 in section B of the appendix).

(a)

(b)

(c)

(d)

Figure 5.4: LSM images of a naked and a spin-on oxide coated textured wafer.(a) top view
and (b) inclined view show a textured wafer without barrier. (c) top view and (d) inclined
view correspond to a textured wafer after the deposition of the precursor.

The images 5.5a and 5.5b 32 show SEM images of cross sections for a sample with
a shallow diffusion and the precursor (oxide) on it. The oxide was charged during
the SEM measurement and therefore visible. The oxide was deposited in the valleys
between the pyramids. Figure 5.5c corresponds to a tilted view of the sample. Both
smooth and rounded forms were observed. The oxide thickness gradually declines
from the bottom (valley or region between pyramids) to the top of the pyramids.

(a)

(b)

(c)

Figure 5.5: SEM images: (a) cross section view of oxide coverage. (b) marked rectangle
from (a) where the oxide is well visible. (c) Pyramids with rounded shapes in the valleys.
32

The SEM images in figure 5.5 were taken at Fraunhofer ISE by U. Jäger. The sample preparation was carried out by A. Kimmerle. Special acknowledgements are given to A. Wolf and Dr.
D. Biro for their collaboration.
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Emitter thickness

After performing the second diffusion on a wafer with a shallow diffusion and a
spin-on oxide, the thickness of the height-selective emitter was determined by SEM
analysis. The emitter thickness varied between 500 nm to 650 nm at the bottom of
the pyramids. The emitter thickness was around 850 nm at the top of the pyramids.
See figure 5.6 33 .

(a)

(b)

830nm
530nm

860nm
660nm

(c)
870nm
640nm

Figure 5.6: Spatially resolved emitter thickness determination by SEM. More studies related to doped and diffused regions in semiconductors can be found e.g., in [134, 135, 136, 137].

Thus, the difference in emitter thickness between bottom and top was 200 nm
to 300 nm. Since spin coating of the precursor resulted in a thick oxide layer filling
the valleys between the pyramids and leaving the tips open (see subsection 5.3.2),
the second diffusion was effective at the pyramid tips while the rest of the surface
was masked by the precursor.

5.3.4

Solar cell performance

Tables 5.1 and 5.2 summarize the IV-measurements for cells with a standard emitter
and cells with a height-selective emitter. Note that standard emitters were defined
in section 1.6 (chapter 1). The metalization was performed with the pastes DuPont
PV147 (Ag), Ferro 3398 (AgAl pads) and monocrytal Analog Pase 12D (Al).
Cells with a standard emitter
The maximum efficiency of the cells with a homogeneous emitter (table 5.1) was
17.5% with a sheet resistance of 106 Ω/sq. However the fill factor reached was only
76.6%. The best fill factor (78.1%) was achieved with 55 Ω/sq but the efficiency
dropped to 16.9% due to bad blue response and high emitter recombination (see
subsection 5.3.11 for quantum efficiency). For lower sheet resistances, the defect
density near the surface produced by phosphorus diffusion was higher as was the
conductibility in the metalized highly doped silicon. The fill factor thus benefited
from this highly doped emitter due to a low contact resistance (see contact resistance
measurements in subsection 5.3.5). The open circuit voltage was decreased for very
high sheet resistances (Rsheet > 106 Ω/sq) due to recombination effects in metalized
areas which also limited the efficiency (see subsection 5.3.7).
33

SEM images in figure 5.6: compare with SEM images in figure 5.5.
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Rsheet [Ω/sq]
117 ± 4

106 ± 6

97 ± 3

77 ± 2

55 ± 1

η[%] Jsc [mA/cm2
16.8
36.4
±0.20
±0.02
17.0
36.4
17.5
36.8
±0.03
±0.04
17.6
36.8
17.2
36.1
±0.16
±0.08
17.4
36.2
17.5
36.0
±0.17
±0.19
17.6
36.1
16.9
35.0
±0.05
±0.02
17.0
35.0

Voc [mV ] F F [%]
617.1
74.9
±0.5
±0.82
617.4
75.5
621.8
76.6
±0.4
±0.1
621.4
76.9
620.1
77.1
±0.7
±0.7
621.3
77.6
623.1
77.8
±2.5
±0.2
625.1
78.0
619.0
78.1
±0.5
±0.2
620.0
78.2

# cells
2

4

9

6

4

Table 5.1: IV-measurements for cells with a standard emitter as reference.

Cells with a height-selective emitter
Cells with a height-selective emitter could be contacted up to a sheet resistance of 125
Ω/sq with a fill factor of 76.3% (table 5.2). The best efficiency achieved was 17.7% for
a sheet resistance of 100 Ω/sq and with a fill factor of 77.9%. All samples represent
lowly doped emitters. These cells can profit of lower Auger Recombination losses
increasing the blue response and the short circuit current density, and potentially
also the open circuit voltage. Although the values of the open circuit voltage scatter,
it is recognizable that the two last samples with the highest sheet resistances of 125
Ω/sq and 114 Ω/sq exhibited lower Voc values compared with the emitters having up
to 110 Ω/sq. As already seen in the IV measurements for cells with a homogeneous
emitter, the Voc values drop for very high sheet resistances. More details about Voc
reduction are treated in subsection 5.3.7.
Rsheet [Ω/sq] η[%] Jsc [mA/cm2 ] Voc [mV ] F F [%]
125 ± 13
17.1
36.5
616.4
76.3
114 ± 14
17.4
36.4
617.9
77.2
110 ± 10
17.6
36.1
628.1
77.6
103 ± 18
17.4
35.2
621.3
77.6
100 ± 13
17.7
36.0
629.7
77.9

# cells
1
1
1
1
1

Table 5.2: IV-measurements for cells with a height-selective emitter.

Comparing the cells with similar sheet resistances such as the homogeneous emitter with 106 Ω/sq in table 5.1 with height-selective emitter cells with 110 Ω/sq and
100 Ω/sq in table 5.2, the cells with a height-selective emitter achieved a higher open
circuit voltage and a higher fill factor than the cells with a homogeneous emitter.
This behavior can be explained by the emitter saturation current density values (see
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figure 5.14) where the Voc tendency was consistent with the lower J0E values in favor
of height-selective emitters.

5.3.5

Specific contact resistance

The specific contact resistance was determined with the TLM method on stripes
of 15.6 × 1 cm2 size. The stripes were obtained by lasering the rear side of the
cells. Figure 5.7 shows the measured specific contact resistance as a function of the
sheet resistance for cells with a height-selective emitter and cells with homogeneous
emitters.
5 0
H e ig
H o m
(d o u
R e fe
H o m
(s in g

S p e c i f i c c o n t a c t r e s i s t a n c e ( m Ωc m

2

)

4 0
3 0
1 4
1 2

h t-s e l. e m itte r
o g . e m itte r
b le d iffu s io n )
re n c e
o g . e m itte r
le d iffu s io n )

1 0
8
6
4

0

2
4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

1 1 0

1 2 0

2 0 0

2 5 0

S h e e t r e s i s t a n c e ( Ω/ s q )

Figure 5.7: Specific contact resistance as a function of the sheet resistance.

Figure 5.7 shows that the specific contact resistance for height-selective emitters
was as small as that for the homogeneous emitter for sheet resistances below 90
Ω/sq. Above 90 Ω/sq the value of ρc for homogeneous emitters increased strongly
as did its deviation. The specific contact resistance for the height-selective emitter
was still measurable for sheet resistances higher than 180 Ω/sq. In the case of the
homogeneous emitter, no value could be measured (e.g., it was extremely high)
already from Rsheet = 130 Ω/sq with ρc > 10 mΩcm2 .

5.3.6

Contact formation

The formation of silver crystallites was investigated by removing the solar cells’
front side metalization according to the method described in section 3.2.4 (chapter
3). The removal was achieved by applying HN O3 (65% at RT), DI water, HF (5%
at RT) and DI water. After the sample preparation, SEM measurements were carried
out. As indicated in chapter 3, HN O3 removes the silver fingers and HF eliminates
glass remanents. Hence, Ag crystallites that are covered by glass remain, while Ag
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crystallites that are not covered by glass are removed resulting in contact imprints.
All cells were fired with the same T -t firing profile, at same temperatures. With
regard to the silver crystallites, in [138] it was pointed out that the main current
transport between silicon and silver preferably occurs via silver crystallites that are
located at the tips of the pyramids in direct contact.
Standard homogeneous emitter
The contact formation for cells with a standard homogeneous emitter was already
presented in section 3.2.4 (chapter 3). It was found that the number of Ag crystallites
and the fill factor decreased with increasing sheet resistances. For very high sheet
resistances, such as an emitter with 120 Ω/sq Ag, crystallites were located on the
edges and tips of the pyramids but the fill factor was extremely low (73.6%). Figure
5.8 summarizes the SEM images for the homogeneous emitters of chapter 3 at a
magnification of 5k×.

(a)

(b)

(c)

(d)

Figure 5.8: Ag crystallites of back metalized cell with a homogeneous emitter. (a) 55 Ω/sq
(IV measurements: 17.2%, 35.2 mA/cm2 , 620.8 mV , F F = 78.4%, (b) 64 Ω/sq (17.2%,
35.4 mA/cm2 , 621.2 mV , 78.5%), (c) 77 Ω/sq (17.2%, 35.7 mA/cm2 , 619 mV , 77.8%) and
(d) 120 Ω/sq (16.8%, 36.7 mA/cm2 , 622.5 mV , F F = 73.6%.).

