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Abstract  

This thesis investigates the simultaneous diffusion of boron and phosphorus from an 

atmosphere containing POCl3 and a borosilicate glass (BSG) layer deposited by atmospheric 

pressure chemical vapor deposition (APCVD).  

The introduction of a second deposition phase in the POCl3 based high temperature step 

allows for a controlled manipulation of the phosphorus doping, which is demonstrated by 

electrochemical capacitance voltage measurements. This new experimental approach allows 

for systematic investigation of the influence of the back surface field on bifacial n-type silicon 

solar cells. It is shown that a decrease in surface doping concentration leads to an increase in 

cell efficiency as long as inactive phosphorus is present.  

The role of the surface near phosphorus doping concentration in the contact formation of 

silver thick film contacts is investigated by scanning electron microscopy and transmission line 

measurements. For the first time, the presented method allows time for a quantitative 

separation of the contribution of direct and indirect current conduction in silver thick film 

contacts. The extracted value of the specific contact resistance of a single silver crystallite of 

(3.3±0.2) μΩcm² agrees well with theoretical predictions. 

The manifold influences of the gaseous atmosphere on boron diffusion from a BSG/SiOx layer 

stack are investigated in great detail. The most important interaction mechanism between the 

gaseous atmosphere and boron diffusion is mediated by the formation of an intermediate 

SiO2 layer, which forms at the BSG/silicon interface. The formation of this layer is verified 

experimentally by ellipsometry and described quantitatively using an iterative model without 

free parameters.  

The process sequence developed in this thesis allows for the fabrication of co-diffused bifacial 

n-type solar cells with peak efficiencies of 19.9 %, while reducing the process cost compared 

to state of the art processing by sequential diffusion. 

  



1.1 Introduction 

V 

Zusammenfassung  

Diese Arbeit untersucht die simultane Diffusion von Bor und Phosphor aus einer POCl3-

haltigen Gasatmosphäre und einem bei Atmosphärendruck abgeschiedenem Borsilikatglas 

(BSG).  

Die Einführung einer zweiten Belegungsphase während des POCl3 basierten 

Hochtemperaturschritts ermöglicht die kontrollierte Einstellung des Phosphor-Dotierprofils. 

Der Nachweis erfolgt mittels elektrochemischer Kapazitäts-Spannungs Messungen. Dieser 

neue experimentelle Ansatz ermöglicht eine systematische Untersuchung des Einflusses des 

Rückseitenfeldes (BSF) auf bifaziale n-Typ Siliciumsolarzellen. So wird gezeigt, dass eine 

Verringerung der oberflächennahen Dotierkonzentration die Effizienz der Solarzelle steigert, 

solange inaktiver Phosphor vorhanden ist.  

Die Rolle der oberflächennahen Phosphor-Dotierkonzentration bei der Kontaktbildung durch 

Silber basierte Dickschichtmetallisierung wird mittels Rasterelektronenmikroskopie und der 

Transferlängenmethode untersucht. Die vorgestellte Methode erlaubt erstmals die Beiträge 

von direkter und indirekter Stromleitung quantitativ zu trennen. Dabei ergibt sich der 

spezifische Kontaktwiderstand eines Silberkristallits zu (3.3±0.2) μΩcm², in Übereinstimmung 

mit theoretischen Vorhersagen. 

Die vielfältigen Einflüsse der gasförmigen Atmosphäre auf Bordiffusion aus einem BSG/SiOx 

Schichtsystem werden detailliert untersucht. Der wichtigste Interaktionsmechanismus ist 

dabei die Bildung einer SiO2-Schicht an der Grenzfläche zwischen BSG und Silicium. Die 

Bildung dieser Schicht wird durch Ellipsometrie experimentell nachgewiesen und quantitativ 

durch ein iteratives Modell ohne freie Parameter beschrieben.  

Die im Rahmen dieser Arbeit entwickelte Prozesssequenz ermöglicht die Herstellung von co-

diffundierten bifazialen n-Typ Solarzellen mit Konversionseffizienzen von 19.9 % bei 

gleichzeitiger Reduktion der Prozesskosten im Vergleich zu einer Prozessierung mittels 

sequentieller Diffusion. 
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Introduction 

The need to provide electrical energy without the emission of CO2 is one of the most 

essential global challenges of this time [1]. Studies predict that photovoltaics will contribute 

considerably to solve this problem world-wide as well as in Germany [2]. Photovoltaics is not 

only interesting because of its application but also scientifically. The continuous development 

of new solar cell structures, the use of new processing methods and the steady increase in 

solar cell efficiency makes this field of research very dynamic.  

Historically, solar cells were used mainly for space applications. In that case the cost of solar 

cell production was negligible compared to the transport cost, thus the aim was to increase 

the solar cell efficiency without being concerned much about the cost of cell production. This 

lead to an increase in cell efficiency from less than 6 % [3] to 25 % [4], since the first 

introduction of a silicon solar cell in 1954.  

During the last 20 years the main application has shifted from small area application in space 

to large area terrestrial application though. Since for large area terrestrial application 

photovoltaics needs to be cost competitive, especially compared to fossil fuel based 

technology, large scale and cost effective manufacturing of solar cells is of major importance. 

This requires short process sequences and the use of reliable technology.  

Most current silicon solar cells are based on boron-doped (p-type) silicon, due to its resistance 

towards radiation damage, which was historically important for space applications. For 

terrestrial application the use of phosphorus-doped (n-type) silicon is more advantageous 

though, since it does not suffer from light induced degradation, is more resistant towards 

common metallic impurities e.g. iron [5] and the resistance towards radiation damage is of 

minor importance. Currently investigated solar cell structures based on n-type silicon include 

complex cell structures with comparatively high efficiencies like back contact back junction 

solar cells with efficiencies above 24 % [6] and hetero junction cells [7] and concepts with 

less process steps and efficiencies around 20 % like PhosTop [8] and bifacial n-type solar cells 

with peak efficiencies of 19.5 % produced using an industrial pilot line [9]. An increase in 

market penetration of n-type solar cells is currently hindered by highly complex processing 

sequences. Fortunately, significant potential for process simplification lies within the high 

temperature processes. In state of the art processing boron emitter and phosphorus back-

surface field (BSF) are created in separate high temperature steps [9]. The technological aim 
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of this thesis is to develop a co-diffusion process, featuring the simultaneous diffusion of 

boron and phosphorus in one single high temperature step and to use this process for the 

fabrication of high efficiency n-type solar cells. In this approach phosphorus diffusion is based 

on POCl3 based tube furnace processes, which is a widely used technology in photovoltaics. 

As a dopant source for boron diffusion, a borosilicate glass (BSG) layer deposited by 

atmospheric pressure chemical vapor deposition (APCVD) is utilized. Since APCVD does not 

require the use of vacuum technology this deposition technique is expected to be cost-

effective and relevant for mass production.  

The co-diffusion processes developed in this thesis are used for the fabrication of bifacial 

solar cells. Bifacial cells allow light from the front and the rear surface to enter the solar cell. 

Depending on the application this increases the energy yield compared to a monofacial solar 

cells by up to 50 % [10]. Since currently the market share of bifacial modules is negligibly 

small, bifaciality offers the possibility for distinction in a market that is characterized by very 

similar products. Historically the highest conversion efficiency of bifacial solar cells fabricated 

using co-diffusion was 13.7 % [11]. The aim of this thesis is to reach efficiencies around 

20 %, while reducing process complexity to a point that allows for large scale cost effective 

industrial production of bifacial n-type solar cells.  

Since high temperature processes involve a large number of parameters, historically very little 

quantitative research on high temperature processes for solar cells was published, especially 

with regard to n-type solar cells. One focus of this thesis is to find parameters that allow for a 

directed manipulation of doping profiles and then connect these changes to macroscopic 

properties of the solar cell.  

During a co-diffusion process layers deposited by APCVD are subjected to an atmosphere 

containing N2, O2 and POCl3 at temperatures around 900°C. As a second focus thesis 

investigates for the first time the interaction between these gases and the dielectric layers 

deposited by atmospheric pressure chemical vapor deposition (APCVD). These interactions 

have been previously investigated [12-15] using thermally grown oxide, which has a higher 

degree of crystallinity than the SiOx layers though.  

This thesis is structured as follows: 

Chapter 1 introduces fundamental mechanisms that are important for the understanding of 

this thesis.  

In Chapter 2 the most important characterization techniques and machines for solar cell 

fabrication are described briefly. One boundary condition of the solar cells developed in this 

thesis is that they are “industrially relevant”, meaning amongst others that they are produced 
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using only equipment that is already in use in industry. For this reason all machines used in 

this thesis are commercially available and hence already well described in literature. The 

characterization techniques used in this thesis are also well known and thus need only a short 

description. The experimental difficulty in this thesis is thus not the introduction of a new 

experimental setup, but rather the preparation of samples (solar cells) that allow for 

investigating new effects using only well-known techniques.  

The development of a co-diffusion process is described in Chapter 3. Section 3.2 discusses 

phosphorus diffusion at high temperatures and introduces a new method that allows for a 

directed manipulation of phosphorus doping profiles with unprecedented degrees of 

freedom. Here a major challenge consists in the homogeneous doping of single wafers. The 

second part of Chapter 3 discusses the influence of oxygen on boron diffusion from a 

borosilicate glass (BSG) layer deposited by atmospheric pressure chemical vapor deposition 

(APCVD). The observed influence of oxygen on boron diffusion is explained by the formation 

of an intermediate SiO2 layer that forms at the Si/BSG interface. The development of an 

iterative model allows for describing this growth quantitatively. The influence of POCl3 on 

layers deposited by APCVD is discussed in Section 3.6. Secondary ion mass spectroscopy 

(SIMS) measurements shown for the first time that the interaction between POCl3 and SiOx 

layers lead to the formation of a phosphosilicateglass (PSG) layer at the SiOx/air interface. This 

behavior is similar to thermally grown SiO2 layers. Within measurement accuracy the growth 

of a PSG layer in SiOx may be described quantitatively by existing models.  

Chapter 4 applies the previous findings to solar cells and demonstrates their relevance for 

application. The high temperature processes developed in Chapter 3 are used for the 

fabrication of bifacial n-type solar cells with peak efficiencies of 19.9 %. The used process 

sequence greatly simplifies solar cell fabrication compared to state of the art processing. 

Especially the back surface field (BSF) is characterized in detail. The influence of the back 

surface field on the solar cell is investigated experimentally as well as theoretically.  

Chapter 5 investigates the influence of the surface near doping concentration on the specific 

contact resistance of screen printed contacts. Here the use of the high temperature processes 

developed in Section 3.2 allows for a directed manipulation of doping profiles. The influence 

of the doping profile on contact formation is investigated using scanning electron microscopy 

(SEM). In accordance to literature it is found that the area coverage of crystallites that are in 

direct contact with the bulk finger correlates with the specific contact resistance. For the first 

time this correlation is investigated quantitatively yielding the specific contact resistance of a 

single crystallite of (3.3±0.2)μΩcm². The introduction of a new method allows for the first 

time for quantitatively separating the influence of direct and indirect current conduction.  
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Chapter 6 summarizes the results and gives an outlook.  

In the course of the author’s research additional topics were covered that are not part of this 

thesis. For experimental results on co-diffusion from solid sources deposited by plasma 

enhanced chemical vapor deposition (PECVD) please refer to reference [16]. Results using the 

boron furnace that was put into operation as part of the author’s Phd work are published by 

Lohmüller et al. [17, 18]. 
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1 Fundamentals 

After a brief overview of the mathematical basis of diffusion, atomistic models for impurity 

diffusion in silicon are introduced. Then the behavior of boron and phosphorus for 

concentrations above the activation limit and solid solubility is treated. Afterwards the 

formation of phosphosilicate glass (PSG) layers is briefly covered. Next multiple analytical 

descriptions for dry oxidation of silicon are described. The chapter concludes with remarks 

concerning the use of error bars in this thesis.  

1.1 Fick’s law of diffusion 

This section discusses diffusion with a focus on boron and phosphorus diffusion in silicon. If 

not otherwise stated, this section is based on the textbook by Pichler [19].  

If the distribution of atoms in a solid is not homogeneous, atomic movements occur to lead 

the system back towards thermal equilibrium. This process is called diffusion. In order to 

describe diffusion processes that are relevant for application, in general a phenomenological 

approach is chosen: 

)(cgradDJ  . (1.1)

Fick’s first law (1.1) connects the flow of impurities J with local variations in the concentration 

c by the diffusion constant D. This description of diffusion behavior is especially interesting 

for diffusion barriers as treated in Section 3.6. With regard to boron and phosphorus 

diffusion the interesting parameter is the doping concentration or more precisely its time 

dependent behavior. This is well described by Fick’s second law (1.2). Fick’s second law is 

presented in its one dimensional form under the assumption of a location-independent 

diffusion constant D, as relevant for the diffusion processes under investigation in this thesis.  

2

2 ),(
),(

),(

dx

txcd
TcD

dt

txdc
 . (1.2)

Please note that the diffusion constant D is dependent on the concentration c and the 

temperature T. The temperature dependence is well described by an Arrhenius relation 
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)/exp()( 0 kTEDTD A , (1.3)

with the by the factor D0, the activation energy EA ,and the Boltzmann constant k. It holds for 

most diffusing species. The concentration dependence, however, is a property of the specific 

diffusing species [20-22]. In a simplified manner one may summarize: diffusion is caused by a 

concentration gradient, while the magnitude of the impurity flow depends on temperature 

and impurity concentration.  

1.2 Atomistic view of diffusion 

This section introduces the atomistic processes associated with the diffusion of boron and 

phosphorus in silicon. Boron and phosphorus in silicon both occupy predominantly 

substitutional lattice sites. In the case of phosphorus the dominating diffusion mechanism is 

concentration dependent. For concentrations below 1020 cm-3 diffusion occurs via self-

interstitials, but for phosphorus concentrations above 1020 cm-3 the literature is inconclusive 

about the diffusion mechanism. Both vacancy and interstitial mediated diffusion describe the 

experimental data well [23]. In the following both vacancy and self-interstitial assisted 

diffusion is described on an atomic level.  

Two possible mechanisms for diffusion via self-interstitials exist. The first mechanism [24] 

assumes that an interstitial atom (impurity or self-interstitial) moves a substitutional atom 

(impurity or host atom) into an interstitial site while becoming substitutional. The “new” 

interstitial atom now displaces another neighboring atom from its substitutional site. If one 

imagines the self-interstitial and the impurity to be bound, this corresponds to pair diffusion 

through the lattice.  

A suggested diffusion mechanism for phosphorus concentrations above 1020 cm-3 is the 

diffusion via double negatively charged vacancies V’’ [21]. The ionized donor atom and the 

double negatively charged vacancy experience a coulomb force and may change lattice sites. 

Then the donor vacancy pairs dissolves. Since the energy level introduced by V’’ is 0.11 eV 

below the conduction band energy, a high doping concentration and a corresponding high 

Fermi level are needed in order to significantly increase the concentration of V’’. This could 

explain the onset of vacancy-mediated diffusion at high phosphorus concentrations of 

1020 cm-3.  

Boron diffusion was originally proposed to be controlled by vacancies [25] and self-

interstitials [26]. By introduction of self-interstitials through oxidation or suppression by 

nitridiation, it was established afterwards that boron diffusion in crystalline silicon is 
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exclusively mediated by silicon self-interstitials [27]. Current experimental and theoretical 

evidence supports the model that a boron atom and a self-interstitial form a mobile species 

which then dissolves and brings boron back to its substitutional form [27].  

In summary, during both boron and phosphorus diffusion the impurity atoms interact with 

point defects in silicon. Thus, a change in point defect concentration as caused e.g. by 

oxidation will affect their diffusion behavior. 

1.3 Properties of boron and phosphorus in silicon  

The purpose of boron and phosphorus doping in silicon within the scope of this thesis is the 

increase of hole or electron concentration in silicon. In a simplified picture both boron and 

phosphorus occupy only substitutional lattice sites in the silicon crystal structure [28]. Since 

the number of valence electrons of boron and phosphorus differs by one from those of 

silicon, in order to form a chemical bond with silicon one electron is taken (“accepted”) or 

given (“donated”) by each dopant. This either increases (phosphorus) or decreases (boron) 

the number of free electrons in the semiconductor. In this picture one electron or hole is 

supplied by each dopant atom. Experiments show that the fraction of ionized phosphorus 

and boron atoms in silicon depends amongst others on the impurity concentration. More 

concretely, for certain concentrations the average number of charge carriers per impurity 

atom introduced into silicon is smaller than one. Please note that doping, as used in 

photovoltaics, may either refer to the concentration of impurities or the resulting carrier 

concentration. While the carrier concentration is important for effects concerning 

conductivity, the impurity concentration is important for effects concerning recombination. 

Both conductivity and recombination are relevant quantities in photovoltaics.  

The next paragraph discusses the physical reasons for differences in carrier and impurity 

concentration and estimates to which extent these are relevant for this thesis.  

Two main effects are of interest: solubility and incomplete ionization. Solubility means that 

above a certain concentration impurities may cluster. This concentration depends on the 

maximum temperature of the diffusion process and is depicted in Figure 1. 
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Figure 1: Solid solubility over temperature for boron and phosphorus in silicon. Phosphorus  

solubility after crystalline silicon [29].  