The corresponding ρc values of the samples in figure 5.8 were: (a) 2.9 ± 0.2
mΩcm2 , (b) 2.6 ± 0.02 mΩcm2 , (c) 4.9 ± 0.2 mΩcm2 and (d) 56 ± 27 mΩcm2 .
Height-selective emitter
In contrast to the homogeneous emitter, for the height-selective emitter, Ag crystallites were only found at the tips of the pyramids independent of the overall sheet
resistance (figures 5.9, 5.10, 5.11 and 5.12). Since the fill factor remained above 77%
up to 114 Ω/sq, the few silver crystallites found at the pyramid tips were sufficient
to allow for a good contact between the bulk silver finger and the doped silicon. This
result supports the conclusion found in [138] that Ag crystallites on the pyramid tips
are the main contributors to the current flow between silicon and the silver fingers’
bulk.
Comparing figures 3.5 and 5.9 for similar sheet resistances and the corresponding
fill factors demonstrates that a large number of silver crystallites is not necessary for
producing a good contact. On the contrary, the over populated pyramids with Ag
crystallites can decrease the carrier lifetime in the device. In section 5.3.5 specific
contact resistance and in subsections 5.3.7, 5.3.8, 5.3.9 and 5.3.10 carrier lifetime
measurements and calculations are performed.
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(b)

(c)

Figure 5.9: Ag crystallites of an etched back metalized cell with a height-selective emitter
of 62 Ω/sq (IV and TLM: 17.6%, 35.7 mA/cm2 , 627.5 mV , 78.5% and ρc =2.9±0.2 mΩ/sq).

(a)

(b)

(c)

Figure 5.10: Ag crystallites of an etched back metalized cell with a height-selective emitter
of 70 Ω/sq (IV and TLM: 17.6% 35.8 mA/cm2 , 627.1 mV , 78.4% and ρc =4.4±0.5 mΩ/sq).

(a)

(b)

(c)

Figure 5.11: Ag crystallites of an etched back metalized cell with a height-selective emitter
of 110 Ω/sq (IV and TLM: 17.6%, 36.1 mA/cm2 , 628.1 mV , 77.61% and ρc =9±2 mΩ/sq).

(a)

(b)

(c)

Figure 5.12: Ag crystallites of an etched back metalized cell with a height-selective emitter
of 114 Ω/sq (IV and TLM: 17.4%, 36.4 mA/cm2 , 617.9 mV , 77.2% and ρc =8.3±2 mΩ/sq).
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Comparing figure 3.8 (homogeneous emitter) with figures 5.11 and 5.12 (heightselective emitter) shows that the few Ag crystallites on the edges in the sample with
the 120 Ω/sq homogeneous emitter were not sufficient to contact the cell (fill factor
was 73.6%). In contrast, for height-selective emitters with 110 Ω/sq and 114 Ω/sq
the few crystallites at the tips of the pyramids resulted in a well contacted solar cell
with a fill factor above 77%.
The results agree with the hypothesis that a high density of crystal defects can
be responsible for, or support, Ag crystallites to grow [139]. In that work, it was
suggested that these crystal defects can be created via P OCl3 diffusion, when the
solid solubility of phosphorus in silicon is exceeded. These defects are referred in
subsection 2.1.3 as SiP structures. A reduced amount of Ag crystallites was also
found on a deep emitter with 120 Ω/sq, exhibiting a surface concentration of 8×1018
cm−3 . An epitaxially grown emitter with a surface concentration higher than 1×1020
cm−3 also showed a reduction in the amount of Ag crystallites where almost no
crystallites were found. This observation was referenced to [140].
On the other hand, it is suggested that Ag crystallites can grow without needing a
P OCl3 diffusion. In [141], Ag crystallite formation was observed on prepared samples
from a standard screen printed solar cell process based on p-type Cz silicon wafers,
except that P OCl3 diffusion was not performed and thus the samples had no emitter.
However, the specific contact resistance on those structures was unmeasurable.
From observations in this section and previous findings, it can be established:
(i) the local heavily doped emitter can support the formation of Ag crystallites but
they could also be achievable without the doping of the semiconductor (ref. [141]).
Due to the theoretical dependence of contact resistance on the doping ND (section
1.3), a high ND and Ag crystallites are needed to allow for an ohmic contact at
the contact areas. (ii) The higher concentration of impurity atoms (dopants) at or
near a pyramid tip, i.e. a site with an abrupt change in the surface geometry, could
hypothetically lower the energy required to remove Si atoms during firing. It was
suggested that the removal of an initial Si atom is easier from the edge than from
the center of a plane [13], or accordingly from a region with a sharp shape due to
a lower binding energy [99, 142]. According to them, Ag crystallites grow at the
positions where Si atoms were previously removed during the firing step (section
1.2 briefly described the firing step).

5.3.7

Implied Voc and Voc from IV measurements

In order to determine implied Voc , symmetric samples were prepared and measured
by the QSSPC method [143]. Wafers were textured, cleaned and diffused according
to the workflow in figure 5.1, except that the wafers were not metalized. For the
samples with height-selective emitters, the precursor was spun on both sides of the
wafer. Finally SiNx was deposited on both wafer sides and fired (figure 1.3).
Figure 5.13 shows the measured implied Voc with empty symbols and the Voc from
IV measurements with full symbols as a function of the sheet resistance for heightselective emitters and homogeneous emitters. The measured points are grouped according to the first diffusion (shallow) for height-selective emitters and homogeneous
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emitters. The second diffusion was responsible for the sheet resistances between 45
Ω/sq and 280 Ω/sq. Only the reference cell received a single diffusion.
A first inspection of the plot reveals that homogeneous emitters processed with
the 185 Ω/sq shallow diffusion reached higher implied Voc values than height-selective
emitters. This feature can be explained by the lower surface recombination velocity
in low injection regime where the homogeneous emitter with 129 Ω/sq (figure 5.16),
produced with the first diffusion for 185 Ω/sq, combined with diffusion for 135 Ω/sq
resulted in Sef f < 80 cm/s at the injection level ∆n = 4 × 1014 cm−3 . On the
other hand, when using the 135 Ω/sq shallow diffusion as first diffusion, heightselective emitters achieved higher implied Voc values than homogeneous emitters. A
general observation can be summarized as follows: the implied Voc values increase
for emitters with higher sheet resistances which is attributed to a decreasing emitter
saturation current density (see section 5.3.8). However, this tendency of increasing
implied Voc values stops at a Rsheet = 120 Ω/sq, where the implied Voc saturated.

.
.
.
.

2 8 0

S h e e t r e s i s t a n c e ( Ω/ s q )

Figure 5.13: Implied Voc (empty symbols) and Voc from IV measurement (full symbols) as
a function of the sheet resistance.

A second insight can be gained with regard to the Voc values from IV measurements. As soon as the wafers were metalized, the Voc values drastically dropped to
Voc < 630 mV . In the case of the cells with height-selective emitters, their Voc values
remained above those of the homogeneous emitters in the range 80 Ω/sq to 130
Ω/sq. In [143], a decrease of 64 mV loss due to front and full surface aluminum metalization was reported. In this work it was demonstrated that after the aluminum
alloying at the rear side and front side metalization, the effective lifetime significantly reduces mainly due to the aluminum doped rear p+ region (front grid only
produces a shadowing approximately of 7% of the front area). Thus, if the front side
metalization is maintained, the full Al-BSF will limit the Voc . Note that the Voc limit
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imposed by the aluminum back metalization and silver front grid strongly depends
on the specific pastes used.
With respect to solar cell concepts that consider the limiting effect of a fully
covered Al-BSF, it is possible to alleviate of these excessive losses by reducing the
saturation current density at the rear surface and increasing the quantum efficiency
for long wavelengths. As seen in [144] the saturation current density at the surface
of the p-type material (J0p ) can be expressed as J0p = (qn2i Wp )/(τe NA ) where q is
the elementary charge carrier, ni is the intrinsic carrier concentration, Wp is the
thickness of the p-type part, τe is the minority lifetime and NA is the density of
acceptors (for this equation, it is assumed that Wp is much smaller than the diffusion
length for electrons Le ). Considered the equation, by applying another treatment
to the rear side, such as an adequate rear side passivation and a local back surface
field (LBSF), the lifetime τe can be increased. As a result, the saturation current
density is decreased. It follows that Voc and Jsc can be improved and thus also the
cell efficiency. Applying a cell concepts for the rear side such as PERL and PERC
(see abbreviations in page xiii), the cell performance can be significantly enhanced.
Some examples of these improvements can be seen in [145, 146, 147] where high
efficiencies were reached for areas of 4 × 4 cm2 and 6.7 × 6.7 cm2 . Cell results with
PERL concepts and large areas of 125 × 125 cm2 were also reported e.g. by [148].
The junction depth and the relative high doping below the metal contact can be
beneficial for the reduction of J0E,metal (mentioned in section 4.4), where J0E,metal is
the emitter saturation current density under the silver fingers. A general expression
accounting for the contribution of the saturation current due to doped regions under
metal to the saturation current density of the solar cell is given by [149]:
Z

I0c = qn2i Ac / (Ce /DB )dx

(5.1)

where Ac is the contact area, Ce is the effective doping level at a distance x from
the contact, and DB is the corresponding minority carrier diffusion coefficient. The
integral is taken over the doped layer thickness. Thus, high doping levels and thickly
doped layers are required for minimizing saturation current under the metal. This
theoretical aspect has been experimentally supported, e.g. by [150] where a more effective shielding of minority carriers of a highly doped area under the metal contact
was observed. In that work, a method to calculate the value of J0E,metal was presented. It was reported that the use of a selective emitter structure led to a reduced
value of the saturation current density underneath the metal contacts, due to the
high doping under the metalized area.

5.3.8

Emitter saturation current density

The emitter saturation current density was also measured by QSSPC, however with
a higher injection level ∆n equal to 2 × 1016 cm−3 (compare with equation 1.18).
The measured points in figure 5.14 are also grouped as they were for the implied Voc
in figure 5.13 according to the first diffusion (shallow diffusion) for hight-selective
emitters and homogeneous emitters. It can be seen that J0E cells with a heightselective emitter with 135 Ω/sq as first diffusion achieved lower values than cells
with a homogeneous emitter. In the case of the 185 Ω/sq, height-selective emitters
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with Rsheet > 200 Ω/sq reached low J0E values due to the very shallow emitter
(compare with figure 5.3).
The measured values of the emitter saturation current density presented in figure
5.14 could be higher than those measured on back etched samples from a very
heavily doped emitter. Accordingly, the chemical etch back approach used by [152,
153] found much lower J0E values due to the removal of the first nanometers from
the emitter surface decreasing the dead layer (defined in subsection 2.1.3). That
procedure started with strong diffusion and target sheet resistances of 10 Ω/sq, 30
Ω/sq and 50 Ω/sq. After that, etching was performed to obtain sheet resistances
of up to 110 Ω/sq. For instance, they measured the lowest J0E values in the range
of 50 f A/cm2 to 60 f A/cm2 etching back from 17 Ω/sq and 52 Ω/sq. Etching
back from 17 Ω/sq resulted in 68 Ω/sq and produced a saturation current density
J0E = 28 f A/cm2 . However it was pointed out that an etching of a very low starting
sheet resistance (for instance 17 Ω/sq) influences the surface texture rounding the
pyramids and increasing reflexion. For this thesis, the whole range of sheet resistance
was achieved by performing two diffusions. The low J0E values found by them also
influences the determined implied Voc values. That means, higher implied Voc when
applying the back etching approach than when using the double diffusion approach
of the present work.
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Figure 5.14: Emitter saturation current density as a function of the sheet resistance.

5.3.9

Limit values of the open circuit voltage

Based on the measured emitter saturation current density J0E and on IV measurements of cells with a height-selective emitter and cells with a homogeneous
emitter (double diffused and standard single diffused), a limit of the open circuit
voltage (Voc,Limit ) was determined for each sheet resistance and illustrated in figure
5.15. Considering the ideal IV-characteristics, the following equation can be used:
sc
Voc,limit = kBq T · ln( JJ0E
+ 1) (compare with [154, 155]).
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To do the calculation, the covered area due to the metalization was considered.
The used metalization layout and metal paste produced a covering of 9.8%. Thus,
the values of the short circuit current density Jsc were recalculated. Both J0E and
Jsc were inserted in the equation to obtain the points in figure 5.15. A temperature
of 25o C was assumed.
Figure 5.15 demonstrates that height-selective emitters exhibited a higher Voc,limit
than homogeneous emitters in the range 80 Ω/sq to 130 Ω/sq. High Voc,limit values
were achieved for high Rsheet . However, since emitters with Rsheet > 200 Ω/sq are
not contactable, this Rsheet region could not be utilized. Comparing figure 5.15 with
figure 5.13, it is clear that the metalization decreased the open circuit voltage.
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Figure 5.15: Limit values of Voc as a function of the sheet resistance.

5.3.10

Effective surface recombination velocity

The effective surface recombination velocity (Sef f ) was calculated by using a model
proposed by [156] (figure 5.16). The model computes the global rate of intrinsic
recombination in silicon, which is consistent with the Theory of Coulomb Enhanced
Auger Recombination and Radiative Recombination [157]. More details about the
model are provided in section C of the appendix.
For higher injection levels, Sef f increased for all sheet resistances which could be
attributed to an increased Auger Recombination. When comparing, however with
height-selective emitters with similar sheet resistances, it turns out that heightselective emitters benefited from lower recombination. The sample with 77 Ω/sq
height-selective emitter exhibited a lower Sef f than the 76 Ω/sq homogeneous emitter in the whole injection range and their curves ran parallel. Likewise, the heightselective emitter sample with 106 Ω/sq showed a lower Sef f than the homogeneous
emitter sample with 110 Ω/sq. The height-selective emitter sample with 126 Ω/sq
exhibited a higher Sef f than the homogeneous emitter with 129 Ω/sq due to lower
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Sef f values at low injection level. Their curves cross each other close to an injection
level of 1 × 1016 cm−3 . At one sun (∆n ≈ 1.4 × 1015 cm−3 ), the height-selective emitter sample with 126 Ω/sq exhibited a Sef f = 100 cm/s, whereas the homogeneous
emitter sample with 129 Ω/sq reached Sef f = 84 cm/s. The homogeneous emitter
with 55 Ω/sq single diffusion behaved as the double diffused 48 Ω/sq homogeneous
emitter.
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Figure 5.16: Eff. surface recombination velocity as a function of the minority carrier density.

Since cells with a height-selective emitter only have highly doped emitters at the
tips of the pyramids, while the valleys are lowly doped, the overall recombination
in the emitter may be lower than that for a homogeneous emitter with the same
or very similar sheet resistance. However, a model which considers the respective
fractions of the heavily as well as of the lowly doped emitter, and the doping levels in between would be necessary to evaluate how the recombination losses vary
when these fractions of doped regions on a pyramid are changed. In this model, it
could be suggested that: (a) height-selective emitters must exhibit different doping
profiles depending on the position at a pyramid. It follows that at a pyramid tip
the difference between inactive dopant and active dopant concentration, and the
dead layer (xd ) can be larger than those at a lower position on a pyramid. The doping profile at the bottom could be such that the dopant concentration of inactive
dopants is equal to the concentration of active dopants. (b) homogeneous emitters
must show doping profiles which are independent (or much less dependent than
height-selective emitters) on the position on a pyramid. According to these ideas,
a high macroscopical sheet resistance could be the result of very different profiles
which for height-selective emitters, the tip and the bottom would imply different
local sheet resistances. Depending on the fractions of a highly, lowly doped emitter
(also depending on the doping levels in between) and the concentration of inactive
dopants, the open circuit voltage and short circuit current density of solar cells
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could be affected. In subsection 5.3.12, the local doping profiles of a height-selective
emitter and of a homogeneous emitter are shown.

5.3.11

Spectral response

The spectral response was determined by the IQE Scan (pv-tools) for wavelengths
between 300 nm and 1200 nm. Figure 5.17 shows the internal quantum efficiency
and reflexion of selected samples. As expected, the blue response reached the lowest
values for the lowest sheet resistances due to a heavily doped emitter and improved
for increasing sheet resistances. Since for wavelengths from approximately 550 nm
to 1200 nm the spectral response behaved the same for all samples of all groups,
and in order to compare the different groups, IQE points were extracted to plot IQE
as a function of the sheet resistance (figure 5.18).

Figure 5.17: Internal quantum efficiency and reflexion for selected cells.

Figure 5.18 shows the internal quantum efficiency extracted from the spectral
response measurement at the four different wavelengths of 320 nm, 360 nm, 420
nm and 500 nm for cells with a height-selective emitter, cells with a homogeneous
emitter double diffused and single diffused. The curves corresponding to the IQE
of the height-selective emitters cross those of the homogeneous emitters. Thus, it
can be seen that height-selective emitters achieved lower IQE values at low sheet
resistances but as soon as Rsheet became higher than approximately 100 Ω/sq IQE
reached the same levels as the homogeneous emitter. The short wavelengths gave
information about the quality of the surface passivation of the cell groups. Heightselective emitters did not benefit from a heavily doped emitter at the tips since it is
observed here that they did not achieve high IQE values for low sheet resistances at
the short wavelengths 320 nm and 340 nm. It was seen before in this chapter that
the Jsc values of cells with a height-selective emitter and cells with a homogeneous
emitter (compare with IV measurements at section 3.3.5) reached a maximum or
saturation value of 36.5 mA/cm2 for high sheet resistances. For Rsheet > 125 Ω/sq
the quantum efficiencies did not significantly improve.
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Figure 5.18: Extracted internal quantum efficiency values at wavelengths of 320 nm, 360
nm, 420 nm and 500 nm as a function of the sheet resistance for cells with height-selective
emitters, with homogeneous emitters double diffused and a reference homogeneous emitter
single diffused.

5.3.12

Local doping profiles

In order to determine local doping profiles on already produced cells with a standard
homogeneous emitter and a height-selective emitter, Scanning Spreading Resistance
Microscopy (SSRM) measurements were performed. SSRM is based on the Atomic
Force Microscopy (AFM) approach and the use of probe tips. A description of the
SSRM method is given in section D of the appendix. Applications of SSRM characterization for silicon solar cells have been reported in [158, 159] in which doped
regions of solar cells with a selective emitter, and back surface fields were investigated.
The sketch in figure 5.19 shows a cross section of a silicon wafer with a random
pyramid textured surface. A single pyramid is measured with the SSRM. Before the
characterization, the scan area needs first to be specified (for instance, an area of
10 × 10 µm2 which approximately corresponds to the size of a pyramid, or even
overestimates its dimension). Second, a starting position for beginning a measurement must also be specified. As the tip moves vertically, the spreading resistance is
measured. Once a measurement is performed, the tip returns to the original position
and then moves horizontally to begin a new one. The whole process ends when the
previously specified scan area is completely measured.
Regarding the set up, one tip corresponds to an electrode that scans the cross
section, and the second is connected to the rear side of the sample where a bias
voltage is applied (see set up of the device in section D of the appendix). The SSRM
characterization was performed with polycrystalline boron-doped diamond-coated
tips (CDTP-NCHR) produced by Nanosensors.