Impurities in these clusters are generally electrically inactive, meaning they do not change the 

carrier concentration in the semiconductor. In order to show a possible magnitude of this 

effect Figure 2 presents a doping profile (carrier/impurity concentration over depth) taken 

from reference [30]. Here the carrier concentration (dots) and the impurity concentration 

(line) are plotted over the depth. For this doping profile the concentration of inactive 

phosphorus, which consists of mobile phosphorus and SiP precipitates, considerably exceeds 

the concentration of active phosphorus. In the case of phosphorus, the impurity 

concentration exceeding the activation concentration n0 is electrically inactive, but it may be 

mobile or immobile depending on the concentration. The maximum active dopant 

concentration n0 and the threshold concentration between mobile and immobile inactive 

phosphorus csat depends on temperature [30]. With regard to the application in solar cells, 

inactive phosphorus is reported to increase carrier recombination [31] and to play an 

important role in contact formation by silver thick film metallization [32].  
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profiles in this thesis is smaller than the relevant measurement accuracy. Thus this effect is of 

minor importance in this thesis. A third effect that might possibly cause discrepancies 

between carrier and dopant concentration is due to diffusion and drift of majority carriers, 

which occurs for abrupt changes in the impurity concentration. Since doping in this thesis is 

performed by diffusion, abrupt changes in the doping profile due not occur.  

In summary: While solubility and activation are of major importance in this thesis, incomplete 

ionization and diffusion are of minor importance. 

1.4 PSG layer formation  

Subjecting silicon wafers to a high temperature step with an atmosphere containing POCl3,

N2, and O2 is the most common method in the photovoltaic industry to create phosphorus 

doped areas. For the bifacial cell structure under investigation in this thesis this area is called 

back surface field (BSF) and located at the rear side of the solar cell (Section 2.7). The 

chemical reaction that leads to phosphorus doping is described in this paragraph.  

POCl3 is introduced into the process atmosphere by conducting molecular nitrogen through a 

so called bubbler, which contains an aqueous solution of phosphoryl chloride (POCl3). A 

mixture containing N2 and POCl3, so called N2-POCl3, leaves the bubbler. The concentration of 

POCl3 in N2-POCl3 depends on the vapor pressure. Since the vapor pressure is a function of 

the temperature, the temperature of the bubbler is kept constant and does not limit the 

accuracy of the experiments in this thesis.  

The above mentioned gases react at surfaces forming P2O5 according to the following 

reactions [37]. Please note that these surfaces are not only the silicon wafer, but also the 

tube walls, which are part of the diffusion furnace (Section 2.1).  

)(Cl6)(OP2)(O3)(POCl4 25223 glgg  (1.5)

The resulting chlorine forms volatile metal compounds with possible present metal impurities 

and thus reduces metal contamination of the silicon wafer [38]. 

The reaction of gaseous oxygen and silicon results in silicon dioxide (SiO2). 

)(SiO)(Si)(O 22 ssg   (1.6)

The PSG layer thus consists of SiO2 and P2O5. P2O5 reduces at the silicon surface forming SiO2 

and phosphorus.  
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The stoichiometric composition of the PSG layer depends on the O2 and POCl3 concentration 

in the atmosphere [39]. The “atomic” phosphorus that results from equation (1.7) then 

diffuses into the silicon wafer as discussed in Section 1.2. An understanding of PSG layer 

formation is important for Section 3.2.3, where the homogeneity of the doping process is 

explained using the chemical reactions presented in this section.  

1.5 Oxidation models  

This section briefly presents two analytical descriptions for dry oxidation that are applied in 

Section 3.5.4. “Dry oxidation” means that the process atmosphere contains O2, while for 

“wet” oxidation the process atmosphere contains H20 (g).  

The two models by Deal and Grove [12] and Massoud and Plummer [13] describe the growth 

of SiO2 layers on silicon in an oxidizing ambient. The model by Deal and Grove is valid for 

oxide growth with a thickness above a few hundred angstroms [40] and assumes one single 

oxidizing species. According to this model the growth rate of the layer thickness L is 

described as follows:  

)2( AL

B

dt

dL

DG

DG


 . (1.8)

The parameters B and A depend on the orientation of the silicon surface and on 

temperature. LDG denotes the layer thickness calculated following the model of Deal and 

Grove. In thesis the parameterization by Moynagh et al. [41] for temperatures below 950°C 

and (100) oriented surfaces is used. 
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Integration of equation (1.8) for an oxidation time tox and constant A and B yields the 

thickness of the SiO2 layer  

2

42
ox

DG

BtAA
L


 . (1.10)

)(P4)(SiO5)(Si5)(OP2 252 sssl   (1.7)
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The short and long term limits of equation (1.10) allow for a discussion of the limiting 

mechanism of the oxidation process. For small oxidations times tox<<A2/4B , the oxide 

thickness depends linearly on the oxidation time tox. In this regime the oxidation is governed 

by the reaction of oxygen with the silicon interface. For large oxidation times tox>>A2/4B the 

oxide thickness is proportional to the square root of the oxidation time. Here the growth rate 

of the oxide is limited by the diffusion of oxygen through the already existing oxide layer. 

A second model is introduced by Massoud and Plummer [13]. Their extension of the model 

by Deal and Grove adequately describes the growth rate for small layer thicknesses, where 

the model by Deal and Grove underestimates the growth rate. The layer thickness according 

to the model by Massoud and Plummer is denoted as LMas 

)2/()]/exp()/exp([ 2211 ALtKtKB
dt

dL
Mas

Mas   . (1.11)

The authors also provide the following temperature dependent parameterizations for (100) 

oriented surfaces: 

The necessity for the expansion of the model introduced by Deal and Grove is that their 

model underestimates the oxide growth for short oxidation times. While no widely accepted 

explanation for this effect exists, Massoud and Plummer suggest this to be a property of the 

silicon interface, which exhibits a time dependent decrease during the course of the oxidation 

process. 

A third model that describes the growth of dry oxide in the nanometer regime is the model 

introduced by Han and Helms [40]. For the mathematical approach used in this thesis, this 

model is less appropriate compared to the model by Massoud and Plummer though. Thus in 

this thesis only results based on the models of Han and Helms and Massoud and Plummer are 

shown.  
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1.6 Use of error bars in this thesis 

This section briefly explains the use of error bars in this thesis, since it deviates in part from 

conventions in photovoltaics. The following conventions exist: 

For most parameters the averaged values and the standard deviation σ (represented as error 

bars) of the distribution are displayed. The rationale is that the distribution of the 

experimental data results from variations in sample preparation rather than random errors 

resulting from the measurement method. With respect to application the spread of the 

experimental data due to sample preparation, characterized by σ, is a relevant parameter, 

since the aim is to produce a large number of devices that are as identical as possible. This 

thesis deviates from this convention when the uncertainty of the average value is of interest. 

In order to estimate the relevance of effects σ divided by the square root of the number of 

samples is used. Meaning the error bars represent the standard deviation of the average 

value. This takes into account that the statistical error of the experimentally determined 

average value decreases with increasing number of samples.  

Following conventions IV Data, which includes efficiency, open circuit voltage, and short 

circuit current determined at the Calibration laboratory CalLab are displayed with errors 

representing a confidence interval of 95 %. The error bars include systematic and random 

contributions.  
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2 Technology and 

characterization methods 

All experiments conducted in this thesis are based on commercially available equipment. As 

long as well-known methods allow for extraction and interpretation of the data and the 

signal is well above the measurement accuracy, in the following only short remarks and a list 

of more detailed references are given. For techniques where signals are detected that are 

either close to measurement accuracy or where fundamentally new correlations are observed, 

a short presentation of the underlying physical mechanism and measurement accuracy are 

given.  

2.1 Diffusion furnace 

The diffusion furnace is the most frequently used machine in this thesis. It is the commercially 

available horizontal quartz tube furnace E 2000 XL by Centrotherm Photovoltaics. Since this 

type of furnace has been used for a few decades the experimental setup is only described 

briefly. The gas inlet, where the process gases enter the tube is placed on the left side in 

Figure 3. The gases then propagate through the tube and leave the tube through the small 

gas outlet tube which is placed at the bottom of the quartz tube and has an open end on the 

right side. It is not exactly known, how the gas propagates through the tube. Simulations 

Figure 3: Schematic cross and longitudinal section of the quartz tube taken from 

reference [42]. 
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suggest turbulences and local variations in the gas velocity, which depend on the specific 

design of the quartz tube [43-45]. The temperature in the quartz tube is regulated by 10  

heating zones, 5 at the top and 5 at the bottom of the quartz tube. The wafers are placed in 

a quartz boat, which is transported into the quartz tube by a so called “paddle”. The process 

gases used in this thesis are O2, N2 and N2-POCl3. N2-POCl3 denotes N2, which passes through 

a POCl3 bubbler and contains gaseous POCl3. The relevant process parameters for a high 

temperature process in this thesis are the evolution of the temperature T and the gas flows, 

which are denoted by Qgastype. Please note that due to intellectual property rights it is not 

possible to publish the exact temperatures and gas flows for high temperature processes in 

this thesis. Instead the qualitative evolution of the temperature and the absolute values of 

parameters that are varied are given, while the gas flows that are constant remain 

undisclosed. The temperature in the tube is measured with an accuracy of ±1°C, while the 

accuracy of the gas flows depends on the type of process gas. An overview is given in Table 

1. 

The error of the absolute value is shown in the second column while the uncertainty to which 

a gas flow may be reproduced, called “reproducibility” is displayed in the third column. The 

minimum flow rate denotes the maximum gas flow when the mass flow controller is in the 

“closed” state. The placement of additional valves that are either open or closed prevents 

these gases from reaching the diffusion tube though, if a gas flow of zero is chosen. The 

oxygen gas flow QO2 may be regulated by two mass flow controllers, one with a maximum 

gas flow of 3 slm and the other with a maximum gas flow of 30 slm. Following the notation 

in literature gas flows in this thesis are given in slm (standard liter per minute) or sccm 

(standard cubic centimeter per minute). 1 slm corresponds to 1.68875 Pa·m³/s in the 

international system of units (SI).  

Table 1: Accuracy of mass flow controllers of the diffusion furnace. 

Process gas Error of absolute value

[slm] 

Reproducibility 

[slm] 

Minimum flow rate 

[slm] 

N2-POCl3 0.03 0.006 0.06

N2 0.3 0.06 0.6

O2 < 3 slm 0.03 0.006 0.06

O2 > 3 slm 0.3 0.06 0.6
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2.2 Atmospheric pressure chemical vapor deposition  

In this thesis atmospheric pressure chemical vapor deposition (APCVD) is used to deposit 

borosilicate glass (BSG) and undoped SiOx layers. Atmospheric pressure means that the 

deposition process occurs at atmospheric pressure. This is interesting for application since it 

makes the experimental setup very simple, and the machine cheaper, especially compared to 

the more frequently used plasma enhanced CVD (PECVD). While APCVD has been used 

extensively in the microchip industry the applications in photovoltaics have been very scarce.  

Figure 4: Sketch of the reactor and one injector used for the deposition of dielectric layers by 

atmospheric pressure chemical vapor deposition (APCVD) 

Figure 4 presents a sketch of the APCVD system. For the experiments in this thesis 

depositions take place with an inline APCVD machine by SCHMID group located in the 

research facility of SCHMID Group in Freudenstadt, Germany. The inline deposition process 

works as follows. Wafers are placed on a moving belt and are heated to a process 

temperature of around 350°C. Then they pass three injectors, where different process gases 

are lead towards the wafer and form a dielectric layer. In this thesis the first injector is used 

for deposition of a BSG layer while the second and third are used to deposit undoped SiOx 

layers, which are also referred to as “capping layers”. While the process gases SiH4 and O2 

allow for the formation of SiOx layers, for the formation of a BSG layer diborane (B2H6) is 

added. This boron precursor diborane is let into the atmosphere diluted with a concentration 

of 5 % in nitrogen. So called “N2 curtains” protect the APCVD reactor chamber and the 

injectors from contamination and allow for a well contained deposition of the doped glass on 

the wafer only. Please note that for the notation of layer stacks the layers are given in the 

order of the deposition or in other words, the first layer is located directly on the silicon wafer 

surface, while the others are further away from the wafer surface.  

N2N2N2N2 O2O2

B2H6 & SiH4

Heater

APCVD Reactor
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2.3 Electrochemical capacitance voltage technique 

Electrochemical capacitance voltage (ECV) measurements are used to characterize the doping 

of silicon wafers or more precisely the depth dependent charge carrier concentration. This 

section briefly introduces the measurement principle and experimental limitations. For further 

information please refer to references [46-48]. 

ECV is a destructive method, which allows for the determination of the depth-resolved 

charge carrier concentration on Si wafers with a planar surface. While a measurement on a 

textured surface is generally viable, extraction of the carrier concentration relies on 

assumptions concerning e.g. the increase in surface area compared to a planar surface and 

the depth of the etched craters. Values for the surface enlargement vary in literature [49, 50], 

thus in this thesis, ECV measurements are performed on planar surfaces. For the description 

of solar cells some interpretation is nevertheless needed, since the relevant solar cells in this 

thesis feature exclusively textured surfaces. 

During the experimental procedure capacitance-voltage (CV) measurements and 

electrochemical etching steps are performed alternately. Each CV measurement provides the 

carrier concentrationn  at the wafer surface according to  

22
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
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n


, 
(2.1)

with the elementary charge e , the relative permittivity of silicon  , the permittivity of 

vacuum 0  and the contact area between electrolyte and sample A . The evaluation of 

equation (2.1) in the linear range of C-2(V) yields the carrier concentration at the wafer 

surface.  

Etching the surface and subsequently performing a new CV measurement yields the depth 

dependent doping concentration. The etch depth is measured by integrating the etch-current 

that flows during etching and measurement. 

The main contributions to measurement uncertainty result from errors in A  and an 

inaccurate calculation of the etch depth. In order to guarantee high measurement accuracy in 

this thesis both area and depth are periodically measured directly using confocal laser 

scanning microscopy and compared to the assumptions used to extract the doping profile.  
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2.4 Quasi steady state photoconductance measurement 

The quasi steady state photoconductance (QSSPC) method extracts the minority carrier 

lifetime, by measuring the decay of photo induced conductance [51, 52]. The resulting value 

is the effective carrier lifetime eff, which characterizes the lumped bulk and surface 

recombination. The lower the value of eff, the higher the recombination. Even though QSSPC 

is a well-known technique, the results obtained by different researchers are hardly 

comparable since different research institutions use different models, assumptions and wafer 

material. In order to investigate the comparability of QSSPC measurements the author of this 

thesis fabricated QSSPC samples in close collaboration with the phD student A.Kimmerle and 

extracted the dark saturation current density J0 using different methods [53]. This publications 

also discusses the influence of the sample type on the results of the QSSPC measurement. For 

details concerning the experimental setup please refer to [54]. According to specifications of 

the QSSPC tool, the measurement accuracy is 10 % for a single measurement. 

2.5 Current voltage measurements 

Most current voltage (IV) measurements in this thesis are obtained using a commercially 

available industrial cell tester at “standard test conditions” [55]. A detailed discussion of the 

IV parameters is published in a textbook [37]. For details of the setup please refer to 

references [56, 57]. Selected solar cells are also measured at Fraunhofer ISE CalLab PV Cells. 

In the following the measurement errors represented by twice the standard deviation that are 

relevant for the samples investigated in this thesis are stated. This means that 95 % of the 

values are expected to lie within this interval. The aim of this table is to facilitate the 

interpretation of the experimental data in this thesis. 

Table 2: Measurement error for IV parameters for the industrial cell tester and measurement 

at Callab. 

Cell tester error Voc 

[%rel] 

Jsc 

[%rel] 

ŋ 

[%rel] 

FF 

[%rel] 

Industrial Relative 0.04 0.03 0.1 0.07

Industrial Absolute 0.7 2.8 3.1 1

Callab Absolute 0.5 2.5 3 1
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Absolute errors represent the measurement uncertainty for measurements compared with 

the “true” values. The relative error represents the uncertainty for comparing measurements 

of the same cell structure that were taken during the same day on one machine. 

Measurements by Fraunhofer ISE CalLab PV Cells are used in the photovoltaic community for 

relative comparison of solar cell efficiencies, for cells produced at different institutes. By 

comparing efficiencies measured using the same experimental setup and reference cell, the 

effect of systematic errors may be minimized.  

2.6 Other characterization techniques 

This section gives an overview of other characterization techniques used in this thesis. Since 

many of these techniques were originally developed for the semiconductor chip industry, 

today these techniques are well established and the measurement devices are commercially 

available. Thus these techniques are only described briefly. For the interested reader further 

references are provided. 

The transfer length method (TLM), which is sometimes also referred to as transmission line 

method allows the extraction of the specific contact resistance of e.g. screen printed 

contacts. It was developed in 1964 [58] and later refined [59-61]. Detailed information is 

available in reference [46]. An overview treating the contact resistance with respect to the 

application in photovoltaics is given by Schroder et al. [62]. 

Secondary ion mass spectroscopy (SIMS) measurements in this thesis are performed at 

SGS Institut Fresenius GmbH using a Cameca IMS 7F setup. The measurement principle is as 

follows: Primary ions are accelerated towards a target. The collision of these primary ions 

with the target generates secondary ions that are then analyzed in a mass spectrometer. The 

amount of secondary ions then correlates with the concentration of this species in the target. 