104

Chapter 5. Height-selective emitters

Figure 5.19: Cross section of the sample where a single pyramid will be scanned.

Characterization procedure
Two cells were selected for SSRM characterization. Table 5.3 shows IV measurements
of the cells. The selection was carried out in order to compare cells with similar fill
factors: a high ohmic height-selective emitter cell with 114 Ω/sq and a standard
homogeneous emitter cell with 77 Ω/sq. The cell with a height-selective emitter was
still contactable where F F =77.2% and ρc =8.3±2 mΩcm2 were obtained. To contact
the cell with a homogeneous emitter, Rsheet needed to be 77 Ω/sq for achieving
F F =77.8% with ρc =4.9±0.2 mΩcm2 . These samples correspond to the cells in tables
5.1 and 5.2, and in figure 5.8c (also in figure 3.7) and in figure 5.12.
Cell type
Hom. Emitter
Height-selective
emitter

Measured Rsheet [Ω/sq]
with a 4-point probe device
77 ± 2
114 ± 15

Measured IV characteristics
(η, F F , Jsc , Voc )
17.2%, 77.8%,
35.7 mA/cm2 , 619.0 mV
17.4%, 77.2%,
36.4 mA/cm2 , 617.9 mV

Table 5.3: Selected cells to be prepared for SSRM.

The selected cells were cleaved into 15.6 × 1 cm2 by lasering the rear side. A 500
nm thick SiO2 protection layer was sputtered on the stripes at temperatures not
exceeding 100o C. The thick SiO2 layer stabilizes pyramids during mechanical cross
sectioning and reduces unwanted AFM visualization effects at the sample edges. The
low temperature of the oxide sputtering ensures that the emitter does not receive
another drive-in step. After that, each sample was embedded into an epoxy resin for
further sample stabilization during the preparation process and prevention of large
topography features that might break the probe tip. The samples were polished by
using lapping foils produced by Allied High Tech Products INC with 50 nm Al2 O3
particles embedded. The prepared sections resulted in Root Mean Square (RMS)
roughness values below 0.4 nm. The samples were covered with a conductive liquid
silver paint for electrical conduction. SEM analysis was performed to find and select
entire damage free pyramids for SSRM characterization (see figure 5.20).
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Figure 5.20: SEM images of cross sections. The sample with a standard homogeneous
emitter is shown in (a), (b) and (c). Images (d), (e) and (f) correspond to the sample with
a height-selective emitter. Images (c) and (d) show the pyramids to be scanned.

Reference sample
In order to correlate the output measured signal of the SSRM (Vout ) to a doping
concentration (note that SSRM determines active doping concentration), an n-type
silicon reference sample was used. This sample used for calibration consisted of 5
epitaxially deposited layers with different phosphorus concentrations (figure 5.21).
The phosphorus doped layers in the reference sample were grown (active) via chemical vapor deposition (CVD). The doping concentration was determined by the SIMS
method ([160] gives a review of this method). The correlation is shown in the form of
calibration curves (figures 5.22a and 5.22b). In section D.2 of the appendix, SSRM
and SIMS measurements on the reference sample are presented.

Figure 5.21: Reference sample (this image was obtained with tip 1).

A first AFM tip (tip 1) was used to scan the reference sample to obtain a calibration curve for the homogeneous emitter (figure 5.22a). Subsequently, tip 1 measured
the sample with the homogeneous emitter. Its doping profile is shown in figure 5.23a.
Since the calibration curve obtained with tip 1 is not applicable to a different sample
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(height-selective emitter), a second tip (tip 2) was utilized to scan the reference sample again (calibration curve in figure 5.22b) and the sample with the height-selective
emitter (the determined doping profile of the sample with a height-selective emitter
is presented in figure 5.23b). The obtained data points in the calibration curves were
fitted using an amplifier transfer function plus a constant series resistance.
Up to an output voltage slightly smaller than 2V corresponding to a concentration of ≈ 1019 atoms/cm3 the curves behaved linearly. After this point, the curves
became non-linear. For concentrations higher than 1020 atoms/cm3 , small differences
in the measured resistances could cause heavy changes in the calculated doping concentrations. Note that in a general case, the behavior of calibration curves depend
on the nature of the nanocontact between tip and sample, and the used bias voltage
[161]. For the measurements, a bias voltage Vbias = −50 mV was used.

(a)

(b)

Figure 5.22: Calibration curves of a n-doped silicon reference sample. (a) Homogeneous
emitter sample. (b) Height-selective emitter sample.

Doping profiles
The doping profiles were determined for the samples with a homogeneous emitter
and a height-selective emitter by SSRM with tip 1 and tip 2, respectively, and use of
the calibration curves shown in figures 5.22a and 5.22b. The scanned areas were 6×6
µm2 (displayed 5.8 × 6 µm2 ) and 10 × 10 µm2 (displayed 6 × 6.2 µm2 ), respectively.
Figure 5.23a and 5.23b show the doping profiles in positions 1 to 5 of a pyramid
edge.
The standard homogeneous emitter exhibited doping concentrations in the range
of 4 to 7 × 1019 cm−3 at the top of the emitter across the whole pyramid edge. Small
differences in emitter thickness can not be clearly correlated with the doping concentration or position at the pyramid edge. In contrast, the height-selective emitter
clearly showed lower doping concentrations (1 × 1019 cm−3 ) at the lower part and
higher doping concentrations (up to 6 × 1020 cm−3 ) at the higher parts of the pyramid. The emitter depth increased with higher emitter doping concentrations. Profile
1 of the height-selective emitter shows a depth higher than 0.7 µm since the evaluation was carried out in the emitter region and along the emitter (see arrow 1 of the
height-selective emitter sample).
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Figure 5.23: (a) Emitter profiles of a homogeneous emitter cell. (b) Emitter profiles of a
height-selective emitter cell. The samples were measured in the indicated positions 1 to 5.

Figure 5.23a shows that, the homogeneous emitter exhibited peak concentrations
below 1 × 1020 atoms/cm3 . These concentrations can result in a not enough low
contact resistance between Ag and Si due to the limited density of Ag crystallites
for screen printed solar cells and the reduced effective Ag/Si contact area [90] (also
seen in subsections 3.2.4 and 5.3.6). For evaporated contacts, the metal is in an
intimate contact with Si and the contact area coincides with the metalized area [139].
Therefore, a correction was carried out where the profiles were shifted to correct for
doping levels. However, care must be taken in performing such corrections due to
solid solubility limits (see local sheet resistances).
During the SSRM, strong forces are present between the tip and sample. The
pressure between tip and substrate can reach 10 GP a [162]. A damaged tip, i.e.
broken tip, could limit spatial resolution and contact resistance leading to inaccurate
measurements. However, according to the tip specifications, the roughness of an
unused tip is around 10 nm offering a good lateral resolution (regarding to accuracy
due to tip deformation, see [163]). The strong forces are necessary to produce a
plastic deformation at the probe tip/Si interface region and thus, establish a good
electrical connection between the deformed tip and the sample under investigation
(section D of the appendix). Figure 5.24a shows a tip before any measurement, figure
5.24b corresponds to a tip 1 after measuring the homogeneous emitter sample and
figure 5.24c shows tip 2 after measuring the height-selective emitter sample.

(a)

(c)

(b)

200nm

200nm

200nm

Figure 5.24: (a) Tip before any measurement. (b) Tip 1 after measuring the homogeneous
emitter sample. (c) Tip 2 after measuring the height-selective emitter sample.
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Local sheet resistances
All the measured doping profiles were used to calculate local sheet resistances by
using the doping dependent electron mobility model of Masetti [164]. This model holds in the range 1013 to 5 × 1021 atoms/cm3 . In section E of the appendix,
Masetti’s model is described. The measured Rsheet determined by the 4-point probe
device (without PSG) of the sample with the homogeneous emitter and the sample
with the height-selective emitter characterized by SSRM and shown in table 5.3
were respectively 77 Ω/sq and 114 Ω/sq. A single profile, navg (x), accounting for
the homogeneous emitter was calculated. The value of navg (x) is the average of the
SSRM-measured doping profiles for the homogeneous emitter at the different positions at the pyramid edge. With the averaged value, a factor K1 can be determined.
The averaged profile was shifted by K1 times to achieve the Rsheet value from the
4-point probe (≈ 78 Ω/sq) by using equation 5.2. A value of K1 = 3.9 was found.
The same procedure was applied to calculate a different K value to shift doping profiles of the height-selective emitter sample. The factor is denoted as K2 . For
the calculation, profile 1 at the pyramid of the height-selective emitter was excluded
since the corresponding peak concentration without correction (6×1020 atoms/cm3 )
as shown in figure 5.23b exceeds the solid solubility of phosphorus in silicon. A theoretical limit of the electrically active phosphorus in silicon (ne ) can be calculated by
using equation 2.12 (chapter 2). Diffusion temperatures for obtaining the homogeneous and the height-selective emitters were 825o C and 840o C, respectively. Using
this equation, maximum concentrations of active P equal to 2.6 × 1020 atoms/cm3
and 2.8 × 1020 atoms/cm3 were found for the corresponding diffusion temperatures.
Figure 5.25 shows the corrected doping profiles for the averaged profile of the
homogeneous emitter (shifted 3.9 times) and for the local doping profiles of the
height-selective emitter at positions 2 to 5 (each one shifted 1.7 times).
1 0