Please note that strictly this only holds, if the matrix that contains the impurity is uniform. For 

the samples investigated in this thesis this may not be always the case, thus often only 

relative values are compared. As a drastic example, the ion yield may differ by up to 3 orders 

of magnitude for bare silicon and silicon dioxide [63]. In this thesis the concentration of 

oxygen, silicon, boron and phosphorus in SiOx and BSG layers are of interest. In order to 

obtain quantitative results, well known standard samples with a known impurity 

concentration are used. For the creation of negatively charged secondary ions (30Si, 18O and 
31P), Cs+ ions with an energy of 5 keV are used as primary ions. Primary O2

+ ions with an 

energy of 5 keV create positively charges secondary ions (10B, 11B, 30Si). For both ions O2
+ and 

Cs+ the measurement spot is circular with a diameter of 70 μm. The depth is calibrated using 

the sputter rate of a thermal SiO2 layer. The quantification of the phosphorus and boron 
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concentration, meaning the conversion from measured counts per second to concentration is 

based on reference implantations of boron and phosphorus in thermally grown SiO2. The 

depth resolution is 1-5 nm. For more details please refer to reference [46].  

Ellipsometry is used in this thesis to determine the layer thickness and the refractive index of 

dielectric layers. Ellipsometry measures the cumulated change in polarization caused by the 

transmission through a dielectric layer (stack). Layer stacks in this thesis are investigated by 

spectral ellipsometry, meaning ellipsometry at multiple wavelengths. This increases 

measurement accuracy [46]. For the extraction of the data a Cauchy model is used. The 

experimental setup is illustrated in reference [64].  

Scanning electron microscopy (SEM) allows for the characterization of the microstructure 

e.g. of semiconductors. An electron beam is accelerated towards a sample with a typical 

energy in the range of keV. The interaction with the sample results in electron and photons 

that are emitted from the sample and detected. By scanning the beam over the sample 

different positions on the sample are correlated with the detected intensity of electrons. 

Changes in the signal of secondary electrons are dominated by changes in the sample 

topography, but may also be due to differently charged areas [65] or chemical bonds. Again 

a good introduction to the measurement principle is provided in reference [46]. The spatial 

resolution is in the order of a few nanometers and is determined by the diameter of the 

electron beam. Since the structures resolved in this thesis are larger than 100 nm, the spatial 

resolution of the SEM measurement is not a relevant limitation. 

Inductive and four point probe measurements probe the sheet resistance Rsh, which is a 

property of a doping profile. Both inductive and four point probe measurements are well 

established. In this thesis the sheet resistance is measured inductively at 66 spots per wafer, 

Figure 5: Schematic representation of the inductive sheet resistance measurement pattern. 
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which are distributed along 3 straight lines across the wafer (Figure 5). The sheet resistance 

of one wafer is then characterized by the average sheet resistance and the standard deviation 

of the sheet resistance over the wafer. Please note that this standard deviation does not 

represent the experimental uncertainty of the average value, but rather characterizes the 

homogeneity of the doping over one wafer. For 4 point probe measurements the 

measurements points are generally distributed equally spaced over the wafer. In comparison 

with the measurement pattern presented in Figure 5, this results in a larger standard 

deviation of the sheet resistance. For details concerning these methods refer to references 

[66] and [46]. Sheet resistance describes the resistance of a square two dimensional film, 

which is a property of the integrated specific conductance. In order to distinguish the sheet 

resistance from the electrical resistance, the unit of Rsh is denoted not as Ω but as ”Ohm per 

square” Ω/sq [67]. 

2.7 Bifacial solar cells and Co-diffusion 

This paragraph describes the terms “bifacial solar cell” and “co-diffusion”. The schematic 

cross section of a bifacial solar cell based on n-type silicon is depicted in Figure 6.  

Figure 6: Schematic cross section of a bifacial n-type solar cell. Please note that the solar cell 

is not drawn to scale. The wafer thickness is roughly 180 μm, the depth of the 

emitter and BSF around 500 nm, the thickness of the passivation layers around 

100 nm and the width and height of the metal contacts 50 respectively 20 μm. 

A bifacial solar cell features an open front and rear grid. This means that the metal contacts 

both on the emitter and back surface field (BSF) do not cover the whole wafer surface. This 

allows light incident from the front and the rear side to enter the solar cell and generate 

electron hole pairs. Bifacial solar cells investigated in this thesis are based on textured n-type 

Czochralski grown (Cz) silicon wafers with a thickness of around 180 μm. The full area boron 

Boron doped emitter

Passivation layers

Phosphorus doped BSF
n-Type Si

Metal contacts

Metal contacts
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doped emitter and the phosphorus doped BSF extend roughly 500 nm into the wafer. Both 

emitter and BSF are covered by so called dielectric passivation layers with a thickness of 

roughly 100 nm. The metal contacts, which are referred to as metallization, with a width of 

around 50 μm and a height of approximately 20 μm allow for current extraction. 

Co-diffusion refers to the process sequence that is used to form the boron and phosphorus 

doped areas. Current state of the art processing uses “sequential diffusion”, which requires 

one high temperature step each for boron (BBr3 or BCl3) and phosphorus (POCl3) diffusion. An 

exemplary process sequence featuring 5 process steps is depicted in Figure 7 a). The aim of 

co-diffusion is to create the same doping profiles as results from sequential diffusion, but 

using less process steps. This ultimately reduces the production cost of solar cells, which is 

important for industrial application. The approach to co-diffusion using 2 process steps, 

which is followed in this thesis, is shown in Figure 7 b). The first process step is the deposition 

of a borosilicate glass (BSG) layer and a SiOx layer on one side of the wafer using APCVD. This 

is followed by a high temperature step in an atmosphere containing POCl3. Thus co-diffusion 

reduces the number of process steps by 3 compared to sequential diffusion. This is a relevant 

reduction, since the production of bifacial solar cells requires roughly 11 process steps in 

total. The development and characterization of this co-diffusion process is displayed in 

Chapter 3, while the application to solar cells is demonstrated in Chapter 4. 

a) b) 

Figure 7: Process sequences for the formation of boron emitter and phosphorus BSF using a) 

sequential diffusion b) co-diffusion. 
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3 Co-diffusion from borosilicate 
glass and POCl3  

3.1 Introduction 

This section describes the development of a co-diffusion process from a borosilicate glass 

(BSG) layer deposited by atmospheric pressure chemical vapor deposition (APCVD) and an 

atmosphere containing POCl3. The objective is a short high temperature process that allows 

for a simultaneous diffusion of the desired amount of boron and phosphorus into the silicon 

wafer, both boron and phosphorus doping being single-sided. Additionally an independent 

manipulation of doping profiles is required in order to investigate the influence of boron and 

phosphorus doping profiles on solar cell performance, since the optimum doping profiles that 

allow for maximum cell efficiency are unknown. In order to reach these aims the following 

topics will be addressed: 

While the required doping profiles of boron and phosphorus are comparable in depth and 

surface concentration, the effective diffusivity of phosphorus is higher than that of boron by 

about one order of magnitude [68]. In sequential diffusion processes, this was historically 

compensated by using different temperatures for boron and phosphorus diffusion [69]. Since 

now boron and phosphorus diffuse simultaneously, a new approach needs to be identified 

that allows for the formation of adequate phosphorus and boron doping profiles.  

In order to prevent cross-contamination, meaning the diffusion of phosphorus into the boron 

doped emitter, the diffusion of phosphorus through SiOx layers deposited by APCVD needs to 

be minimized. Since the diffusion of phosphorus through thermally grown SiO2 layers has 

been investigated in detail [70, 71], it has to be studied to which extend the diffusion 

behavior of a phosphorus containing species through the amorphous SiOx layers may be 

described by existing models.  

Furthermore it is unknown in which ways other components of the gaseous atmosphere 

interact with the APCVD layers and how this influences boron doping. 

Following this argumentation Chapter 3 covers three main topics: firstly phosphorus diffusion 

at high temperatures; secondly the influence of oxygen in the process atmosphere on boron 

diffusion from BSG layers, and thirdly the interaction of POCl3 with the APCVD deposited 

layer stack and the resulting boron doping.  
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3.2 High temperature phosphorus diffusion 

Using boron doped layers deposited by plasma enhanced chemical vapor deposition (PECVD), 

it was shown that a high temperature process with a plateau at 950°C and a duration of 

30 min allows for adequate boron doping [72]. Therefore all co-diffusion processes 

developed in this thesis comprise at least one plateau with a temperature of 950°C and a 

duration of 30 min. In this section two approaches for phosphorus diffusion at high 

temperatures are investigated. In the first approach the high diffusivity of phosphorus is 

compensated by in-situ oxidation. In the second approach an extremely low dose of 

phosphorus in the dopant source counteracts the high diffusivity. In addition this section 

presents a method for a controlled manipulation of a phosphorus doping profile. 

3.2.1 Experiment 

The sequence of the experiment is the same for Sections 3.2.2, 3.2.3 and 3.2.4 (Figure 8). 

Saw damage etched Czochralski (Cz) grown p-type silicon wafers with an edge length of 

156 nm are subjected to a POCl3 based high temperature step in a diffusion furnace 

(Section 2.1). Afterwards the PSG layer thickness dPSG and sheet resistance Rsh are determined 

by ellipsometry and inductive measurements respectively. The carrier concentration profiles 

are measured by ECV after removal of the phosphosilicateglass (PSG), a so called “PSG etch”, 

in an HF based solution. 

Figure 8: Schematic representation of the experiments in Sections 3.2.2, 3.2.3, and 3.2.4. 

3.2.2 Compensation of high phosphorus diffusivity by oxidation 

In the following first a motivation of the respective approach and then the results are 

presented. In this approach a high concentration dopant source similar to those used for the 

fabrication of phosphorus emitters for p-type solar cells is utilized. Since these high 

temperature processes typically involve temperatures below 850°C, high temperature 

phosphorus diffusion means that the diffusion temperature is around 100°C higher than for 

Saw damage etch

156 mm p-type Cz-Si

Rsh measurement

POCl3 based high temperature process

Ellipsometry

PSG etch

ECV
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emitter formation in p-type solar cells. Thus without additional oxidation the high 

concentration dopant source in combination with the high temperature leads to a very high 

doping concentration which in turn causes recombination which has a detrimental effect on 

solar cell efficiency. The increase of O2 concentration in the process atmosphere (during 

phase R1B in Figure 9) after formation of the PSG layer leads to a growth of a SiO2 layer at 

the PSG/Si interface [73, 74]. This layer causes two effects. Due to the fact that the diffusivity 

of phosphorus in SiO2 is smaller than in PSG, the SiO2 layer acts as a diffusion barrier between 

the PSG and the silicon, decreasing further diffusion of phosphorus into the silicon bulk [75]. 

The other effect is that silicon needed for the formation of the SiO2 layer is taken from the 

bulk silicon. Thus a fraction of the already doped bulk silicon is converted into SiO2 

decreasing the total amount of doped bulk silicon. Additionally thermal oxidation leads to 

enhanced phosphorus diffusion through the introduction of silicon self-interstitials and a 

redistribution of the dopant [76]. The first issue under investigation is if this so called “in-situ 

oxidation approach” in combination with a highly doped dopant source allows for sufficiently 

low phosphorus doping concentrations or in other words if there are enough degrees of 

freedom, to achieve adequate doping profiles. A second aim is to find parameters that allow 

for a systematic manipulation of doping profiles.  

Figure 9 a) presents a high temperature processes featuring an atmosphere containing POCl3 

and in-situ oxidation, while Figure 9 b) illustrates the resulting doping profiles. During the 

PSG deposition step (R1a), which takes place during the ramp up, N2, O2, and POCl3 react to 

form a highly doped PSG layer on the wafer surface, as described in Section 1.4. Following 

PSG deposition, the N2-POCl3 gas flow stops and the oxygen gas flow increases, while the N2 

gas flow is adjusted to maintain a constant total gas flow. This step is the so called in-situ 

oxidation step (R1b). A detailed investigation of this in-situ oxidation step is currently 

submitted for publication [77]. For the remaining duration of the high temperature process 

only N2 is injected in the diffusion tube. The investigated N2-POCl3 gas flows range from 0.6 

to 1.8 slm. The resulting effect on the doping profiles is presented in Figure 9 b).  

Results 

Varying QPOCl3 between 0.6 and 1.8 slm allows for reaching a large range of sheet resistances 

between 500 and 78 Ω/sq. As expected an increase in QPOCl3 leads to an increase in doping 

concentration and thus to a decrease in Rsh. The depth (determined at 1017 cm-3) and surface 

concentration of the doping profiles vary from 200 to 450 nm and from 7×1018 to 

5×1019 cm-3, respectively. For contact formation by screen printing, the surface concentration 

is too low, since currently concentrations above 1×1020cm-3 are needed [32]. Nevertheless 
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these doping profiles are suitable for a wide range of applications, e.g. as a front surface field 

(FSF) for back contact back junction solar cells or in interplay with plated metallization. As is  
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concentration and depth caused by a change in QPOCl3 is due to the fundamental physics of 

Fick’s law of diffusion (equation (1.2)): A change in QPOCl3 leads to a change in the 

phosphorus concentration in the PSG layer [79]. This increases the surface doping 

concentration and also the concentration gradient of phosphorus and thus the flux of 

phosphorus atoms into the wafer. Since the optimum doping profile for the application in 

solar cells is not known yet, it is of major importance to investigate the influence of surface 

concentration and depth on solar cell parameters separately. Thus the development of a high 

temperature process is needed where surface concentration and depth may be adjusted 

independently. This requires additional degrees of freedom. To reach this aim a second PSG 

deposition phase is added resulting in a high temperature process depicted in Figure 10 a). 

The second deposition step is performed on a plateau of constant temperature (P2) during 

ramp down (R2), while the remaining high temperature process remains unchanged. During 

the second deposition step N2-POCl3 is introduced into the process atmosphere.  

Figure 10 b) shows the influence of the N2-POCl3 gas flow during this second plateau. Again 

an increase in QPOCl3 leads to a decrease in sheet resistance. The standard deviation of the 

sheet resistance over one wafer is below 5 % relative for all processes, which is generally 

considered suitable for application. Interestingly this change in sheet resistance is mainly 

caused by an increase in the surface near doping concentration. The depth of the doping 

profile changes only marginally within the measurement accuracy, while the active surface 

doping concentration varies from 8×1019 to 3×1020 cm-3, where the latter is the activation 

limit of phosphorus in silicon. The phosphorus above this activation limit is inactive, meaning 

it does not contribute to the carrier concentration and is thus not detected by ECV [80]. The 

surface doping concentrations achieved by this approach are in the range that allow for 

contact formation by screen printing [32]. The application of this high temperature process to 

solar cells thus allows for the first time the investigation of the influence of phosphorus 

surface concentration independently from variation in the depth. 
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manipulation of doping profiles is possible. The wide range of achievable doping 

concentrations makes this process suitable for application in different cell concepts, while the 

process temperature allows for simultaneous adequate boron doping [72]. The detailed 

investigation of the influence of QPOCl3 on sheet resistance (Figure 9 and Figure 10) also allows 

for a deeper understanding of the technical aspects of the diffusion process. As an example 

the following section investigates the reason for inhomogeneous doping resulting from POCl3 

based high temperature processes.  

3.2.3 Model for inhomogeneous phosphorus doping 

For technical application in solar cells the spatial homogeneity of the doping process is 

important. In other words doping profiles for different positions on one wafer and for 

different wafer positions in the diffusion boat need to be approximately the same. This 

section discusses the homogeneity of the doping process over one wafer with the aim to find 

the underlying physical mechanisms and deduct possible strategies for increasing doping 

homogeneity.  

a) b)

In theory many different causes for doping inhomogeneity are possible, to name only a few: 

The temperature of the wafer surface might be inhomogeneous, inhomogeneities might be 

caused by the wet chemical pre-treatment of the wafers, the gaseous atmosphere might vary 

locally, etc. To the author’s knowledge none of these possibilities have been discussed in 
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Figure 11: a) Sheet resistance over wafer surface determined by 4 point probe measurement 

b) Distribution of the PSG layer thickness over the wafer surface determined by

ellipsometry using a fixed refractive index of n=1.57. 
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detail though. The approach to this question is as follows. First a hypothesis is derived, then 

verified qualitatively and tested quantitatively. 

Figure 11 presents the sheet resistance distribution over the wafer surface of a planar wafer 

determined by 4 point probe measurements resulting from a high temperature process with 

a N2-POCl3 gas flow of 1.8 slm in the first deposition phase (Figure 9) and the corresponding 

distribution of the thickness of the PSG layer determined by laser ellipsometry.  

The sheet resistance increases towards the center of the wafer, while the corresponding PSG 

layer thickness decreases. In general PSG layer thickness and sheet resistance seem to 

correlate. The following section suggests a physical mechanism for this correlation and 

describes the relation between dPSG and Rsh quantitatively.  

A possible explanation for the increase in Rsh and the decrease in dPSG towards the center of 

the wafer is a simultaneous reduction of the POCl3 concentration in the process atmosphere 

due to the reaction presented in equation (1.5). This view is supported by measurements 

presented in Figure 12.  

Local inductive measurements of the sheet resistance in the center of the wafer and the 

corresponding local thickness of the PSG layer are plotted over the N2-POCl3 gas flow. An 
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Figure 12: Sheet resistance Rsh and thickness of phosphosilicateglass (PSG) layer dPSG over 

N2-POCl3 gas flow QPOCl3 for high temperature process featuring one deposition 

phase (Figure 9). Both dPSG and QPOCl3 are measured in the center of one wafer. 

The Fit to Rsh is presented equation (3.1), while dPSG is presented in equation (3.2). 
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increase in the N2-POCl3 gas flow increases the POCl3 concentration in the process 

atmosphere and results both in an increasing PSG layer thickness and a decreasing sheet 

resistance. The increasing PSG layer thickness correlates with a slight increase in the 

phosphorus concentration of the PSG and results in an increased total phosphorus dose in 

the PSG layer [39]. Thus qualitatively a decrease of POCl3 concentration in the process 

atmosphere explains both the increase in Rsh and the decrease in dPSG towards the center of 

the wafer. Now the question remains in how far a decrease of the POCl3 concentration in the 

process atmosphere explains the trend in the sheet resistance quantitatively.  

Discussion 

Both Rsh and dPSG in Figure 12 are linked by the N2-POCl3 gas flow QPOCl3. Thus by fitting the 

data presented in Figure 12 the sheet resistance may be calculated from a given PSG layer 

thickness. 

The dependence of the sheet resistance in the wafer center from the N2-POCl3 gas flow is 

fitted empirically. The errors represent the errors of the fitting procedure.  

slQsqR POClsh min//)1235( 01.061.1
3
 . (3.1)

The relation between PSG layer thickness dPSG and QPOCl3 is approximated by a square root 

relation describing the PSG growth due to the change in N2-POCl3 gas flow [70] and a 

constant term that accounts for the influence of the in-situ oxidation step. Again the errors 

represent the errors of the fitting procedure.  

nmslQnmd POClPSG )37()min/()3.25.39( 3  . (3.2)

Figure 13 compares the measured sheet resistance (a) with the calculated sheet resistance (b). 

The sheet resistance is calculated using the measured PSG layer thickness (Figure 11 b) as an 

input parameter to calculate a “local QPOCl3” based on equation (3.2) and then use this as an 

input parameter to calculate a local sheet resistance according to equation (3.1). Please note 

that sheet resistance values smaller than 45 Ω/sq result from an extrapolation of the 

experimental data.  

Calculated and experimentally determined sheet resistances in Figure 13 agree within an 

error margin of 10 - 20 %. This leads to the conclusion that the decrease in POCl3 

concentration towards the center of the wafer is the dominant mechanism for 

inhomogeneity in the doping process. Possible reasons that explain the above deviation of 
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the simulated from the experimental data are manifold. To name only a few: While the 

measurement area for the determination of the PSG layer thickness is circular with a diameter 

of around 1 mm, the sheet resistance is measured inductively in a circular area with a 

diameter of 25 mm. Since the surface of the wafers is not perfectly planar, but damaged 

etched, the PSG layers may only be measured using a monochromatic laser ellipsometer, 

since the signal detected by the spectral ellipsometer is below the detection limit of the 

setup. This does not allow the determination the refractive index directly and accordingly 

requires the assumption of a constant refractive index. Furthermore the sheet resistance map 

in Figure 13 b) is measured by 4-point measurement, while simulations are based on 

inductive measurements of the sheet resistance (Figure 12). 

a) b)

The use of different detection methods is due to the fact that 4 point measurements exhibit a 

larger error in the absolute sheet resistance compared to inductive measurements, but their 

spatial resolution of 4 point probe measurements is higher [66]. As a last point the sheet 

resistance values smaller than 45 Ω/sq result from an extrapolation of the experimental data, 

which adds an uncertainty to the parameterization.  

An illustration of the assumed underlying chemical reactions is presented in Figure 14. 
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Figure 13: a) Measured sheet resistance determined by 4 point probe measurement 

b) Calculated sheet resistance using the measured PSG layer thickness (Figure 11 b)

and equations (3.1) and (3.2). 



3.2 High temperature phosphorus diffusion  

46 

Figure 14: Simplified model for inhomogeneous sheet resistance and PSG layer growth in 

POCl3 based diffusion processes. 

The concentration of POCl3 (red large circles) is highest in the process atmosphere at the 

wafer edge and decreases towards the center of the wafer. This decreases the dose of 

phosphorus deposited on the wafer by decreasing P2O5 formation according to equation (1.5) 

and thus also the amount of phosphorus diffusing into the wafer. Since the concentration of 

oxygen is not reduced equally, a decrease in phosphorus concentration in the PSG layer as 

observed also by other authors [79] is expected. This theory is consistent with observations 

that the sheet resistance on textured surfaces is higher than or equal to those on planar 

surfaces (Figure 47). Based on this view different possibilities for increasing doping 

homogeneity follow: 

One option is a decrease in the ratio between reacting POCl3 molecules and total POCl3 

molecules. This may e.g. be achieved by increasing the POCl3 concentration until the reaction 

4 POCl3 + 3 O2  2 P2O5 + 6 Cl2 is saturated. Another possibility is to decrease the probability 

for the reaction between POCl3 and O2 by e.g. decreasing process temperature during 

deposition.  

3.2.4 Low concentration PSG sources  

An alternative to in-situ oxidation for achieving adequate phosphorus doping profiles is to 

decrease the dose of phosphorus deposited on the wafer. One possibility to do so is to 

reduce QPOCl3. The results in Section 3.2.3 indicate that the sole reduction of QPOCl3 will 

considerably decrease the homogeneity of the doping over the wafer. For this reason here a 

twofold approach is adapted. A reduction of QPOCl3 below 0.6 slm as was used in 

Section 3.2.2 in order to decrease the phosphorus dose and a simultaneous increase in the N2 
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doping profile in a controlled manner? With regard to the application to solar cells it is 

advantageous to find a way of manipulating the phosphorus doping profile independently 

from the boron doping profile, because this facilitates linking changes in the cell behavior 

directly to one specific property of the phosphorus doping profile (Chapter 4). This means in 

particular that both temperature and duration of the process, which are relevant for boron 

diffusion must remain unchanged. Figure 15 a) shows a schematic of the adapted high 

temperature process.  

During the deposition phase (R1a) a PSG layer grows at the wafer surface. In contrast to the 

high temperature process featuring in-situ oxidation, the oxygen concentration in the process 

atmosphere during the remaining process stays below 10%. Please note that the O2 and N2 

gas flows are constant for all high temperature processes depicted in Figure 15 a). During the 

second plateau (P2) POCl3 is supplied to the process atmosphere a second time. The second 

plateau is introduced with the aim to increase the degrees of freedom and gain more control 

over the doping profile.  

The influence of QPOCl3 during the two deposition steps (R1a, P2) on the doping profiles is 

depicted in Figure 15 b). Each doping profile is named with QPOCl3 during the first (R1a) and 

second deposition phase and the averaged sheet resistance over a planar 156 mm wafer. The 

three doping profiles featuring QPOCl3,P2=1 slm during the second deposition phase show the 

same surface near doping concentration, while the high temperature process with 

QPOCl3,P2=0.55 slm in the second deposition phase exhibits a lower surface near doping 

concentration and a shorter plateau length of constant carrier concentration. For depths 

larger than 120 nm the two doping profiles featuring QPOCl3,R1a = 0.3 slm in the first 

deposition phase are identical within the margin of error, whereas the doping profiles 

resulting from higher QPOCl3,R1a in the first deposition phase exhibit a higher doping 

concentration for depths larger than 120 nm. Thus an increase in QPOCl3,R1a correlates with an 

increase in the doping concentration for depths larger than 120 nm, while an increase in 

QPOCl3,P2 during the second deposition phase correlates with an increase in the surface near 

doping concentration and an increase in the plateau length of constant carrier concentration 

at the wafer surface, as was also observed for the high temperature processes featuring in-

situ oxidation (Figure 10). This enables the manipulation of phosphorus doping profiles 

resulting from POCl3 based high temperature processes with unprecedented degrees of 

freedom. The surface concentration is in the range of 1020 cm-3 which makes these processes 

applicable for cell concepts with screen printed metallization. As far as application in solar 

cells is concerned a relative standard deviation of the sheet resistance over one wafer below 
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10 % (determined by inductive measurements) is generally considered acceptable for the 

application in solar cells. 

In summary: The use of lowly concentrated PSG sources allows for reaching a wide range of 

phosphorus doping profiles at temperatures that are suitable for boron co-diffusion. By 

introduction of a second deposition phase the surface near doping concentration may be 

adjusted without changing the depth of the doping profile which will allow for systematic 

investigations of the influence of surface doping concentration on e.g. recombination and 

contact resistance (Chapters 4 and 5).  

After discussing phosphorus diffusion processes the following section treats the other part of 

the co-diffusion process, namely boron diffusion.  

3.3 Influence of oxygen concentration on boron 

diffusion  

It has been shown that boron diffusion from a borosilicateglass (BSG) layer deposited by 

plasma enhanced chemical vapor deposition (PECVD) at a temperature plateau of 950°C with  

a duration of 30 min results in a boron doping profile with a surface concentration of around 

5 × 1019 cm-3 and a depth around 600 nm [81]. The atmosphere under investigation consisted 

of nitrogen with a small fraction of oxygen. These findings are taken as a starting point for 

the development of an industrially feasible co-diffusion process. 

In this work layers deposited by atmospheric pressure chemical vapor deposition (APCVD) are 

investigated. In contrast to PECVD, atmospheric pressure CVD does not require vacuum 

formation, which decreases complexity of the deposition process and might make APCVD in 

interesting for industrial application. A first question of interest is thus in how far doping 

profiles resulting from APCVD layers are comparable to those resulting from PECVD layers. 

The second point of interest is how the gaseous atmosphere during the high temperature 

process influences the doping profile. The aim is to find parameters that allow for the 

manipulation of the boron doping profiles without affecting the phosphorus doping profile.  

A third issue is reaching surface concentrations that allow for contact formation by screen 

printing (around 5 1019 cm-3) and at the same time prevent the presence of a boron rich layer 

(BRL). Very little investigations of the optimum emitter doping profile have been published 

[82, 83]. It is reported that a BRL hinders effective surface passivation [34]. Benick et al. [84] 

present efficiencies for n-type PERL solar cells for two different boron emitters. Their findings 

are that in interplay with plated emitter metallization the doping profile with a surface 

doping concentration below 1019cm-3 and a depth greater than 1 μm allows for higher 
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efficiencies than an emitter with a surface concentration around 1020cm-3 and a depth around 

300 nm. The main reason is a higher open circuit voltage for the lowly doped emitter due to 

a decrease in recombination. As far as solar cells with screen printed metallization of the 

boron emitter are concerned the exact optimum boron emitter doping profile is not known, 

yet [85]. So as a last point it is investigated by which means the doping profile may be 

manipulated and how a change in the doping profile influences properties of bifacial solar 

cells featuring screen printed metallization.  

3.3.1 Manipulation of boron doping profiles 

As an introduction into boron diffusion from solid sources, this section presents different 

possibilities for manipulating the boron doping profile. The corresponding physical 

mechanisms and the relevance for solar cells are then discussed in the following sections. The 

experiment is depicted in Figure 16 . 

Figure 16: Schematic representation of experiments performed in Section 3.3.1  

Layer stacks consisting of one BSG and one SiOx capping layer on top are deposited on planar 

Cz silicon wafers with an edge length of 156 nm by APCVD. The SiOx layer features a 

thickness of (211±7) nm and a refractive index at a wavelength of 632 nm of 1.443±0.001 

for all depositions. The BSG layer either feature a thickness of (75±7) nm and a refractive 

index of 1.464±0.002 “highly doped” or of (65±7) nm and a refractive index of 1.470±0.001 

“lowly doped”. The given errors represent the error of the ellipsometric measurement. For 

the deposition of the “highly doped” BSG layer the B2H6 concentration during deposition is 

increased by a factor of two. These wafers are then subjected to different high temperature 

processes, which are described below.  

 The process “low O2” consists of one high temperature step with a temperature

plateau at 950°C for 30 minutes in an atmosphere containing mainly nitrogen and a

low concentration of oxygen.

Saw damage etch

156 mm Cz-Si n-type

POCl3 based high temperature process

BSG & SiOx deposition (one sided)

PSG etch

ECV
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 The process “post ox.” comprises two high temperature processes: First wafers are

subjected to the process “low O2” then the wafers are stripped from the APCVD

layers in an HF-based solution and finally subjected to an oxidation step with a

plateau at 840°C that lasts for 5 min and results in the growth of a thermal oxide

layer with a thickness of 5-10 nm.

 During the process “in-situ ox” the concentration of oxygen in the process

atmosphere is increased compared to the process “low O2”. The evolution of the

temperature is similar to the process “low O2”, but with the addition of a plateau of

constant temperature during ramp down (Figure 15 a).

After the high temperature process the dielectric layers are removed in an HF based solution, 

a so called “PSG etch”. ECV measurements are then performed on the side of the wafer that 

was previously covered by the BSG/SiOx layer stack. The resulting doping profiles are depicted 

in Figure 17. 

Results  

The highly doped BSG layer in combination with the high temperature process “low O2” 

(Figure 17) results in a carrier concentration of 5 × 1020 cm-3 at a depth of 3 nm. The second 

data point at 25 nm exhibits a carrier concentration of 1020 cm-3. The doping concentration 

then decreases further until reaching a concentration of 1017 cm-3 at a of approximately 

480 nm. Using the same high temperature process but a boron source that was deposited 

using a lower gas flow of diborane (“low dop., low O2”) results in a doping profile with a 

surface concentration of 1.3 × 1020 cm-3 that decreases to 7 × 1019 cm-3 within 7 nm and 

reaches a concentration of 1017 cm-3 at a depth of 525 nm. Thus in this case decreasing the 

diborane gas flow during BSG deposition, results in a reduction of the surface concentration, 

while the depth of the doing profile is increased. For both BSG layers the measured surface 

concentration is above the solubility of boron in silicon. Since to the author’s knowledge no 

such effect has been observed for ECV measurements of boron doped silicon before the 

results will be discussed further in Section 3.3.2.  
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A reduction of the surface concentration is caused by both post and in-situ oxidation. While 

the process “post-ox” leads to a decrease of doping concentration towards the wafer surface 

by a factor of 4 compared to the maximum doping concentration, the doping concentration 

resulting from the processes “in-situ Ox” drops by less than a factor of 2. This so called 

“surface depletion” after oxidation is well known from literature [76]. Surface depletion is 

caused by the formation of a SiO2 layer at the silicon surface and a subsequent diffusion of 

boron from the silicon wafer into the SiO2 layer due to the high solubility of boron in SiO2. 

The possibility of reaching a relatively flat doping profile by continuous in-situ oxidation is to 

the author’s knowledge less well known, though. The next section provides a microscopic 

picture for the effects observed in this section. 

3.3.2 Carrier concentration above solubility of boron in silicon  

This section discusses the doping profiles presented in Figure 17 with regard to the carrier 

concentration above solubility of boron in silicon.  

The observed carrier concentration is, based on the author’s understanding, physically 

impossible, when assuming it to result from boron doped silicon. Since ionized boron in 

silicon contributes one electron to the conduction band even under the assumption of 

 
Figure 17: Carrier concentration over depth for diffusion from BSG/SiOx layer stacks (“high 

doping” and “low doping”) deposited by APCVD and different high temperature 

processes (“low O2”, “post ox.”, “in-situ ox.”) measured by ECV [86]. The error 

bars represent the measurement accuracy of a single ECV measurement. Solubility 

of boron in Si taken from reference [29].  
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complete ionization the carrier concentration cannot exceed the doping concentration. Thus 

it is of interest if the measured data is caused by a measurement artefact or by a physical 

property of the sample.  

An important point for clarification is if the measured carrier concentration is consistent with 

other measurement methods. To this end the sheet resistance is calculated from the 

measured carrier concentration profile and then compared to inductive measurements of the 

sheet resistance.  

The carrier concentration is linked to the sheet resistance by  




dsh

dxNxNe
R

0
)(*)(

1


, (3.3)

with the elementary charge e, the carrier concentration N, the mobility μ, which depends on 

carrier concentration and type, and the depth of the doping profile d. Using the 

parameterization of μ(N) for boron doped silicon from references [87,88], the sheet 

resistance corresponding to the doping profile may be calculated. Please note this implies the 

assumption that the mobility is that of holes in silicon, even for the data point above solid 

solubility. 

Rsh sim is calculated from the doping profiles presented in Figure 17 using equation (3.3). For 

the calculation of Rsh sim solubility all measured carrier concentrations above solid solubility are 

reduced to 9 × 1019 cm-3. Rsh measured is determined experimentally by inductive measurements 

on planar surfaces before the removal of the BSG/SiOx layer stack on symmetrically processed 

samples. These values are depicted in Table 3. 
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With respect to the doping profile “High dop. post ox”, experimentally determined and 

calculated values deviate by 3 % relatively. For the doping profile “High dop. low O2” 

including the contribution from the carrier concentration above solubility Rsh measured and Rsh sim 

agree. Neglecting the contribution from the carrier concentration above solubility (Rsh sim solubility) 

leads to a difference between calculated and measured values of 25 %. With regard to the 

doping profile “low dop. low O2” the difference between Rsh sim and Rsh sim solubility lies within the 

margin of error caused by the accuracy of the ECV measurement.  