2 1

2 0

1 0

1 9

1 0

1 8

1 0

1 7

1 0

1 6

1 0

1 5

C a rrie r c o n c e n tra tio n (c m

-3

)

1 0

D o p in g p r o file s
H o m o g . E m itte r
A v g . p ro file s
H e ig h t-s e l. E m itte r
2
3
4
5

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

D e p t h ( µm )
Figure 5.25: Averaged doping profile of the sample with the homogeneous emitter and
doping profiles for the sample with a height-selective emitter (profile 1 was excluded).
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For both, the peak maximum concentrations are 2 × 1020 atoms/cm3 and 2.3 ×
10 atoms/cm3 which are below their corresponding solid solubility values.
The local sheet resistances were calculated according to equation 5.2 (see [165])
where q is the elementary carrier charge, n is the donor concentration, µn is the
electron mobility (Masetti’s model) and xj is the junction depth. The calculation of
the sheet resistances are summarized in table 5.4.
20

Rsheet =

q

R xj
0

1
n(x)µn (x)dx

(5.2)

The evaluation and calculation of the local sheet resistance is based on the assumption that the surface concentration equals the maximum carrier concentration.
Hence, the first nanometers were cut in the doping profiles until achieving the maximum concentration due to the off-set of the curves. Thus, the calculation was performed from xi (nmax ) up to 0.7 µm for all profiles where xi (nmax ) corresponds to
the depth at which the carrier concentration is at its maximum. For this purpose,
all curves were shifted along the horizontal axis meaning that xi (nmax ) = 0.
Calculated sheet resistance (Ω/sq)
Profile
Homog. E. Height-SE.
1
79.8
2
68.8
64.2
3
81.5
97.5
4
82.2
108.7
5
79.8
207.4
4-Point probe
77±2
114±15
Table 5.4: Summary of calculated sheet resistances.

The calculation of the local sheet resistances also revealed a certain degree of
inhomogeneity in the doping concentration of the homogeneous emitter, which may
arise due to different surface concentrations and the profile’s shape in the first
nanometer near the surface. In [166], n+ -type P OCl3 diffused emitters were investigated on textured surfaces by TEM techniques. The cross section analysis showed
that the presence of concave and convex forms due to the textured surface produces
shallower emitters on concave and deeper emitters on convex surfaces, respectively.
Thus, a homogeneous standard emitter can also exhibit inhomogeneities to a certain
extent. This fact can be related to the results shown in chapter 3 where diffusion
was influenced by silicon dioxide previously grown by means of thermal oxidation.
The average of doping profiles for the standard homogeneous emitter from table
5.4 gives Rsheet = 78.4 ± 5.5 Ω/sq. The deviation corresponds to an error of approximately 7% which can be considered as an estimation of the uncertainty when
calibrating the SSRM device with the sheet resistance.
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Summary

Cells with height-selective emitters were processed and compared with cells with
homogeneous emitters. The height-selective emitter was produced by means of a
shallow diffusion (135 Ω/sq and 185 Ω/sq target sheet resistances were used) followed by a spin coating step where a ABSE precursor was spun, dried and, during a
second diffusion, thermally converted into an oxide. For the homogeneous emitters,
standard single diffused and also double diffused wafers were processed. The double
diffused homogeneous emitters were produced to compare with height-selective emitters which also received two diffusions. From these wafers, samples were prepared for
characterization. The microscopy analysis on samples with a height-selective emitter
showed that the oxide filled the regions between pyramids and leaving the tips open.
The SEM analysis of silver crystallites led to a better understanding of the contact
formation for height-selective emitters. Thus, a few silver crystallites located at the
heavily doped pyramid tips allow for a good contact.
A further characterization method, named SSRM, was used to confirm the existence of a height-selective emitter by investigating fully processed cells. The method
performs a two dimensional high resolution measurement of the doping concentration in a cross section of prepared samples. The selected samples were a cell with a
standard homogeneous emitter and a cell with a height-selective emitter. The local
doping profile were measured on different positions of a single pyramid and showed
that height-selective emitter cells exhibit a non-homogeneous doping concentration
in a microscopic scale. This feature supports the hypothesis that a micro-selective
emitter is achievable and can influence the contact formation. The standard cells exhibited more homogeneous doping profiles than cells with a height-selective emitter,
practically in all measured positions. By using the experimental data and the doping dependent electron mobility model for phosphorus doped silicon, values of local
sheet resistances were calculated. The lowest sheet resistance was found at the tip of
the pyramid of the height-selective emitter cell where most of the silver crystallites
were previously found. The highest sheet resistance was found at the bottom where
no silver crystallites were found. The homogeneous emitter cell also exhibited different sheet resistances but without strong dependence on the measured position. An
estimated error of ≈ 7% was determined for a SSRM measurement of local doping
profiles when calibrating with the sheet resistance measured with a 4-point probe
device.

Six
Summary
This dissertation deals with P OCl3 diffusion and diffusion through silicon dioxide
performed on Cz p-type silicon wafers.
Two approaches were explored for carrying out diffusion through the thermally
grown silicon dioxide films:
(a) Growing silicon dioxide films by means of dry thermal oxidation in the oxidation
tube furnace and subsequently performing phosphorus diffusion in the P OCl3
tube furnace.
(b) Unifying the oxidation and diffusion in a single process in the P OCl3 tube
furnace.
In (a), silicon dioxide partially masked diffusion resulting in a homogeneous emitter with a different sheet resistance compared to the same diffusion without growing
any barrier before. Different doping profiles from these emitters were measured,
determined and discussed. Solar cells with emitters from diffusion through silicon
dioxide were produced. Specific contact resistance values lower than 5 mΩcm2 were
measured with sheet resistances up to 100 ± 10 Ω/sq. For larger sheet resistances, a
reduction in the open circuit voltage was observed and explained by a high saturation current density under the front side grid and an increased value of the second
diode saturation current density. Scanning electron microscopy (SEM) showed that
the thickness of silicon dioxide and the resulting phosphorus silicate glass after performing diffusion though the oxide varied from the bottom to the pyramid tip.
Silicon dioxide and diffusion through could have influenced the contact formation,
as measured with SEM analysis on prepared samples from fully processed solar cells
at which the front side metalization was removed. Silver crystallites were found to
preferably occupy sharp regions or sites on the pyramids like edges and tips. This
feature was visualized as a micro-selective emitter.
In (b), oxidation and diffusion were performed in a single step. Silicon dioxide
grew on wafers with flat and textured surfaces in an oxidizing atmosphere in the
P OCl3 tube. The gas fluxes and temperature were varied to change from the oxidation to phosphorus diffusion stage. The process time of the oxidation-diffusion was
reduced compared to an oxidation and a diffusion performed separately. Flat wafers
were first oxidized in the P OCl3 tube with P OCl3 flux set to zero to determine oxide
thickness. The oxidizing atmosphere resulted in a thicker oxide at the borders and
111
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a thinner one in interior regions of the wafer due to a different exposure to oxygen.
Textured wafers were processed to produce solar cells with emitters from diffusion
through silicon dioxide performed in the P OCl3 tube. The optimum range of the
sheet resistance to reach maximum performance was between 80 Ω/sq and 85 Ω/sq
for which the efficiency was 17.8% and the specific contact resistance maintained
values below 5 mΩcm2 for that range.
The property of silicon dioxide to partially mask a subsequent diffusion was
applied to develop solar cells with a selective emitter structure. Dry thermal oxidation followed by a local opening of the resulting silicon dioxide and diffusion led
to a structured front side where in the opened regions without the barrier, a highly
doped emitter with 50 Ω/sq was created, whereas the regions with the diffusion
barrier resulted in a lowly doped emitter with 100 Ω/sq. The opening was achieved
by printing etching pastes after thermal oxidation. An absolute gain of +0.6% in
cell efficiency was obtained compared to reference cells with a 55 Ω/sq homogeneous
emitter. The best selective emitter cells and the best cells with 100 Ω/sq homogeneous emitter from diffusion through oxide were used to produce modules. The IV
characteristics for both modules and the External Quantum Efficiency of the module
with selective emitter cells were determined.
The influence of a heavier doping in a small region in a pyramid observed in
producing cells with emitters from diffusion through silicon dioxide and depicted
as a micro-selective emitter was investigated with the development of solar cells
with a height-selective emitter. By performing a shallow diffusion, then applying
a spin coated precursor, which was thermally converted to a thick oxide, and performing a second diffusion, a height-selective emitter was created. The existence
of such structure was verified by scanning laser and scanning electron microscopy
on partially processed wafers and on prepared samples from fully processed solar
cells. Further characterization, Scanning Spreading Resistance Microscopy (SSRM),
provided qualitative functional proof of a height-selective emitter. Independent of
the macroscopical sheet resistance determined with a 4-point probe device, prepared
samples from fully processed solar cells with height-selective emitters without the
front side metalization showed contact formation only at the pyramid tips. Thus, a
heavier doping resulted in supporting the formation of silver crystallites, preferably
where the heavily doped emitter was, in this case at the upper part of the pyramids. Only a few silver crystallites concentrated at pyramid tips allowed for a good
contact. The amount of silver crystallites in solar cells with standard emitters was
dependent on sheet resistance. A large amount of silver crystallites seemed not to
be crucial for good contacting but rather their location.