Thus, the best agreement between simulated and experimentally obtained sheet resistance 

values is reached, for the doping profiles with the measured carrier concentration above 

solubility of boron in silicon. This is an indication that the detected value is not a 

measurement artefact. 

In order to find an explanation for this effect, the wafers are investigated concerning 

hydrophilic behavior. It is found that wafers with a surface doping concentration above solid 

solubility show hydrophilic behavior while wafers with a surface doping below solid solubility 

show hydrophobic behavior.  

In order to increase statistics planar wafers are subjected to two BBr3 based high temperature 

processes that result in a wafer surface that is partially hydrophilic and partially hydrophobic 

(Figure 18 a). The resulting doping profiles are depicted in Figure 18 b). Again a hydrophilic 

surface correlates with a surface concentration above solubility of boron in silicon, while a 

hydrophobic surface correlates with a surface concentration below solubility. Since the 

measurement of carrier concentrations above solubility of boron doped silicon by ECV seems 

Table 3: Comparison of simulated Rsh sim(equation (3.2)) and measured sheet resistance 

Rsh measured (wafer center) for doping profiles presented in Figure 17. Errors for 

experimental values are estimated to be 2.5 % relative [66] . Errors for simulated 

values result from the uncertainty of the ECV measurement. Simulated values are 

printed in bold. For the calculation of Rsh sim,solubility the values of the doping 

concentration above solubiliy of boron in silicon are reduced to 9 × 1019 cm-3. 

Doping profile Rsh measured 

[Ω/sq] 

Rsh sim 
[Ω/sq] 

Rsh sim, solubility 
[Ω/sq] 

High dop. low O2 52±1 54±3 65

Low dop. low O2 62±1 58±1 59

High dop. post ox. 70±1 73±1 
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both recurring and relevant for conductivity, the next section presents a possible explanation 

for this effect.  

3.3.3 Discussion of carrier concentration above solubility  

From high temperature processes using gaseous [89] and solid sources [90] it is known that 

increasing the boron concentration in the atmosphere during the deposition of the 

borosilicate glass layer may lead to the formation of a “boron rich layer” which is also 

sometimes referred to as “boron skin”. This layer consists of SiB6 compounds and is known 

to be hydrophilic [89]. It is also reported that increasing dopant concentration in the process 

atmosphere during BSG deposition increases BRL thickness, which leads to a decrease in the 

depth of the doping profile [90]. This could explain the difference in depth between the 

doping profile “high dop. low O2” and “low dop low O2”: The increased flow of diborane 

during APCVD leads to an increased BRL layer thickness which decreases the depth of the 

doping profile. A possible reason for the retardation of boron diffusion due to boron rich  

layer formation is a lower diffusivity of boron in the boron rich layer compared to silicon [35]. 

This assumption could e.g. be verified by investigating the diffusion of a different impurity 

that diffuses by the same diffusion mechanism as boron. A second hypothesis is retardation 

of the diffusion by the injection of point defects as proposed by Kurachi et al. [90]. A BRL is 

known to be conductive. The effective hole mobility μeff of a BRL was determined  to be 

μeff = 43.8±1.6 cm²/(Vs) [89]. Using this value to simulate the sheet resistance of the boron 

emitter “High dop. low O2
” results in Rsh sim = 51 Ω/sq, which is in agreement with the 

experimentally determined value of Rsh meas = (52±1) Ω/sq. Depending on the thickness of the 

BRL, its presence could be confirmed by cross-sectional REM measurements [33, 91]. 

In summary: The observation of carrier concentrations above solubility of boron in silicon by 

ECV may be explained by the formation of a BRL during the diffusion process. This finding is 

very important for application, since a BRL is degrades device performance (Section 1.3). The 

next section treats the influence of oxygen on boron doping observed in Figure 17.  
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3.3.4 Influence of oxygen concentration in process atmosphere on boron 
doping profile  

This section briefly discusses the microscopic mechanisms behind the influence of the oxygen 

concentration in the process atmosphere on the boron doping profiles that were presented in 

Figure 17. The first part of this section deals with “post oxidation” while the second part 

treats “in-situ oxidation”.  

The mechanism of boron depletion after post-oxidation has been observed many times 

before [76, 92]. The concept is as follows: Oxygen in the atmosphere reacts with the silicon 

at the wafer surface and forms a SiO2 layer. The solubility of boron in this SiO2 layer is larger 

than in silicon. Thus if boron is already diffused into the wafer, during SiO2 formation some 

surface near boron diffuses out of the wafer into the SiO2 layer.  

A second mechanism is based on the fact that the silicon needed for SiO2 formation is taken 

from the bulk, which removes the amount of doped bulk material. Since the density of bulk 

silicon and SiO2 is similar, as a rough estimation a bulk Si layer with a thickness of around half 

the layer thickness of the SiO2 layer is converted into SiO2. Before ECV measurements this 

oxide layer at the surface is removed in an HF based solution. Since the thickness of the SiO2 

layers grown on boron doped surfaces in this thesis is ≤10 nm, this effect roughly concerns 

the first 5 nm of the doping profile. Thus the extent of this effect is small in comparison to 

the depletion of the surface concentration which extends until a depth of around 80 nm. 

Concerning the loss in carrier concentration the effect of depletion is larger by a factor of 

around 4 compared to the loss introduced by conversion of bulk silicon into a silicon oxide 

layer. 

The third mechanism concerns BRL formation. It is reported that a boron rich layer which is 

exposed to an atmosphere containing oxygen is converted into a silicon-oxide layer [93]. 

Since silicon-oxide layers are removed before ECV measurements, no BRL will be detected in 

the ECV measurement. 

Based on the mechanisms described above the author proposes the following model for in-

situ oxidation. During in-situ oxidation, oxygen diffuses through the dielectric layers towards 

the wafer surface, where a SiO2 layer grows. This layer decreases the amount of boron 

diffusing into the wafer because of the difference in solubility of boron in SiO2 and silicon. 

Since the SiO2 layer is present at the wafer surface during the whole diffusion process, the 

conditions at the interface stay constant and no “depletion” takes place. Since the surface 

concentration of boron is reduced compared to an atmosphere without oxygen, the growth 

of the SiO2 layer may prevent BRL formation. The constant growth of a SiO2 layer at the 

wafer surface, constantly create silicon self-interstitials which enhances boron diffusion. 
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While the above sections characterized the doping profiles, it is not clear, which doping 

profile is best for application in solar cells. An experimental investigation using solar cells is 

difficult, since a change in O2 concentration, will not only affect boron but also phosphorus 

diffusion [76], which significantly increases complexity of the analysis. Thus concerning the 

influence of a decrease in doping concentration towards the wafer surface, investigation by 

simulation is a reasonable alternative. 

3.4 Simulation: Influence of surface depletion on cell 

efficiency 

3.4.1 Introduction 

In this section the form of the optimum boron doping profile for a solar cell structure 

featuring a front side boron emitter (Figure 6) is investigated using simulations. Of special 

interest is if a decrease of the boron concentration towards the surface “depletion” 

decreases or increases cell efficiency compared to a profile without depletion (Figure 19). The 

relevant effects are first described qualitatively in order to develop an appropriate approach 

for a quantitative investigation. Concerning the decrease of boron doping concentration 

towards the wafer surface multiple different cell parameters may be affected: 

Figure 19: Carrier concentration over depth used as input parameters for simulations 

concerning the optimum doping profile. Each doping profile is denoted by its sheet 

resistance. 

Changing the doping concentration will change carrier recombination, which influences Voc 
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metalized (not illuminated, high surface recombination velocity) and unmetalized/passivated 

(illuminated, low surface recombination velocity) areas. In metalized areas an increase in 

doping concentration increases shielding of the metal contacts, which may decrease surface 

recombination. At the same time an increase in doping concentration increases Auger 

recombination. In passivated areas an increase in surface doping concentration will increase 

surface recombination, which increases recombination. As for the metalized area the increase 

in doping concentration leads to an increase in Auger recombination. Concerning 

recombination and the corresponding cell parameter Voc, it is not clear if a depleted boron 

doping profile increases or decreases cell efficiency compared to the identical doping profile 

without surface depletion. 

Apart from recombination, as a second point resistive losses need to be taken into account. 

Here the picture is very clear. A decrease in surface concentration will increase (specific) 

contact resistance [94] and also decrease lateral conductivity, which both increases resistive 

losses and decreases solar cell efficiency. Since the quantification of this influence on e.g. 

contact resistance is very difficult, the influence of surface depletion on series resistance is 

neglected in a first step. Based on the considerations from above the following approach is 

chosen: 

3.4.2 Approach 

The simulations in this section are based on software tool EDNA version 1.2 [95] that is 

modified in order to allow for a local reduction of the bulk lifetime. Two doping profiles 

(Figure 19) are used as input parameters for calculating the collected current Jcollect in the 

emitter and the recombination characterized by J0 for the metallized and unmetallized areas. 

The doping profile “depletion towards surface” features a sheet resistance of 77 Ω/sq and is 

obtained experimentally. For the doping profile “no depletion at surface” the concentration 

for depths below 60 nm is kept constant at 1020 cm-3 which results in a sheet resistance of 

70 Ω/sq. An additional input parameter is the surface recombination velocity (SRV) of the 

passivated area. Its parameterization is valid for boron doped surfaces passivated by Al2O3 

deposited by atomic layer deposition (ALD) [96], the passivation technique used in this thesis. 

The effective SRV of the metalized area is set to 2 × 107 m/s following the parameterization 

by Green [97]. This is the maximum possible value of the SRV, limited by the movement of 

carriers in the semiconductor and a common approximation for metalized areas. In order to 

explain experimentally obtained values for the dark saturation current density in the 

metalized area of 3000 fA/cm² [98], the assumption of additional recombination is necessary. 

Since the metal contacts are reported to penetrate into the doped silicon [99], the 
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assumption of a reduced bulk lifetime up to a certain penetration depth seems justified. Since 

both the penetration depth and the lifetime in the penetrated volume are unknown, different 

combinations of penetration depth and corresponding lifetime are investigated. Each data 

pair of depth and lifetime (Figure 19) in combination with the doping profile “depletion 

towards surface” results in a dark saturation current density in the metalized area of 

3 × 103 fA/cm² and is thus consistent with experimental data.  

 
Figure 20: Assumed lifetime in silicon volume penetrated by the metallization over the 

corresponding penetration depth.  

In order to show the relevance for solar cell application not only the dark saturation current 

densities of the boron emitter, but also the open circuit voltage Voc of a possible solar cell 

device will be discussed. The conversion from J0 to Voc is performed as follows. The total value 

of J0 for the boron emitter is obtained as the sum of the contributions from the passivated 

and the metalized part, weighted by their respective area coverage, using a common area 

coverage of the metallization of 5 %. The textured surface is considered by multiplying the 

values for J0 in the passivated area by a factor of 1.7, which corresponds to the surface 

enlargement of a textured surface compared to a planar surface. The open circuit voltage of 

the solar cell is calculated [100] assuming additional recombination of 195.7 fA/cm² in the 

remaining parts of the solar cell, which results in common open circuit voltages around 

650 mV [85,98]. In accordance with experimental data (Table 6), the total collected current in 

base and emitter is set to 39 mA/cm². As is common for the experimental determination of 

dark saturation current densities further constant input parameters are a base doping 
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concentration of 1015 cm-3 and a bulk lifetime limitation due to Shockley-Read-Hall 

recombination of 1 ms. A schematic representation of the approach is depicted in Figure 21. 

Figure 21: Schematics of input and output parameters used to investigate the influence of 

surface depletion on current voltage characteristics of a solar cell device. 

3.4.3  Results 

This section investigates the influence of surface depletion on solar cells with a full area 

boron emitter featuring screen printed metallization. First the dark saturation current 

densities and the short circuit current density are presented. Then, following the approach 

presented in Section 3.4.2., the effects on solar cell efficiency are shown.  

As expected from the qualitative considerations in Section 3.4.1, the value of J0 is lower and 

Jcollect is higher for the doping profile “depletion” compared to the profile “no depletion” 

(Table 4). A decrease in J0 and an increase in Jcollect increase cell efficiency, thus concerning 

recombination in the passivated area and current collection, the doping profile “depletion” is 

better suited for application in solar cell. Since about 5 % of a solar cells front side are 

Doping profile

J0

EDNA 

SRV Metal penetration depth Lifetime in penetrated volume

Jcollect

Voc Jsc

J0,base+BSF=195.7fA/cm² Jcollect, base=29.43 mA/cm²

Table 4: Calculated dark saturation current density J0 and collected photocurrent Jcollect for two 

boron doping profiles and their respective surface recombination velocity (SRV). The 

doping profile “no depletion” corresponds to the dashed curve in Figure 19 while 

“depletion” corresponds to the solid line. Calculated results are printed in bold. 

doping profile SRV  

[cm/s] 

J0 
[fA/cm²] 

Jcollect 
[mA/cm²] 

“no depletion” 2208 63 9.66

“depletion” 515 57 9.67
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metalized, it is important to include the contribution from metalized parts of the boron 

emitter (Figure 22). The dark saturation current density in the metalized part J0met resulting 

from the “depleted” doping profile is independent from the metal penetration depth, in 

accordance with the assumptions presented in Section 3.4.2. The value of J0met resulting from 

the “non depleted” boron doping profile increases from J0met = 2100 fA/cm2 to 2900 fA/cm² 

for an increase in the metal penetration depth from 6 nm to 300 nm. The difference in J0met 

between the “non depleted”and the “depleted” boron doping profiles decreases for 

increasing metal penetration depth. 

Since J0met is not directly measureable it is of high interest how the changes in J0met influence 

measurable quantities such as the open circuit voltage Voc.  

Figure 22: Calculated dark saturation current density in the metalized area J0met over metal 

penetration depth for “depleted” and “non depleted” boron doping profile 

(Figure 19).  

The open circuit voltage Voc for a solar cell featuring a “depleted” and “non depleted” 

doping profile (Figure 19) as a function of metal penetration depth is displayed in Figure 23. 
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Due the approach presented in Section 3.4.2, the “depleted” doping profile results in a 

constant Voc of 650.1 mV. Following the trend in J0met the Voc resulting from the “non 

depleted” doping profile decreases with increasing metal penetration depth from 

652.8 to 650.0 mV. For metal penetration depths smaller than 200 nm the “non depleted” 

doping profile allows for a higher Voc, while for larger depths the “depleted” profile results in 

a marginally higher Voc. With respect to solar cells it is interesting which doping profile allows 

for the highest efficiency, considering both the effects on Voc and the short circuit current. 

The relative differences ((Xnondepleted-Xdepleted)/Xnondepleted) for Jsc, Voc and efficiency  resulting from 

the “depleted” and “non depleted” doping profile are depicted in Figure 24. For depths 

smaller than 180 nm the relative difference in  is positive, which means that the doping 

profile “no depletion” allows for higher cell efficiencies than the depleted one. Here the 

increase in Voc overcompensates the decrease in Jsc. For depths larger than 180 nm the 

relative difference in is negative. Here the magnitude of the relative decrease in Jsc is larger 

than the change in Voc. Thus concerning the effects of surface depletion of the boron doping 

profile on Voc and Jsc the optimum doping profile that allows for maximum efficiency depends 

on the metal penetration depth.  

Figure 23: Calculated open circuit voltage Voc for solar cell featuring a “depleted” and “non 

depleted” boron doping profile (Figure 19) as a function of metal penetration 

depth. 
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Figure 24: Relative difference in Jsc, Voc, and cell efficiency  between “non depleted” and 

“depleted” doping profile over metal penetration depth.  

3.4.4 Discussion 

This paragraph shortly discusses the relevance of the results for the solar cells investigated in 

this thesis. As stated in Section 3.4.2, the approach used in the above section neglects the 

influence of the doping profile on series resistance and the corresponding IV-parameter FF. 

Since the doping concentration of the emitter without a depleted surface increases lateral 

conductivity and decrease specific contact resistance, there will be an additional increase in 

efficiency. This increase in efficiency is hard to determine quantiatively in the context of this 

thesis though, since it depends among other things on details of the front side screen 

printing process. With this additional effect in mind the relative difference in cell efficiency 

presented in Figure 24 may thus be interpreted as a lower estimate. Since this section 

predicts changes in the IV parameters, but does not investigate these experimentally, in the 

following it will be estimated in how far the predicted effects are detectable experimentally.  

Regardless of any effects on the fill factor it would be interesting to experimentally 

investigate the predicted effects in Voc and Jsc. According to the specifications of the IV 

measurements, relative changes in Voc and Jsc larger than 0.05 % are measurable. When 

looking at IV measurements obtained in this thesis (e.g. Section 4.6) measurement accuracy is 

not limited by the accuracy of the detection method, but rather by the reproducibility of 

sample preparation. Based on the spread of experimental values in Figure 52 and Figure 53, 
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100 samples per doping profile lead to a statistical error in Jsc of 0.03 % and 10 samples to 

an error of 0.05 % in Voc. Since a sample number of 10 is typical in a lab environment, 

depending on the metal penetration depth it might be experimentally possible to observe the 

predicted changes in Voc. An observation of the predicted changes in Jsc requires sample 

numbers that are too large for a lab environment but are common in pilot line production of 

photovoltaics companies. 