Seven
Outlook
Further improvements and possible future investigations are suggested.
Chapter 3 aimed to produce solar cells with an emitter from diffusion through
thermal silicon dioxide. Oxidation and diffusion were at first carried out in their
corresponding tubes, i.e. in different tube furnaces. After that, oxidation-diffusion
was performed in one step. High cell performance was achieved. However, much work
for further improvement and optimization still remains to be done. In a new set of
experiments, the emitter profile could be tailored by means of oxidation-diffusion
processes. Convenient shape of the emitter profiles could allow for obtaining even
higher open circuit voltages and good contacting. Further tests could be the use of
different metal pastes which correspond to these developed emitter profiles. On the
other hand, the time required by such a process of oxidation and diffusion in one run
was less than that of performing the two processes separately, but still more than
3 hours were needed. Shorter processing times are also needed to reduce costs and
to make the process competitive. This task can be done by changing oxidation and
diffusion temperatures, times and controlling the gas fluxes of every stage. Another
possibility for reducing processing time is to perform wet oxidation followed by
the phosphorus diffusion. However, the latter could be limited by the equipment
available.
In chapter 4, solar cells with a selective emitter were produced. The structure
with a heavily doped region under the silver fingers and lightly doped in the illuminated areas was created by using an oxide barrier, locally opened by printable
etching pastes (BRS and BES), cleaning and diffusing. The resulting opening of the
barrier with both pastes was much wider than the final silver finger width. As seen
in the quantum efficiency, the selective emitter cells opened with BRS achieved a
similar blue response to the cells with a homogeneous emitter with 100 Ω/sq from
diffusion through oxide. However, the wide opening of all selective emitter cells produced regions with 50 Ω/sq under illumination which decreased cell performance.
In a future experiment, this opening needs to be further optimized. Another idea to
be tested could be the use of a different selectivity which could lead to even lower
contact resistances and lower recombination losses. For instance, the use of 40-110
Ω/sq. With respect to the printing step, the used Baccini printer offers the possibility of a fiducial alignment which is based on marks for camera recognition. This
approach could ensure a more reproducible printed pattern and stability against
different wafer dimensions. More improvement has been made in the field of print113
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ers for industrial applications allowing high precision alignment for selective emitter
structuring (High Precision Selective Emitter, HPSE approach, reported at the 26th
EU PVSEC in Hamburg 2011). For front side metalization, PV147 was printed as
it was the standard at the time of the experiments. Since then, there has been an
increasing improvement in the field of paste manufacture. With new pastes it is possible to reduce contact resistance even more than with PV147. Also, the chemistry
of new pastes allows for achieving thinner and higher fingers reducing shadowing.
As a result, higher fill factors, higher photo generated current and higher efficiencies
can be obtained.
Chapter 5 demonstrated that a height-selective emitter can be produced and
that it influences the contact formation. One of the methods of investigating and
verifying height-selective emitters was the SSRM approach. The method gave further
indication of a heavily doped emitter at the tips of pyramids and a lowly doped
emitter at the bottom. In this case, a reference sample was used and measured by
the SIMS method, providing the calibration curves. After that, the samples from
the solar cells were characterized with SSRM. A new calibration procedure could
be tested: the measurement of the reference sample by the ECV method and then
performing SSRM. Additionally, a comparison between different methods, e.g. ECV,
SIMS, SRP and SSRM applied on solar cells with standard emitters, on cells with
height-selective emitters and on cells with different concepts could give more insight
into the features of these devices, and into the methods of characterizing doped
regions.
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A
Matlab codes for Sah equations
A.1

P -concentration at the glass/silicon
interface

% Pablo . Ferrada@isc−k o n s t a n z . de
% Rudolf . Harney@isc−k o n s t a n z . de
% S i m u l a t i o n , P−D i f f u s i o n through SiO2
% S u r f a c e Conc . o f P a t t h e g l a s s / s i l i c o n i n t e r f a c e
clear , clc
k B = 8 . 6 1 7 3 4 3 e −5; % Boltzmann c o n s t a n t [ eV/K]
t = 0 . 5 ; % d i f f u s i o n time [ hr ]
% f o r T=840−850ˆoC :
D1 = 0 . 3 3E−2; % D i f f u s i o n c o e f f i c i e n t [muˆ2/ hr ]
D2 = 2 . 8 8E−2; % D i f f u s i o n c o e f f i c i e n t [muˆ2/ hr ]
Ns0= 1E20 ; % assumed s u r f a c e c o n c e n t r a t i o n a t P−g l a s s
x0 = 0 : 0 . 0 1 : 1 . 5 ;
L = x0 /(2∗ s q r t (D1∗ t ) ) ;
l=l e n g t h (L ) ;
r = s q r t (D1/D2 ) ;
m = r /0.05;
a lp h a = (m − r ) / (m + r ) ;
f o r i =1: l
f o r n=0:100
summ( i , n+1)=alpha ˆn∗ e r f c ( ( 2 ∗ n + 1)∗L( i ) ) ;
end
end
S=summ ’ ;
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c=sum ( S ) ;
figure (1)
s e m i l o g y ( x0 , c ) , g r i d
a x i s ( [ 0 100 0 . 1 2 0 ] )
x l a b e l ( ’ Oxide t h i c k n e s s , x 0 [ microns ] ’ ) ;
y l a b e l ( ’ N s /m(1− alpha )∗ N { s0 } ’ ) ;
l e g e n d ( ’ r /m=0.05 , t { d i f f } = 0 . 5 [ hr ] ’ , 1 )

A.2. Depth profile

A.2
%
%
%
%
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Depth profile

Pablo . Ferrada@isc−k o n s t a n z . de
Rudolf . Harney@isc−k o n s t a n z . de
S i m u l a t i o n , P−D i f f u s i o n through SiO2
Depth p r o f i l e

clear , clc
k B = 8 . 6 1 7 3 4 3 e −5; % Boltzmann c o n s t a n t [ eV/K]
t = 0 . 5 ; % d i f f u s i o n time [ hr ]
% f o r T=840−850ˆoC :
D1 = 0 . 3 3E−2; % D i f f u s i o n c o e f f i c i e n t [muˆ2/ hr ]
D2 = 2 . 8 8E−2; % D i f f u s i o n c o e f f i c i e n t [muˆ2/ hr ]
Ns0= 1E20 ; % assumed s u r f a c e c o n c e n t r a t i o n a t P−g l a s s
x0 = 0 . 0 1 ; % c a s e o f 0 . 0 1 [um]=10 [nm]
% change x0 f o r o t h e r o x i d e t h i c k n e s s
x=0:0.01:10;
L = x0 /(2∗ s q r t (D1∗ t ) ) ;
l=l e n g t h ( x ) ;
r = s q r t (D1/D2 ) ;
m = r /0.05;
a lp h a = (m − r ) / (m + r ) ;
f o r i =1: l
f o r n=0:100
summ( i , n+1)=alpha ˆn∗ e r f c ( ( 2 ∗ n+1)∗L+r ∗x ( i ) / ( 2 ∗ s q r t (D1∗ t ) ) ) ;
end
end
S=summ ’ ;
c=sum ( S ) ;
n2= m∗(1− alpha )∗ Ns0∗ c ;
figure (2)
s e m i l o g y ( x , n2 ) , g r i d
a x i s ( [ 0 1 1 e15 1 e22 ] )
x l a b e l ( ’ Depth , x [ microns ] ’ ) ;
y l a b e l ( ’P c o n c e n t r a t i o n , n 2 ( x ) [ atoms /cm ˆ 3 ] ’ ) ;
l e g e n d ( ’ x 0 = 10 [nm] , r /m = 0 . 0 5 , t { d i f f } = 0 . 5 [ hr ] ’ , 1 )

B
Spin coating
Spin coating or spin-on coating consists of a deposition of a liquid precursor onto
the center of a substrate. As the substrate is placed on a spin chuck and is spinning
at a high speed, the fluid will dispread from the dispense point toward the edges
of the sample (see figure B.1). The centripetal acceleration is responsible for the
spread of the liquid. The final film thickness and properties will depend on the
viscosity, drying rate, percent of solids and surface tension, etc. In order to control
the mentioned properties, rotational speed, acceleration and drying conditions can
be used [167, 168].

Opening

Figure B.1: Sketch of a spin coater. The liquid precursor is applied with a pipet through
the small opening as seen in the drawing.

After dispensing the liquid the rotational speed is typically varied between 1500−
6000 rpm and can take from seconds to minutes. The combination of spin speed and
time will define to a great extent the final film thickness. A higher spin speed and
longer spin times will produce thinner films. Once the spin-on ends, a drying step is
carried out to give physical stability. A brief guide to this spin coating technique is
given in [169]. Theoretical aspects and mathematical modeling of spin coated films
can be found in [170] and [171].
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B.1

The used precursor

The chemical formula of the liquid precursor used in this work is SiN C2 H6 and is
called Ammonolysed bi(dichlormethyl)silylethane (ABSE) 34 . This precursor was
developed at the Department of Ceramic Materials Engineering, University of Bayreuth. Figure B.2 shows the chemical structure of the used precursor.

HN

CH3
H2C

CH2

H3C

Si
H2C

Si
H3C

Si
N
H

HN

H2C

CH2

N
H

Si
NH
H3C

Figure B.2: Structure of the ABSE precursor (according to [172]).