In summary: For application in solar cells the impact of surface depletion of the boron emitter 

greatly depends on the metal penetration depth of the screen printed metallization. The 

maximum relative decrease in efficiency for a “depleted” compared to a “non depleted” 

profile is 0.05 %rel, while the maximum increase in efficiency is larger than 0.4 %rel, which 

corresponds to an absolute change in efficiency of approximately (0.08 %abs), assuming a cell 

conversion efficiency of 20 %. 

3.5 Experimental and theoretical investigation SiO2 layer 

growth at SiOx/Si interface 

In order to understand the impact of the oxygen concentration in the process atmosphere on 

the boron doping profile (Section 3.3) in more detail the growth of an intermediate SiO2 layer 

at the Si/SiOx interface is investigated experimentally and theoretically. The hypothesis 

developed in Section 3.3.4 is that during a high temperature step oxygen diffuses through 

the dielectric layers deposited by APCVD and forms an intermediate SiO2 layer at the Si/SiOx 

interface. In the first part of this section the growth of this layer is investigated 

experimentally. In the second part an iterative model is developed and then used to calculate 

the thickness of this oxide layer without the use of free parameters.  

This topic was investigated in close collaboration with the diploma student Sebastian Meier. 

In the following an extract of the results corresponding to contribution of the author of this 

thesis is presented. For more details especially concerning the experimental part, please refer 

to Meier [101]. 
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3.5.1 Course of experiment 

Figure 25: Schematic course of the experiment. A sample with an oxide layer that is either 

deposited by APCVD or thermally is subjected to two high temperature steps. Both 

temperature steps feature the same temperature profile but different oxygen 

concentrations in the process atmosphere. After each process the layer thickness d 

is extracted. As a final step Δd is calculated as Δd=dwithO2-dnoO2  

The experiment is depicted in Figure 25. Shiny etched pseudosquare p-type float zone (FZ) 

silicon wafers with an edge length of 125 mm and a base resistivity of 1 Ωcm serve as 

starting material. A first group of wafers are treated by thermal oxidation steps that result in 

the growth of SiO2 layers with different initial thicknesses di. A second group of wafers is 

subjected to different APCVD steps for the deposition of SiOx layers with different initial 

thicknesses di. A third group of wafer remains unprocessed. Please note that for these wafers 

even without a thermal process a so called “native oxide” grows at the wafer surface due to 

the oxygen concentration in the ambient atmosphere. Please note that in the following data 

resulting from these “native oxide” is assigned to the group of “thermal oxide” layers for 

reasons of simplicity. The layer thicknesses are determined using laser ellipsometry for the 

SiO2 layers and spectral ellipsometry for the SiOx layers deposited by APCVD. In the following 

this layer thickness will be denoted as initial layer thickness di. All samples are then subjected 

High temperature step in N2

atmosphere „no O2“
High temperature step in 

N2:O2 atmosphere „with O2“

Layer thickness dnoO2 Layer thickness dwithO2
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to a (second) high temperature step in a tube furnace. For each layer type and thickness one 

half of the wafers are subjected to a high temperature step in an atmosphere containing only 

N2, which is in the following denoted as “no O2”. The second half is exposed to an 

atmosphere containing a mixture of N2 and O2 called “with O2”. A schematic of the 

temperature time profile as well as the gas flows of the high temperature steps “no O2” and 

“with O2” is shown in Figure 26. After both high temperature steps the layer thicknesses 

dnoO2 and dwithO2 for each layer type and thickness are again determined using ellipsometry. 

Details of the underlying optical models are described by Meier [101]. The value Δd is now 

calculated as Δd = dwithO2 - dnoO2.  

Figure 26: Schematic representation of the high temperature process used for investigating 

the interaction between oxygen in the process atmosphere and the layers deposited 

by APCVD.  

The course of temperature which is the same for both processes is displayed at the top. After 

an increase to 950°C the temperature stays constant for 30 minutes. Then the temperature is 

lowered and the samples are annealed before cooling and unloading. Please note that for 

reasons of simplicity loading and unloading of the quartz boat are not shown in Figure 26. 

Both high temperature steps feature a constant total gas flow of 12 slm. For the process “no 

O2”, this means a constant N2 gas flow of 12 slm during the whole duration of the process. 

For the process “with O2” the oxygen concentration is around 8% during most of the 

process and increases to 25 % during the second plateau of constant temperature “P2”. 

During the rest of the process (R2b) the oxygen gas flow is set to zero.  
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3.5.2 Results 

Figure 27 shows the difference in layer thickness  Δd after the high temperature steps “with 

O2” and “no O2” as a function of the initial layer thickness di. “APCVD SiOx” denotes data 

where the initial layer before the (second) high temperature step is SiOx deposited by APCVD 

while for “Thermal SiO2” the initial layer is thermally grown SiO2.  

The maximum difference in layer thickness Δd is (8.6±0.8) nm, measured for an initial layer 

thickness of 1 nm (native oxide). As expected for thermal SiO2, an increase in di leads to a 

decrease in Δd until for di=320 nm the minimum of Δd = (0.9±1.7) nm is reached.  

The change in layer thickness for the APCVD SiOx layers shows a different trend. Here the 

maximum of Δd = (8.1±1) nm is reached for di=286 nm. For these layers an increase in di 

does not correspond to a decrease in Δd. Rather Δd fluctuates around a constant value. The 

minimum values of Δd = (6.0±1.7) nm is situated at di=139 nm. 

 For the APCVD SiOx layers the thickness measured after the high temperature process “no 

O2” is smaller than initial layer thickness, meaning the layer thickness decreases when 

subjected to a high temperature step in an atmosphere containing only N2. A detailed 

discussion is given in reference [101].  

Figure 27: Difference in layer thickness Δd as a function of initial layer thickness di, the initial 

layers being SiOx deposited by APCVD (round symbols) and thermally grown SiO2 

(square symbols). Error bars represent the standard deviation of the average value 

obtained from averaging 15-25 measurement points. 
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In summary: While the absolute values of the maxima of Δd for thermally grown SiO2 and 

SiOx layers deposited by APCVD are the same within measurement accuracy, the position of 

the maxima, the dependence of Δd from di and the minimum values of Δd differ 

considerably. 

3.5.3 Discussion 

Since much more literature exists on influence of an oxidizing ambient on thermally grown 

SiO2 layers compared to SiOx layers this section is structured as follows. First Δd based on 

thermally grown SiO2 layers is discussed and compared to results in literature in order to 

verify the validity of the experimental method. Afterwards Δd for SiOx layers is discussed.  

The decrease in Δd with increasing initial layer thickness of the thermally grown SiO2 layer 

may be qualitatively explained by the underlying physical mechanism of the oxidation 

process. The growth of an oxide layer results from the diffusion of an oxidizing species 

through the already existing SiO2 layer and the chemical reaction with silicon at the interface 

between Si and SiO2 [12]. If the thickness of the thermally grown SiO2 layer increases the flux 

of the oxidizing species (F) through this layer decreases according to Fick’s law: 

)/( dxdCDF eff , (3.4)

with the effective diffusion coefficient Deff and the concentration gradient of the oxidizing 

species in the oxide dC/dx. This decrease in flux decreases the oxidation rate dLDG/dt: 

)2( AL

B

dt

dL

DG

DG


 , (3.5)

where LDG represents the layer thickness calculated according to the model by Deal and Grove 

and A and B are constant defined in Section 1.5. Thus based on the argumentation 

presented above the dependence of Δd from di for thermally grown SiO2 layers may be 

qualitatively described by existing models.  

In contrast to this, the dependence of Δd from di for SiOx layers is less obvious. Here the initial 

layer thickness di does not influence Δd significantly, even though the thickness of SiOx layers 

is in the same range as that of SiO2 layers. In the following two hypotheses concerning the 

reason for the change in layer thickness of the SiOx layers are discussed. 

The, in the author’s view, most probable hypothesis is that analogous to thermally grown 

SiO2 layers the oxidizing species diffuses through the SiOx layers with negligible interaction 

and forms a SiO2 layer at the SiOx/Si interface. This hypothesis is supported by data presented 



3.5 Experimental and theoretical investigation SiO2 layer growth at SiOx/Si interface 

70 

in Figure 17, where the oxygen concentration in the process atmosphere influences diffusion 

processes in the silicon bulk. If the change in layer thickness is dominated by the formation of 

an intermediate SiO2 layer, then the independence of ΔdSiOx from di means that within 

measurement accuracy the APCVD SiOx layers used in this thesis do not act as a diffusion 

barrier against the oxidizing species.  

A second hypothesis is that the oxidizing species reacts with the SiOx layer, which leads to an 

increase of the SiOx layer thickness and also forms an intermediate SiO2 layer at the interface. 

This hypothesis may be confuted based on experimental data [101]. 

To the author’s knowledge this finding is reported for the first time. Furthermore is also 

extremely relevant for application. Since in some POCl3 based diffusion processes (compare 

Section 3.2.2 and 3.2.3) high oxygen concentrations are needed to allow for suitable 

phosphorus diffusion, these processes might not be compatible with boron diffusion from 

layers deposited by APCVD. Assuming the diffusion of the oxidizing species through BSG to 

be similar to SiOx, the high oxygen concentration will possibly form an intermediate SiO2 layer 

at the BSG/silicon interface and decrease the boron concentration below a level that is 

currently required for suitable contact resistances of screen printed contacts. 

An interesting experiment to confirm this hypothesis could be performed using radioactive 

oxygen isotopes using a similar experimental setup as Rosencher et al. [102]. 

Due to the high relevance of this topic a quantitative description of the observed 

experimental data (Figure 29) will be the topic of the next section. 

3.5.4 Quantitative description of SiO2 layer growth at SiOx/Si interface 

This section quantitatively investigates the growth of the intermediate SiO2 layer at the SiOx/Si 

interface in dependence of the process conditions, namely temperature and oxygen 

concentration. The aim is to reproduce the experimental data and develop a method that 

allows for predictive modelling of the growth of intermediate SiO2 layers. Since to the 

author’s knowledge no model for oxygen diffusion though CVD SiOx layers exists, the 

theoretical investigation is based on models originally developed for the diffusion of oxygen 

through thermally grown SiO2 layers by Deal and Grove [12], Massoud and Plummer [13] and 

Han and Helms [40]. These models describe the time dependent growth of a SiO2 layer at a 

constant temperature in a process atmosphere containing O2. Since during the high 

temperature processes under investigation in this thesis oxygen is present in the atmosphere 

during two plateaus of different temperatures as well during ramp up and ramp down at 

changing concentrations, these two models need to be adapted to more complex process 
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conditions. A third model by Han and Helms [40] is also investigated briefly. Unfortunately 

one of the terms describing the growth of the oxide layer ...
)2(

1 
L

B

dt

dLHH  diverges for

small layer thickness L. As mentioned by Han and Helms [40] the presented parameterization 

is also only valid for thicknesses above 1 nm, which complicates modelling. Neglecting the 

contribution of this term for small layer thicknesses, the resulting oxide growth is smaller 

than the one predicted by the model by Deal and Grove, which makes this model less suited 

for the application in this thesis. Thus the following approach is chosen: 

Figure 28: Simplified visualization of the iterative model based on the analytical description by 

Deal and Grove [12]. The temperature ramp R1a is approximated by n+1 intervals each 

at a constant temperature Tn with a time duration of tn and a partial pressure of oxygen 

pox,n. For each interval the parameters An and Bn are calculated based on the analytical 

model by Deal and Grove. Using these parameters and the layer thickness resulting from 

the previous interval (Ln-1) the new layer thickness Ln is calculated. 
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Both the model by Deal and Grove and the one by Massoud and Plummer are first adapted 

for the description of high temperature processes with oxidation at different (non-constant) 

temperatures and different oxygen concentrations. The validity of these adapted models is 

then tested using data concerning the growth of an intermediate SiO2 layer at the interface 

a) 

b) 

Figure 29: Simulated layer thickness over number of intervals nint for the temperature ramp R1a 

(Figure 28) for different initial layer thicknesses di ranging from 0 to 400 nm using the 

iterative model. a) is based on the parameterization by Deal and Grove a) and b) on the 

one by Massoud and Plummer. The data point 1 (av.) denotes the simulated oxide 

thickness calculated using one interval at the average temperature.  
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between a thermally grown SiO2 layer and silicon. As a third step the models are then 

adapted to describe the growth of an intermediate SiO2 layer at the interface between SiOx 

and silicon. The corresponding source code is attached in Appendix A. 

As a first step these models are adapted for oxidation processes, with oxygen concentrations 

below 100%. For for thermal oxidation an atmosphere diluted by nitrogen [103] oxygen 

concentrations below 100% may be incorporated by multiplying the coefficient B by the 

partial pressure of oxygen in the process atmosphere pox (in %) and the coefficient A with 

pox
0.5. Thus for the following calculations Bi’=Bi pox and Ai’=Ai pox

0.5 are applied, with pox the 

oxygen concentration in the process atmosphere. For oxidation in an atmosphere diluted by 

argon B is again reported to be proportional to pox, while A is proportional to pox
0.2. The 

additional oxidation mechanisms represented by the constants K1 and K2 are reported to 

show a similar dependence on pox as B [13]. Thus in the following both the parameterization 

by Deal and Grove as well as Massoud and Plummer are investigated assuming B, respectively 

K1, and K2 to be proportional to pox and A to be proportional to either pox
0.5 or pox

0.2. 

In order to treat oxidation at different temperatures, the temperature profile of the oxidation 

process is divided in small time steps each of which is at a constant temperature Tn. A 

schematic representation of this principle is depicted in Figure 28. For each step the growth 

of the intermediate SiO2 layer is calculated according to equations (1.8) and (1.11) using the 

temperature Tn, the time duration tn, and the partial pressure of oxygen pox,n as input 

parameters. For an increase in the number of intervals, the simulated temperature profile 

approaches the experimental profile represented by the dashed line in Figure 28. However it 

is unclear how many intervals or which minimum interval size needs to be chosen in order for 

the output (thickness of the intermediate SiO2 layer) to converge. Thus in the following this 

convergence behavior in dependence of the number of intervals nint is discussed.  

Convergence of iterative modelling 

Figure 29 presents the simulated growth of the intermediate SiO2 layer in dependence of the 

number of intervals nint. The results in Figure 29 a) are based on the parameterization by Deal 

and Grove while b) is based on the parameterization by Massoud and Plummer. 

In the following first the results of Figure 29 a) are discussed. The simulated layer thickness 

increases with increasing number of intervals nint for all initial layer thicknesses di. At first 

sight the results seem to converge roughly for nint ≥ 150. An increase of nint from 150 to 1000 

increases the simulated layer thickness by less than 0.5 %. Since it is unclear how far Δd 
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increases for nint>1000 the remainder term is estimated using the root criterion. To do so the 

value of  

)max(n na , (3.6)

where an describe the nth term of the series needs to be known. Since n na  increases for

increasing n from 0.3 (n=2), 0.4 (n=3), 0.5 (n=6), 0.98 (n=1000), all given for an initial layer 

thickness of 0 nm an exact mathematical description of max )(n na  is not straight forward.

Using the value for n=1000 in order to estimate the remainder term yields a remainder term 

that is < 0.005% relative. Even though this is not mathematically strict, this value might serve 

as a rough estimate for the order of magnitude of the error.  

The convergence behavior of the iterative model based on the parameterization by Massoud 

and Plummer, which is presented in Figure 29 b), is very similar to a). Also in this case the 

difference in layer thickness when using 150 instead of 1000 steps is less than 0.5 %. Based 

on the results presented in Figure 29 for the following simulations the temperature ramps are 

divided into small intervals with ΔT=4/3°C. As a very rough rule of thumb this underestimates 

the layer thickness by about 0.5 %. After these theoretical considerations the simulated 

values will be compared to with experimental results in the next paragraph.  

Comparison of calculated values and experiment 

Figure 30 presents the simulated layer thickness of the intermediate SiO2 layer calculated 

using the iterative model presented above. For comparison with the experiment the 

experimental data for dry oxidation of already existing thermally grown SiO2 layers from 

Figure 27 is also shown.  

The calculation based on the model by Deal and Grove (“Model DealGrove”) featuriung 

A~pox
0.5 shows a decrease in ΔdSiO2 with increasing initial layer thickness di. For small values of 

di the calculated change in layer thickness ΔdSiO2 is slightly lower than the experimental 

values, but agrees with the experimental values within twice the standard deviation of the 

experimental data. This effect decreases for increasing di until agreement within the standard 

deviation between experimental and theoretical values is reached around di=200 nm.  

The model based on the parameterization by Massoud and Plummer (“Model Massoud”) 

featuring A~pox
0.5 results in values of d that are about 10 % higher compared to the model 

by Deal and Grove. Here experimental and theory agree within one standard deviation for 5 

out of 6 data points. These results are obtained without the use of free parameters that are 
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specific to this experimental setup. Please note that there is no agreement in literature on the 

physical mechanism causing the additional oxidation mechanisms in the model by Massoud 

and Plummer. This means it is also not clear if these oxidation mechanisms are present for 

di>80 nm. 

Figure 30: Change in layer thickness d over initial layer thickness di resulting from oxygen 

concentration in the process atmosphere (Figure 26). The round data points are 

experimental data for thermal SiO2 (compare Figure 27), while the lines stem from 

the analytical models based on the parameterization by Massoud and Plummer and 

Deal and Grove respectively. 

The assumption of A~pox
0.2 decreases the resulting values for d for both models. For an 

initial layer thickness of 0 nm this decrease is approximately a factor of two and leads to a 

significant discrepancy between experimental and calculated values. In summary, the use of 

relation A~pox
0.5 describes the data best, while both the parameterization “Massoud” and 

“DealGrove” describe the experimental data reasonably well. After discussing the change in 

layer thickness for thermal SiO2 in the following the SiOx layers deposited by APCVD are 

discussed.  

As described in Figure 27 the change in layer thickness for SiOx layers deposited by APCVD 

does not decrease with increasing di but stays approximately constant. In order to describe 

this behavior in the following a constant value of Δd is calculated assuming di=0. The results 

are presented in Figure 31. The constant value calculated according to the parameterization 

of Massoud results in d=8.9 nm, while the model by Deal and Grove yields 8.1 nm, both 
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using A~pox
0.5. The value calculated using the model by Deal and Grove fits the experimental 

data well, since 3 out of the 5 data points lie within one standard deviation of the curve and 

the other two points lie within twice the standard deviation, as expected from a Gaussian 

distribution of the measured value.  

Figure 31: Change in layer thickness d over initial layer thickness di (Figure 27) resulting 

from oxygen concentration in the process atmosphere (Figure 26). The square data 

points are experimental data from APCVD SiOx, while the constant (solid and 

dashed) lines are calculated from the analytical models based on the 

parameterization by Massoud and Plummer and Deal and Grove for di=0.  

In summary, a model is established that allows for the calculation of the thickness of the 

intermediate SiO2 layer from the boundary conditions of the experiment, for initial layers 

being either thermally grown SiO2 or SiOx, deposited by APCVD. 

3.5.5 Application of the iterative model to quantify the influence of 
difference parts of the process 

The model presented above also allows for extracting parameters that are not easily 

accessible using experiments. One example is presented in Figure 32. The pie chart presents 

the thickness of the intermediate SiO2 layer grown during the high temperature step “with 

O2” underneath a SiOx layer deposited by APCVD calculated using the iterative model based 

on the parameterization by Deal and Grove. The division of a high temperature step in ramps 

and plateaus is depicted in Figure 26. 
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Figure 32: Oxide growth ΔdSiO2 calculated using the iterative model (model by Deal and 

Grove, A~pox
0.5,di=0) during different phases of the high temperature step 

“withO2” (Figure 26).  

Taking only the oxide growth during the plateaus of constant temperature (“P1” and “P2”) 

into account amounts for 60% of the total growth in oxide thickness and illustrates the 

necessity for the iterative model, which allows for calculating the oxide growth during 

temperature ramps. The results presented in Figure 32 allow for a significantly deeper 

understanding of co-diffusion processes and substantially simplify their technical 

development. Concerning a deeper understand from Figure 32 it becomes clear that during 

all phases of the high temperature step and not only during the highest temperatures the 

silicon wafer is oxidized, which leads to the injection of Si self-interstitials [104] and 

influences boron diffusion [26]. With respect to the development of the co-diffusion process 

requirements for boron diffusion, PSG formation and phosphorus diffusion need to be 

balanced. Being able to quantify the contribution of pox to the growth of an intermediate 

SiO2 layer during different phases of the high temperature step significantly facilitates this 

balancing process. The iterative model may be used for a wide range of other applications, 

e.g. in thermal oxidation processes that are used in the photovoltaic industry, where 

oxidation generally occurs during the ramp up in order to decrease the process time. A 

second application are POCl3 based high temperature processes with two deposition phases, 

where the diffusion of the dopant during the second deposition phase depends critically on 

the thickness of the PSG layer grown before the second deposition phase (Section 3.2).  
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3.5.6 Application of the iterative model to boron diffusion from a 
borosilicate glass layer 

This section briefly presents an application for the iterative model developed in the previous 

section. One major outcome of this thesis is the development of a co-diffusion process based 

on a pre-deposited BSG layer and a high temperature step in an atmosphere containing 

POCl3. As discussed in Section 3.3.1 the oxygen concentration in the process atmosphere 

during this process has a large impact on the boron doping profile. Changes in the oxygen 

concentration smaller than 5 % absolute already induce relevant changes in the boron 

doping profile. According to the interpretation presented in Section 3.3.4, oxygen in the 

process atmosphere influences boron doping via the growth of an intermediate SiO2 layer at 

the silicon surface. Using ellipsometry it is difficult to detect this layer though, since the 

intermediate SiO2 layer is part of a layer stack consisting of a BSG layer with a thickness of 

around 60 nm and a SiOx layer with a thickness of 200 to 400 nm. Thus the thickness of the 

SiO2 layer comprises around 1 % of the total layer thickness. Additionally the high 

temperature step changes the density of the SiOx layer and thus also its thickness. Since 

deposition conditions for the BSG layer are similar to those of the SiOx layer, it is possible that 

also the BSG layer changes its thickness, but this has to the author’s knowledge not been 

investigated yet. Thus in summary, experimentally it is necessary to measure changes in the 

total layer thickness of 1 % that are superimposed by effects with a similar or larger 

magnitude and other effects whose magnitude is not characterized yet. This makes this topic 

very suitable to be investigated by simulations.  

The aim of this section is to find a connection between changes in the boron doping 

concentration and the intermediate SiO2 layer thickness. To this end Figure 33 presents 

surface near carrier concentration profiles resulting from boron doping. These result from 

diffusion from the same BSG/SiOx layer stack in different oxidizing ambient but featuring the 

same temperature [101]. Using the iterative model developed in the previous section allows 

for calculating the thickness of the intermediate SiO2 layer for an initial layer thickness of 

0 nm using the experimental boundary conditions (temperature, time and oxygen 

concentration in the process atmosphere) as input parameters. Please note that the resulting 

layer thickness is a representative value for the reaction of oxygen with the silicon wafer. 

Experimentally the growth of the SiO2 layer could differ from the calculated values due to the 

surface texture, the doping concentration in the silicon and the presence of a BRL at the 

silicon/BSG interface. 
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Figure 33: Carrier concentration profiles resulting from boron diffusion in an atmosphere 

containing different concentrations of oxygen measured by ECV. The error bars 

represent the measurement accuracy of a single ECV measurement. Each profile is 

named by the simulated thickness of the intermediate SiO2 layer dSiO2 calculated 

using the iterative model introduced in Section 3.5.4 (model: DealGrove, 

A~pox
0.5,di=0 ). 

Description of the data 

An increase in thickness of the intermediate SiO2 layer ΔdSiO2 correlates with a decrease in the 

surface near carrier concentration. While for ΔdSiO2≤ 2.6 nm the surface concentration is 

3 × 1020cm-3, for ΔdSiO2= 3.2 nm the surface concentration decreases to 1020cm-3 until 

reaching 4 × 1019cm-3 for ΔdSiO2= 6.2 nm.  

Discussion 

Following the argumentation presented in Section 3.3.3 the two profiles for ΔdSiO2≤ 2.6 nm 

exhibit a boron rich layer (BRL). Increasing the oxygen concentration in the process 

atmosphere increases ΔdSiO2 and oxidizes the BRL or prevents its formation. The absence of 

the BRL brings the intermediate SiO2 layer in direct contact with the bulk silicon and reduces 

the boron doping concentration due to the higher solubility of boron in SiO2 compared to 

silicon [76]. 

The oxidation of the silicon bulk also introduces staking faults and thus Si self-interstitials 

[104] which enhances boron diffusion [26]. 
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With respect to POCl3 based co-diffusion processes this means that the oxygen concentration 

in the process atmosphere needs to be carefully controlled since changes in ΔdSiO2 in the 

order of only 1 nm already have a significant impact on the boron doping profile especially 

with regard to the surface doping concentration.  

3.5.7 Summary  

In this chapter the impact of the oxygen concentration in the process atmosphere pox on 

boron diffusion from a BSG/SiOx layer stack deposited by APCVD is investigated. It is shown 

that changes in pox significantly influence the boron doping profile. For the BSG layers under 

investigation small values of pox lead to boron rich layer formation, which is for the first time 

detected using the ECV technique. An increase in pox oxidizes the boron rich layer or prevents 

its formation and decreases the surface doping concentration, which is favorable for the 

application in the solar cell process. This is due to an intermediate SiO2 layer that forms at the 

silicon surface, which is detected using ellipsometric measurements. In order to confirm this 

measurement an iterative model is presented that allows for calculating the thickness of this 

intermediate layer without free parameters. In contrast to thermally grown SiO2 layers the 

interaction between the oxidizing species and SiOx layers deposited by APCVD is negligibly 

small. This finding that is to the author’s knowledge reported for the first time has a 

considerable technological impact for co-diffusion processes. It means e.g. that using lowly 

doped BSG layers deposited by APCVD in combination with oxygen concentrations used in 

regular phosphorus diffusion might not allow for adequate boron emitter formation, due to 

the formation of an intermediate SiO2 layer that prevents sufficient boron diffusion.  

After discussing the influence of the oxygen concentration, the next chapter discusses the 

influence of POCl3 on boron diffusion from a BSG/SiOx stack deposited by APCVD. 

3.6  Influence of POCl3 on boron diffusion 

3.6.1 Introduction 

This chapter discusses the influence of POCl3 in the process atmosphere on layers deposited 

by APCVD as well as the resulting boron doping. The experimental setting of the co-diffusion 

step is as follows: A layer stack consisting of a BSG and a SiOx layer is deposited single sided 

on a wafer, which is then subjected to a high temperature process in an atmosphere 

containing N2, O2 and POCl3. The desired “end product” is a wafer that is boron doped on 

one side and phosphorus doped on the other side. Since the diffusion is carried out in a 

gaseous atmosphere one risk is that the boron emitter is overcompensated by phosphorus. 
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Thus, for the application in solar cells simply speaking a setting, where no phosphorus 

diffuses through the SiOx/BSG stack or more precisely no significant influence of POCl3 on the 

boron induced carrier concentration profile takes place, is favored. 

With respect to thermally grown SiO2 layers this setting is investigated in references [70, 71]. 

It is found that POCl3 reacts with the SiO2 layer and forms a phosphosilicate glass (PSG) layer 

at the interface between the gaseous atmosphere and the SiO2 layer. As the thickness of the 

PSG layer increases, the thickness of the remaining SiO2 layer decreases. The growth of a PSG 

layer with the thickness dPSG,calc may be calculated according to  

)
815.0

exp(min/10)0170.09032.0( 6
, kT

eV
tCnmd PcalcPSG


 , (3.7)

with the volume concentration of phosphorus in the process atmosphere CP in “percent”, the 

time t in minutes and the temperature T in °K. The rate determining mechanism for the 

formation of the oxide layer is proposed to be solid state diffusion of P2O5 [70]. With respect 

to the application in solar cells this experimental setting is briefly investigated  for layers 

deposited by PECVD [105]. The research resulted in solar cells with a peak efficiency of 

13.8 %. Since the publication focuses on the characterization of solar cells, only little 

information about specific process details is provided. From SIMS measurements it is followed 

that a boron rich layer is present at the surface. Also the temperature of the POCl3 diffusion 

step of 850°C is given. But the data does not allow for testing the validity of equation (3.7). 

The present work investigates for the first time the influence of POCl3 on SiOx layers 

deposited by means of APCVD, which usually feature a different morphology compared to 

thermally grown SiO2 [106]. 

The aim of this section is twofold. From a technological point of view it will be tested if the 

high temperature processes developed in Section 3.2 allow for a suitable doping in interplay 

with layers deposited by APCVD or if e.g. the boron emitter is overcompensated by 

phosphorus from the process atmosphere. This topic is of high relevance, since layers 

deposited by APCVD are reported to exhibit a higher porosity than thermally grown oxide 

which are commonly used as “diffusion barriers” against POCl3 diffusion [106-110]. Thus the 

diffusion of phosphorus through these layers might be large enough to (partly) 

overcompensate the boron emitter and have a detrimental effect on solar cell performance. 

One possibility is e.g. that that POCl3 reacts directly with the silicon surface rather that the 

dielectric layers. 

From a physical point of view it is interesting to investigate if the reaction of POCl3 and the 

SiOx layer also leads to the formation of a PSG layer. If this is the case it is of high interest to 
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examine if equation (3.7) is valid not only for thermally grown SiO2 layers but also for SiOx 

layers deposited by APCVD.  

3.6.2 Experiment 

Planar Float Zone (FZ)-Si wafers with a base resistivity of 0.5 Ωcm and an edge length of 

125 mm are subjected to two different APCVD steps resulting in the single sided deposition 

of a BSG/ SiOx layer stack. The thickness of the BSG layer is dBSG=(80±3) nm with a refractive 

index of 1.462±0.001, both values are averages from 7 identically processed samples. For 

one sample the BSG is covered by SiOx layer with a thickness of dSiOx≈(202.5±0.1) nm and a 

refractive index of 1.442±0.001. A second sample features dSiOx≈(530.5±0.1) nm and a 

refractive index of 1.444±0.002 determined by spectral ellipsometry. The given uncertainties 

are the errors of the ellipsometric measurement. Please note that the SiOx layers deposited by 

APCVD change their thickness during the high temperature step [101]. Thus with respect to 

the following investigation a relative uncertainty in the thickness of 10% relative is a more 

realistic estimate. These wafers are then exposed to high temperature processes with gaseous 

atmospheres featuring different concentrations of POCl3, N2 ,and O2 (Figure 34 and 

Figure 10). After the high temperature process the concentration of boron, phosphorus, 

silicon and oxygen in the layer stack as well as in the region near the silicon surface is 

determined by SIMS measurements (Section 2.6). Please note that the depth of this 

measurement is calibrated using a reference sample of thermally grown SiO2, which might 

feature a different sputter rate than the SiOx layer, e.g. due to differences in the microscopic 

structure. The phosphorus and boron concentration are calibrated using reference samples 

with thermally grown silicon oxide, while the silicon and oxygen concentration is not 

calibrated. As mentioned in the experimental section this means that the absolute boron and 

phosphorus concentrations are only accurate if the matrix of the material under investigation 

is similar to SiO2. After removal of the layer stack in a HF based solution, the majority carrier 

type of the doped silicon surface is determined by a so called “hot point probe”, which is a 

voltmeter where one of the contacts is heated [111]. For other wafers the carrier 

concentration profile is determined by ECV.  

With regard to the application in solar cells it is possible that the BSG/SiOx layer stack is 

deposited on either planar or textured surfaces. In order to briefly cover this topic a BSG/SiOx 

layer stack is deposited on a textured n-type wafer as well, which is then subjected to a POCl3 

based high temperature step. Afterwards the cross section is investigated by scanning 

electron microscopy (SEM). 
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Figure 34: Schematic representation of the high temperature processes used for 

investigating the influence of POCl3 in the process atmosphere on the layers 

deposited by APCVD as well as boron diffusion from these layers. Please note that 

only the gas flows differing between the processes are shown.  

3.6.3  Results 

For the high temperature processes using highly doped PSG sources and in-situ oxidation 

(Figure 10) the “hot point probe” measurements determined n-doping on both sides of the 

wafer. This is therefore also true for the side of the wafer that was previously covered by the 

BSG/SiOx layer stack. This means that the majority carriers are electrons and not holes as one 

would expect from boron doping. Since a working solar cell requires a pn junction, these 

high temperature processes in combination with the used BSG/SiOx layer stack are not 

relevant for solar cell manufacturing, because they result in a wafer that is n-doped on both 

sides. Since adjustments of the APCVD layers, like e.g. increasing the SiOx layer thickness, are 

not technologically relevant, the high temperature processes based on “high concentration 

PSG sources” (Section 3.2.2) are not technologically relevant in this thesis and not 

characterized any further.  

In the following, the influence of POCl3 based high temperature processes (Figure 34) 

applying lowly concentrated phosphorus sources (Section 3.2.4) on the BSG/SiOx layer stack 

and the resulting boron diffusion is investigated.  
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Figure 35 presents a SIMS measurement of the BSG/SiOx (dSiOx≈200 nm) layer stack and the 

surface near region of the silicon wafer after the high temperature process without POCl3 in 

the process atmosphere (Figure 34 “no POCl3”).  

Figure 35: Secondary ion mass spectroscopy (SIMS) measurement of layers deposited by 

APCVD (dSiOx≈200 nm) after a co-diffusion process with no N2-POCl3 gas flow 

meaning QPOCl3=0 for the whole duration of the high temperature step (Figure 34 

“no POCl3”). 

The depth d=0 nm corresponds to the SiOx/air interface. With increasing depth, first the BSG 

layer and then the silicon wafer is analyzed. 

In the following the dependence of the concentration for the different atoms on the depth d 

is described. After a steep increase for d<10 nm the silicon concentration (30Si+) stays 

constant at a value of 3.7 × 104 counts/s. After a depth of around 180 nm the silicon 

concentration decreases slightly to 2.6 × 104 counts/s. At a depth of around 245 nm second 

increase up to 3.2 × 105 counts/s is detected. The oxygen concentration (18O) also increases 

for d<10 nm, stays constant until d ≈ 180 nm and then decreases slightly until d≈250 nm. 

After d ≈ 250 nm, a strong decrease is observed. Boron (11B) exhibits a concentration of 

around 1019 atoms/cm³ for d≈6 nm, decreases down to 1014 atoms/cm³, increases slightly 

for 75<d<165 nm, increases sharply until d ≈ 185 nm, and decreases again around 

d ≈ 240 nm.  