B.2

Application procedure

The procedure to apply the precursor on silicon wafers for the experiments in chapter
5 is described in the following. First, an amount of 400 µl ABSE precursor was
diluted with 100 µl Di-n-Butyl Ether (DnBE, 99%) which has the chemical formula
C8 H18 O. After that, a wafer was placed on the chuck, the cover was closed and the
spin coater was started. The spinning time was 80 s. At the time t = 0 s the speed
of rotation was 0 rpm. The speed of rotation was set to 6000 rpm. The required
speed was achieved after 60 s. At t = 60 s the solution was applied on the center of
the spinning table through the opening seen in figure B.1. The solution rotated at
6000 rpm for 20 s. At t = 80 s the spin coater started to decelerate for 60 s until the
rate of rotation was zero again at t = 140 s. Figure B.3 shows the speed of rotation
as a function of time.
After application and spinning of the precursor, the wafers were dried. Since the
melting point of ABSE is in the range of 90o C to 150o C depending on the molecular
weight, the precursor was dried at a moderate temperature of 40o C which ensures
that its properties are not lost. In [172], it was pointed out that the main mass
loss can occur for temperatures in the range from 400o C to 600o C by separation of
ammonia, methane and hydrogen.

34

The chemical formula was drawn with the Chem Draw Ultra v8.0 program according to [172].
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Figure B.3: Application of the film on the spin coater.

In section 5.3.2 (chapter 5) the oxide coverage was investigated and it was mentioned that the resulting oxide can cover small pyramids. Figure B.4 shows a thick
film after application of the precursor and drying at 40o C. For this case, ABSE was
not diluted with DnBE. Images B.4a and B.4b show that the film fully covers the
valleys and possibly small pyramids. Figure B.4c is a cross section SEM image35
of the resulting oxide (after shallow diffusion, spin coating step and second diffusion). It is clearly seen that the application of ABSE precursor without diluting with
DnBE led to a incomplete covering of the film over the wafer surface. Note that just
highest pyramids could preserve the tips uncovered.

(a)

(b)

(c)

Figure B.4: (a) and (b) SEM images of the thick film after the application of ABSE
precursor. (c) SEM image in cross section of the resulting oxide deposited without using
DnBE as for (a) and (b).

35

SEM image (figure B.4c) was performed at Fraunhofer ISE.

C
Calculation of the effective surface
recombination velocity
The calculation of the silicon bulk’s lifetime to determine the surface recombination
velocity in chapter 5 is based on Kerr’s model [156] of a general parametrization
of the Auger Recombination in silicon. Thus, the calculated bulk lifetime considers only the intrinsic recombination in silicon. Intrinsic recombination is present
due to the inherent recombination mechanisms Auger and Radiative Recombination. The extrinsic recombination is fundamentally caused by defects described by
the Shockley-Read-Hall statistics (SRH). Even if the extrinsic bulk recombination
is highly suppressed by using high quality material (FZ wafers), which means that
the defect lifetime τdef ect is very high, the bulk lifetime τBulk is limited by intrinsic
recombination processes (intrinsic lifetime τInt ) [173]. Thus, by using the same material (Cz material with same characteristics throughout all experiments), it is possible
to study the impact of the kind of emitter, doping level and injection level by simply
considering the intrinsic recombination. Thus, the calculated Sef f values will be an
upper limit. The intrinsic recombination rate in silicon is given by equation C.1.
UInt = UAuger + URad

(C.1)

UInt (∆n) = n · p[C1 (n0 ) · n0.65
+ C2 (p0 ) · p0.65
+ C3 (∆n)∆n0.8 + 9.5 × 10−15 ] (C.2)
0
0
Where for the Auger term: n = n0 +∆n, p = p0 +∆n are respectively the electron
and the hole density in cm−3 , and n0 and p0 are the electron and hole densities at
thermal equilibrium conditions in cm−3 , respectively. The excess carrier densities
are ∆n = ∆p. At thermal equilibrium and a non degenerated semiconductor, the
multiplication of the carrier densities n0 · p0 is equal to n2i , where ni is the intrinsic
carrier density in cm−3 . The values of the Auger coefficients are: C1 (n0 ) = Cn∗ =
1.8 × 10−24 cm6 /s, C2 (p0 ) = Cp∗ = 6 × 10−25 cm6 /s and C3 (∆n) = Ca∗ = 3 × 10−27
cm6 /s which are found in [156].
The intrinsic lifetime can be calculated according to:
1
τInt

=

UInt
∆n

The bulk lifetime can be written as (compare with equation 1.11):
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1

1

=

1

(C.4)
τbulk
τInt τExt
where τExt is the extrinsic lifetime. To compute the effective surface recombination
velocity by using Kerr’s model, the extrinsic recombination is excluded and equation
C.4 turns:
1

+

1

=

(C.5)

τbulk
τInt
Writing the effective carrier lifetime τef f as:
1
τef f

=

1
τbulk

+

1

(C.6)

τsurf ace

2S

where τsurf1 ace = Weff f (the factor 2 accounts for the contribution of the front and
rear surface, i.e. symmetrical structure). The effective surface recombination velocity
(Sef f ) as a function of ∆n can be obtained from:
Wf
Sef f (∆n) = 
2 τef f1(∆n) −

1
τInt (∆n)



Wf
= 
2 τef f1(∆n) −

UInt (∆n)
∆n



(C.7)

Equation C.7 requires knowledge of Wf (the sample thickness), n0 , p0 as inputs
which are already known from the used material. The QSSPC measurement gives
τef f as a function of ∆n which is also needed in equation C.7.

D
Scanning Spreading Resistance Microscopy
(SSRM)
D.1

Introduction to SSRM

SSRM is a secondary imaging mode technique derived from the combination of
two other approaches: Spreading Resistance Profiling (SRP) and Atomic Force Microscopy (AFM).
An SRP device can determine the carrier concentration in semiconductors by
measuring local resistivity versus the depth [174]. This measurement is performed
by using a bias voltage of approximately 5 mV . The dynamic range of a SRP device
is 1013 to 1021 atoms/cm3 [175].
AFM-like methods are used to characterize the topography of nano structures
and also their mechanical, electrical and magnetic properties [176]. The probe tip is
located at the cantilever and attached to a piezo scanner which moves vertically in
a restricted range.
SSRM uses a conductive AFM tip to scan the cross section of a sample [177, 178,
179] (no beveled surface is needed) as seen in figure D.2b. For SSRM high forces
between 15 and 20 µN are applied to produce plastic deformation and to establish
a phase transition of the silicon right beneath the probe tip into the metallic β-Sn
silicon phase [180, 181] enabling good electrical connection. Figure D.1 depicts the
system probe tip (diamond coated), β-Sn silicon and silicon sample.
SSRM uses a logarithmic amplifier with a current range of 10 pA up to 0.1 mA
which means 7 orders of magnitude. This feature of the SSRM allows for quantifying
resistances from both highly and lowly doped semiconductor materials in the order
of 1015 to 1020 atoms/cm3 [182]. The conductive probe is scanned in contact mode
across the sample, while a DC bias voltage is applied and the current is measured
(figure D.2a). The applied force is maintained constant by a feedback loop that
consists of a laser beam deflected from the cantilever back side onto a four quadrant
photodiode, a controller that compares the actual position of the laser spot to a
set position and a Proportional Integral Derivative controller (PID-controller) [183]
driving the z-Piezo of the AFM.
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Probe tip

Ra
r
d
γ

β-Si
Silicon sample

Figure D.1: Sketch of a spherical SSRM indentation in a flat silicon surface with elastoplastic deformation and β-Sn silicon formation (according to [179]).

In order to convert resistance into local resistivity values for a measurement,
equation D.1 can be used [184]:
R=

ρ
4γ

(D.1)

where ρ is the resistivity of the silicon sample under the probe tip and γ is the radius
of the contact (or electrical radius). Equation D.1 assumes a flat circular ohmic
contact and a hemispherical ohmic contact. Thus, the resistance is independent of the
distance (r) between the center of the circular contact and the semi spherical contact.
Several features like concentration of surface states originated by cross sectioning,
energy distribution, shape of the probe tip and pressure can influence a SSRM
measurement. Therefore, the necessity of another term in equation D.1 has been
pointed out by [185]. According to this work, equation D.1 needs to incorporate a
correction factor (CF ) which depends on γ and ρ, and a barrier resistance component
Rbarrier to obtain:
R = CF (γ, ρ) ·

ρ
+ Rbarrier
4γ

(D.2)

The term Rbarrier in equation D.2 accounts for the resistance of the metal semiconductor contact (β-Sn silicon to silicon sample). Using the expression of for resistivity
as a function of mobilities, the resistance can be related to carrier concentration according to [186]:
ρ=

1
q(µn n + µp p)

(D.3)

where q is the elementary carrier charge, µn and µp are the electron and hole mobilities, n and p are the electron and hole concentrations.
In the case of a SSRM measurement for highly doped samples, it is pointed out
that further resistance components to the bare spreading resistance must be taken
into account. Reasons for these additional components are based on the fact that
a small resistivity associated with high dopings leads to small spreading resistances
and that the resistance saturates for a resistivity smaller than 1 Ωcm [184]. This
anomaly for high doping levels may be related to the difficulty of measuring samples

D.2. Staircase structure
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with concentrations above 1 × 1020 atoms/cm3 as seen in the calibration curve in
figure 5.22b in chapter 5.

(a)

(b)

Δ(signal, SP = Error
Feedback

Piezo element

Laser

4Q photodiode
Cantilever

-

Probe tip

+
PC
Sample

Bias voltage

Figure D.2: (a) Set up of the SSRM device. (b) Cross section of the sample to be scanned.

D.2

Staircase structure

The n-doped reference sample consisting of 5 deposited layers with different phosphorus concentrations was mentioned in subsection 5.3.12. In figures D.3a and D.3b,
SIMS and SSRM measurements on that reference sample are compared. On the left
side (a), tip 1 was used (for the homogeneous emitter sample). On the right side
(b), tip 2 (for the height-selective emitter sample) was used. In [187], the design of
staircase structures for the calibration of electrical measurements was treated.
The plots (a) and (b) reveal a peak in the SSRM measurement for the first doped
layer. In (a), the SIMS and the SSRM measurements from the second to the fifth
layer are in good agreement. In (b), the concentration determined by SSRM is lower
than that determined by SIMS. However, this discrepancy is not higher than a factor
of 2. Layer 3 and 4 in plot (b) are not as well distinguished as in plot (a) because
the points decrease as following an exponential function. However, they agree in the
concentration levels.
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(b)
Carrier, dopant concentration (cm-3)

Carrier, dopant concentration (cm-3)

(a)

Depth (µm)

Depth (µm)

Figure D.3: Calibration curves. (a) SSRM measurement with tip 1 for the homogeneous
emitter sample. (b) SSRM measurement with tip 2 for the height-selective emitter sample.

E
Electron mobility model for P -doped silicon
Modeling of the carrier mobility for a given carrier concentration plays an important
role in predicting the sheet resistance. In section 5.3.12 a high resolution method
was used to determine the emitter profile in a single pyramid. Using this data and
a doping dependent carrier mobility model (Masetti), the local sheet resistance can
be calculated. Masetti’s model [164] is given by equation E.1.
µn = µ0 +

µ1
µmax − µ0
n α −
1 + ( Cr )
1 + ( Cns )β

(E.1)

For the case of phosphorus as a dopant in silicon: µ0 = 68.5 [cm2 /V s], µmax =
1414 cm2 /V s, µ1 = 56.1 cm2 /V s, Cr = 9.2 · 1016 cm−3 , Cs = 3.41 · 1020 cm−3 ,
α = 0.711 and β = 1.98. These values were determined by a fit in [164]. Using
these parameters, the electron mobility as a function of the emitter depth for the
homogeneous- and the height-selective emitter was obtained.
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Figure E.1: Electron mobility as a function of the carrier concentration.
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Zusammenfassung
Diese Dissertation befasst sich mit thermischer Oxidation, Phosphordiffusion und
Diffusion durch Siliziumdioxid, die auf Cz p-Typ Siliziumwafern durchgeführt wurden.
Zwei Methoden wurden erforscht, um die Diffusion durch die thermisch gewachsenen Siliziumdioxid-Schichten durchzuführen.
(a) Wachsen des Siliziumdioxids mittels einer trockenen thermischen Oxidation im
Oxidationsrohr und einer anschließenden Phosphordiffusion im P OCl3 Rohr.
(b) Vereinigung der Oxidation und Diffusion in einem Schritt im P OCl3 Rohr.
Die in (a) beschriebene Diffusion führte zu einer partiellen Maskierung. Dies resultierte in einem homogenen Emitter mit anderem Schichtwiderstand, im Vergleich
zu einer gleichen Diffusion ohne vorher eine Barriere erzeugt zu haben. Die Emitter
Profile nach diesen Diffusionen wurden bestimmt, verglichen und diskutiert. Solarzellen mit Emittern aus Diffusion durch Siliziumdioxid wurden hergestellt. Diese
konnten bis zu einem Schichtwiderstand von 100±10 Ω/sq kontaktiert werden, wobei
der gemessene spezifische Kontaktwiderstand kleiner als 5 mΩcm2 war. Für Schichtwiderstände über 110 Ω/sq wurde eine Reduktion der Leerlaufspannung beobachtet. Dies wurde durch eine hohe Sättigungsstromdichte unter der Metallisierung der
Vorderseite und einen erhöhten Wert der Sättigungsstromdichte der zweiten Diode
erklärt. Rasterelektronenmikroskopie (REM) zeigte, dass die Dicke des Siliziumdioxids und des daraus resultierenden Phosphorsilikatglases (PSG) nach der Diffusion
an den Pyramidenspitzen und in den Tälern unterschiedlich sein kann. Die Diffusion
durch das Oxid konnte die Kontaktbildung beeinflusst haben. Dies wurde durch eine weitere REM-Analyse an gefertigten Solarzellen, bei denen die Metallisierung der
Vorderseite entfernt wurde, untersucht: Silberkristallite wurden vor allem an scharfen Stellen der Pyramiden wie Kanten und Spitzen beobachtet. Diese Eigenschaft
wurde durch einen mikro-selektiven Emitter veranschaulicht.
In (b) wurden die trockene thermische Oxidation und die Phosphordiffusion in
einem Prozess vereinigt. Das Siliziumdioxid ist auf Wafern mit glatten und texturierten Oberflächen in einer oxidierenden Atmosphäre gewachsen. Die Gasflüsse
und die Temperaturen wurden entsprechend geändert, um von der Oxidations- zur
Phosphordiffusionsphase zu wechseln. Die Prozesszeit der Oxidation-Diffusion wurde
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reduziert (im Vergleich zu einer Oxidation und einer Diffusion, die separat durchgeführt werden). In einem ersten Schritt wurde die Oxidation-Diffusion im P OCl3
Rohr durchgeführt, bei dem P OCl3 Fluss auf Null gesetzt wurde. Mit einem Ellipsometer wurde die Oxiddicke auf glatten Wafern gemessen. Das Oxid für glatte
Oberflächen war wegen der höheren Exposition von O2 dicker an den Rändern der
Wafer und dünner in den inneren Regionen. Texturierte Wafer wurden anschließend
prozessiert, um Solarzellen herzustellen. In diesem Fall war der P OCl3 Fluss für die
Diffusionsphase aktiv. Der optimale Bereich des Schichtwiderstandes, um maximale
Leistung zu erreichen war zwischen 80 Ω/sq und 85 Ω/sq, wobei der Wirkungsgrad
bei 17.8% und der spezifische Kontaktwiderstand unter 5 mΩcm2 lagen.
Die Eigenschaft des Siliziumdioxids als durchlässige Diffusionsbarriere für Diffusion wurde angewandt, um Solarzellen mit einer selektiven Emitter-Struktur zu
entwickeln. Thermische Oxidation mit anschließender lokaler Öffnung des Siliziumdioxids und Diffusion durch das Oxid führte zu einer strukturierten Vorderseite.
In den geöffneten Bereichen ohne Diffusionsbarriere wurde ein hoch dotierter Bereich mit 50 Ω/sq und in den Regionen mit Diffusionsbarriere ein höherer EmitterSchichtwiderstand von 100 Ω/sq erzeugt. Die Öffnung wurde mittels Siebdruck von
Ätzpasten nach der thermischen Oxidation geschaffen. Ein Gewinn von 0.6% absolut
im Wirkungsgrad wurde im Vergleich zu Referenz-Zellen mit einem 55 Ω/sq homogenen Emitter erzielt. Die jeweils besten selektiven Emitter-Zellen und Zellen mit 100
Ω/sq homogenem Emitter aus Diffusion durch Oxid wurden verwendet, um Module
herzustellen. Die IV-Charakteristik beider Module und die externe Quanteneffizienz
des Moduls mit selektiven Emitter-Zellen wurden ermittelt.
Der Einfluss einer starken Dotierung in kleinen Regionen in einer Pyramide, der
bei der Herstellung von Solarzellen mit einem Emitter aus Diffusion durch Siliziumdioxid beobachtet und was als ein mikro-selektiver Emitter benannt wurde, wurde
mit der Entwicklung von Zellen mit einem höhen-selektiven Emitter untersucht.
Mit der Durchführung einer schwachen Diffusion, dem Aufbringen eines “spin coated precursors”, der thermisch in ein dickes Oxid umgewandelt wurde und mit einer
zweiten Diffusion, wurde dieser höhen-selektive Emitter hergestellt. Die Existenz einer solchen Struktur wurde durch Raster-Laser- und Rasterelektronenmikroskopie
an teilweise prozessierten Wafern und an präparierten Proben aus gefertigten Zellen
überprüft. Eine weitere Charakterisierung durch “Scanning Spreading Resistance
Microscopy” (SSRM) ergab einen qualitativen Nachweis des höhen-selektiven Emitters und somit des mikro-selektiven Emitters. Unabhängig vom makroskopischen
Schichtwiderstand, ermittelt mit einem 4-Punkt-Messgerät, wurde Kontaktbildung
an den Zellen mit dem höhen selektiven-Emitter nur an den Pyramidenspitzen beobachtet: Die starke Dotierung hat die Bildung von Silberkristalliten unterstützt,
wo der hoch dotierte Emitter war. In diesem Fall war dies im oberen Teil der Pyramide. Die wenigen Silberkristallite, die konzentriert auf den Pyramidenspitzen
waren, ermöglichten einen guten Kontakt. Im Gegensatz dazu war die Anzahl der
Silberkristallite von Solarzellen mit einem Standard-Emitter abhängig vom Schichtwiderstand. Eine große Anzahl von Silberkristalliten schien nicht entscheidend für
eine gute Kontaktierung zu sein, sondern nur die Lage.
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