The phosphorus concentration (31P) follows the boron concentration for depths <50 nm and 

then decreases below 4 × 1016 cm-3, which is the detection limit. At d ≈ 240 nm, the P-
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concentration increases again until reaching a peak value of 3 × 1017cm-3 at d ≈ 250 nm. 

Afterwards the concentration decreases down to a constant value, which is kept until 

d = 300 nm.  

Simultaneous changes in the concentration of multiple species are thus observed for d<10nm 

(boron and phosphorus), for d≈180 nm (boron, silicon, oxygen) and for d≈250 nm (boron, 

oxygen, phosphorus, silicon). 

 
Figure 36: SIMS measurement of dielectric layer stack (dSiOx≈200 nm) after co-diffusion 

process with N2-POCl3 gas flow in the first and second deposition phase (Figure 34 

“R1 P2”).  

Figure 36 describes results based on the same BSG/SiOx (dSiOx≈200 nm) layer stack, but this 

time measured after a high temperature process with POCl3 in the process atmosphere 

“R1P2” (Figure 34). In the following the trends in Figure 36 are described and compared to 

those of Figure 35. While the dependence of the oxygen concentration on d is similar in both 

figures, the trends for the other atoms differ considerably, especially for d<80 nm. Here the 

phosphorus and boron concentration reach maximum values of 2·1021 and 5·1019 atoms/cm³, 

respectively. In case of the phosphorus concentration, this is 2 orders of magnitude higher 

than the phosphorus concentration resulting from the high temperature process without 

POCl3 in the process atmosphere. In contrast to the high temperature process without POCl3, 

these maximum values stay constant until d≈50 nm and then show a steep decrease. At the 

same depth the silicon concentration changes as well.  
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A second major difference of the concentration profiles is that the simultaneous change in 

concentration of boron, silicon, and oxygen in Figure 36 is situated at d≈190 nm which is 

10 nm larger than for the process without POCl3 in the process atmosphere.  

An additional difference in Figure 36 is observed for 80<d<250 nm, where the phosphorus 

concentration is higher compared to Figure 35.  

Figure 37: SIMS measurement of dielectric layer stack (dSiOx≈200 nm) after a co-diffusion 

process with non-zero N2-POCl3 gas flow in the second deposition phase (Figure 34 

“P2”).  

Figure 37 presents the atomic distribution for a sample (dSiOx≈200 nm) after expose to a high 

temperature step with POCl3 in the second deposition phase (Figure 34 “P2”). The 

distribution of the atoms is very similar to the one presented in Figure 36. A slight difference 

is observed in the phosphorus concentration which starts decreasing from its maximum 

concentration of 2 × 1021cm-3 at d ≈ 43 nm and reaches a value of 2·1017 atoms/cm³ at 

d ≈  74 nm. These values of d are around 5 nm smaller than the ones for the high 

temperature process with POCl3 in the first and second deposition phase. The values of the 

maximum concentration of boron and phosphorus are comparable. 
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Figure 38: Boron concentration (isotope 11B) from SIMS measurement of BSG/SiOx layer stack 

(dSiOx≈200 nm and dSiOx≈530 nm) after a co-diffusion process with non-zero N2-

POCl3 gas flow in the second deposition phase (Figure 34 “P2”). Each measurement 

is denoted by the thickness of the SiOx layer.  

The concentration of boron NB in the surface near region is investigated in more detail in 

Figure 38. The boron concentration resulting from a layer stack with dSiOx = 200 nm features 
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off” of the layer stack in the “valleys” of the pyramids, as was observed for layers deposited 

by PECVD (Seiffe unpublished) on textured surface and if this effect influences the formation 

of the p+ doping. 

In Figure 40 a) a slightly brighter area is observed starting from the silicon surface to a depth 

of around 700 nm. The BSG/SiOx layer thickness varies roughly between 140 and 240 nm. In 

the central valley a little gap between the layer stack and the Si wafer is oberved. The „bright 

line“, which represents the pn junction is not interrupted. Figure 40 b) shows a typical valley. 

Here again the layer thickness decreases towards the valley from roughly 300 nm to about 

100 nm, but no “lift off” is observed. Again the bright line, representing the p-n junction, is 

continuous. 

3.6.4 Discussion 

This section starts with discussing the results presented in Figure 35, Figure 36, and 

Figure 39. In order to facilitate discussion, the data from Figure 35 and Figure 36 in 

combination with the proposed layer stack is displayed in Figure 41. 

The data in Figure 41 a) is compatible with the following layer stack: For d>250 nm the 

detected signal stems from the bulk silicon wafer with a high boron concentration due to the 

boron doping from the BSG layer. The boundary to the BSG layer is characterized by a 

simultaneous change in boron, phosphorus, silicon and oxygen concentration. Next to the 

bulk silicon wafer, between 180 and 250 nm, the BSG layer which consists of boron, oxygen 

and silicon is located. For d<180 nm a SiOx layer is present, which originally consisted of 

silicon and oxygen. During the high temperature step boron from the BSG layer diffuses into 

the SiOx layer leading to the tail in boron concentration for 100<d<150 nm. Up to this point 

the results are exactly as expected and rather trivial. The phosphorus concentration for small 

values of d might be caused by the so called “P-outdiffusion” of phosphorus e.g. from the 

walls of the diffusion tube. The concept is that during a previous high temperature process a 

phosphorus containing species is deposited on the tube walls. During the following high 

temperature step this species detaches from e.g. the tube walls and increases the P-

concentration in the process atmosphere. Recently this effect has also been suggested in 

literature [112]. 

Of high interest are the results for the process with POCl3 in the process atmosphere 

(Figure 41 b). Here a layer with a high phosphorus concentration of 2·1020 atoms/cm³, which 

is in the following referred to as “PSG layer”, forms at the interface between SiOx and the 

ambient. This behavior was also observed for the reaction between POCl3 and thermally 
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grown SiO2 layers [71]. Thus one finding is that, concerning the effect of PSG formation by 

POCl3, SiOx layers deposited by APCVD and SiO2 are qualitatively similar.  

a) 

b) 

Using equation (3.7), which describes the growth of a PSG layer in thermal SiO2 to calculate 

the thickness of the PSG layer yields dPSG,calc=59 nm. This value lies within the decreasing flank 

of the phosphorus concentration corresponding to a concentration of 1019 atoms/cm3. At a 

first glance, equation (3.7), describing the PSG-growth on thermally grown SiO2, is also valid 

for SiOx layers deposited by APCVD.  

An estimate how accurately equation (3.7) describes the growth of the PSG layer in SiOx is 

more complicated though. Equation (3.7) is in part deducted empirically from experimental 

data obtained by etch rate studies [71]. In this study, the PSG layer thickness is defined as the 

thickness for which the etch rate is higher than around 1 Å/s. This means the boundary of 

0 50 100 150 200 250 300
1014

1015

1016

1017

1018

1019

1020

1021

1022

C
on

ce
nt

ra
tio

n 
N

 [
at

o
m

s/
cm

³]

Depth d [nm]

SiO
x
 

100

101

102

103

104

105

106

107

108

109

  Si
wafer

In
te

n
si

ty
 I

 [
co

u
nt

s/
s]

 11B [atoms/cm3] 
 30 Si+ [counts/s]
 18 O [counts/s]

 31 P [atoms/cm3]

BSG

0 50 100 150 200 250 300
1014

1015

1016

1017

1018

1019

1020

1021

1022

C
on

ce
nt

ra
tio

n 
N

 [
at

o
m

s/
cm

³]

Depth d [nm]

100

101

102

103

104

105

106

107

108

109

PSG
In

te
ns

ity
 I

 [
co

u
nt

s/
s]

  Si
wafer

 B [atoms/cm3] 
 Si [counts/s]
 O [counts/s]

 P[atoms/cm3]

BSGSiO
x
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the PSG layer is set at a P2O5 concentration of around 2-3 mol%, which corresponds to a 

phosphorus concentration of around 1-2·1021 atoms/cm-3. For the data concerning SiOx layers 

this concentration is reached for d=(47±1) nm. But also the experimentally obtained values of 

d need some interpretation. These values of d are based on a calibration using a reference 

sample with an undoped thermally grown SiO2 layer. Comparing the data in Figure 37 with 

measurements by ellipsometry yields that this underestimates the total layer thickness by 

roughly 10 %. Assuming the sputter rate of the PSG layer to be the same as for the SiOx layer 

means that the thickness of the PSG layer is underestimated by around 10 %, which yields a 

corrected experimental value of d=(52±1) nm at a concentration of 1-2·1021 atoms/cm3. By 

comparison with this value the PSG thickness dPSG,calc=59 nm deviates by about 10 % from 

the experimental data. Considering further uncertainties in e.g. the experimental 

determination of the absolute phosphorus concentration it is concluded that, within 

measurement accuracy, equation (3.7) allows for a quantitative description of the growth of 

a PSG layer in SiOx layers deposited by APCVD. With regard to application this means that the 

possible parameter range of the POCl3 based high temperature process is limited, depending 

on the diffusivity of POCl3 through the dielectric layer (stack) that is used as a doping source. 

This finding is very important when considering the use of different doping sources, such as 

layers deposited by PECVD. 

A second aspect that is of fundamental interest is the increased boron concentration in the 

PSG layers in Figure 36 and Figure 37 compared to the boron concentration in the SiOx layers. 

This effect is to the author’s knowledge observed for the first time. A possible explanation is 

that the solubility of boron in the PSG layer is higher compared to the SiOx layer. A second 

possibility is that the difference in the measured signal is due to the different matrixes of the 

PSG and SiOx layer that cause a change in ion yield. Due to their atomic structure the author 

expects that the ion yield in PSG and SiOx differs by less than the ion yield of SiOx and bulk 

silicon. Since ion yields of the latter materials differ by three orders of magnitude at most the 

author expect that the different matrix structures of PSG and SiOx may only partially explain 

the increase of 4 orders of magnitude of the boron from the SiOx to the PSG layer.  

The next paragraph presents a possible explanation for the observed change in boron 

concentration with SiOx layer thickness (Figure 38). There it was observed that increasing the 

thickness of the SiOx layer decreases the dose of boron in the PSG layer. The presented 

explanation assumes diffusion of boron from the BSG through the SiOx into the PSG layer. 

Possible diffusion from the PSG layer into the gaseous ambient is neglected. The following 
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discussion is similar to the model for thermal oxidation proposed by Deal and Grove [12]. The 

concept includes the following stages (Figure 42). A species containing boron is transported 

across the BSG/SiOx interface with a flux F1, then diffuses through the SiOx layer (flux F2) and 

finally into the PSG layer (flux F3), where the solubility of this species is assumed to be higher 

than in SiOx. F1 is expected to be a function of the boron concentration in the BSG layer CBSG, 

the concentration of boron in the SiOx layer at the SiOx/BSG interface C0 and the segregation 

coefficient for the BSG/SiOx system mBSGSiOx. The flux through the SiOx layer F2 is a function of 

C0, C1, the diffusivity D of the relevant species in SiOx and the thickness of the SiOx layer dSiOx. 

In analogy to F1, the flux F3 through the SiOx/PSG interface is a function of C1, the boron 

concentration in the PSG layer and the segregation coefficient for the SiOx/PSG system.  

Figure 42: Model for boron diffusion from BSG into PSG layer loosely based on reference 

[12].  

The following discussion is based on steady state conditions, which means that the fluxes in 

the three above mentioned steps (F1, F2, and F3) are equal. In order to test the validity of this 

assumption a hypothetical event that causes a deviation from steady state conditions is 

examined. If the time needed to return to steady state conditions ttransient is considerably 

smaller than the total process time tprocess the assumption of steady state conditions is 

confirmed [12]. As a hypothetical deviation from steady state conditions in the following an 

instantaneous decrease of the concentration of the diffusing species in the SiOx layer to zero 

is considered. Please beware that for the following discussion similar ion yields of boron in 

SiOx and PSG are assumed. Since the diffusion species is unknown, in the following the 
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“diffusing species containing boron” is denoted simply as “boron”. A possible condition for 

the steady state assumption is

processtransient tt
fluxboron

conditionsstatesteadytoreturntoneededboronofamount
 . (3.8)

The boron flux may be roughly approximated as follows: The integrated concentration (dose) 

of boron in the PSG layer CPSG,total is  

 
dPSG tprocess

PSGtotalPSG dttFdxxCC
0 0

3, )()( , (3.9)

with the thickness of the PSG layer dPSG, the boron concentration in the PSG layer CPSG, and 

the boron flux into the PSG layer F3. The amount of boron needed to return to steady state 

conditions is approximated as the thickness of the SiOx layer times a typical concentration of 

1016cm-3. Using CPSGtotal divided by tprocess as an averaged boron flux as yields 

processtransientprocess
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which may serve as a rough approximation that steady state conditions are valid. As 

mentioned above the central implication resulting from steady state conditions is that the 

fluxes F1, F2, and F3 are equal. This means that 

dtCCDddttFC
tprocess

SiOx

tprocess

totalPSG  
0

10

0

3, )(/1)( , (3.11)

with the diffusivity D of boron in SiOx and the concentration of boron in SiOx at the SiOx/BSG 

and SiOx/PSG interface C0 and C1. From equation (3.11) it follows that CPSG,total is inversely 

proportional to dSiOx, neglecting the time dependent reduction of dSiOx due to e.g. the 

formation of the PSG layer. This results in  

38.0
530
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)200(

)530(

,

, 
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nm

nm

nmdC

nmdC

SiOxtotalPSG

SiOxtotalPSG . (3.12)

The thus derived ratio of 0.38±0.04 in equation (3.12) agrees with the experimentally 

obtained value of 0.396. (The error in the experimental value results from uncertainties in the 
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layer thickness). The agreement of experimental data with the theoretical prediction supports 

the model that the boron concentration in the PSG layer results from diffusion of a species 

containing boron from the BSG layer through the SiOx layer into the PSG layer.  

A third aspect of major importance is the independence of the boron doping profiles from 

the POCl3 concentration in the process atmosphere presented in Figure 39. As discussed, this 

independence means that, within measurement accuracy, POCl3 does not diffuse through the 

layer deposited by APCVD and compensates the boron doping. Please note that this result is 

obtained on a planar surface. The results also show that different phosphorus doping profiles 

on the other side of the wafer do not influence the boron doping profile as would be 

theoretically possible through the injection of point defects [113-115]. This seemingly 

marginal result is probably one of the most important results in this thesis. It signifies that the 

high temperature processes based on lowly doped PSG sources in combination with the 

introduced layer stack allows for creating different phosphorus doping profiles while leaving 

the boron doping unchanged. This means that it is possible to study the influence of the back 

surface field (phosphorus doping) on cell efficiency without the need to account for changes 

in the emitter (boron doping).  

With respect to the technical application in solar cells, the results presented in Section 3.6 

signify that POCl3 in the process atmosphere may lead to the formation of a PSG layer which 

is separated from the BSG layer and, thus, also from the wafer surface. This means that no 

relevant diffusion of phosphorus into the boron emitter is expected. This is confirmed by the 

ECV measurements presented in Figure 39, which show the independence of the doping 

profile of the boron emitter from the POCl3 concentration in the process atmosphere. In 

other words: for the high temperature processes based on lowly doped PSG sources and the 

layer stack under investigation global overcompensation of the boron emitter by phosphorus 

on planar surfaces is not supported by the experiment. Due to the well-known porosity of 

dielectric layers deposited by APCVD [106] this is an unexpected result. For the application in 

solar cells, these results mean that the layer stack in combination with POCl3 based high 

temperature steps allows for forming a pn junction, which is an essential prerequisite for a 

working solar cell device. The results presented above do not rule out local overcompensation 

of the boron emitter though. Such an effect could theoretically be possible due to an 

inhomogeneous deposition of the layer stack on textured surfaces. Spots of local 

overcompensation were not found in the SEM analysis though. A second possibility to detect 

these spots are investigations of solar cells under reverse bias. Even though the thickness of 

the layer stack varies by around a factor of 2, no gap in the pn junction could be observed. 
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Thus, based on the data presented in this section, the layer stack deposited by APCVD is 

suitable for the application in a POCl3 based co-diffusion process. 

 





97 

4 Back surface fields in bifacial 
n-type solar cells 

4.1 Introduction  

The back surface field (BSF) is an integral part of a bifacial solar cell and has been shown to 

have a large influence on solar cell efficiency. Nevertheless very little systematic investigations 

on the influence of BSF doping profile on cell efficiency exist. Historically especially the 

description of the BSF has often been very rudimental. Reference [116] shows that quote 

“lighter doping” of the BSF increases the open circuit voltage Voc and the short circuit current 

Jsc. The 3 doping profiles under investigation are denoted “BSF 1-3”. Unfortunately no 

further characterization of the BSFs is published. Edler [85] performs are more extensive 

characterization. Here an influence of the BSF on Voc, Jsc as well as FF is observed. The trend in 

FF is explained qualitatively by the change in specific contact resistance, while the trends in 

Voc and Jsc are discussed concerning plausibility. In this case the doping profiles of the BSFs 

are characterized by their sheet resistance. Since the sheet resistance is an integral value, this 

indication is still ambiguous though. Unfortunately very little details about the process 

sequence, or the actual parameters that are varied are published, thus it is not clear if 

changes in cell parameters result only from changes in the doping profile of the BSF or if e.g. 

emitter doping is affected, too. Furthermore no quantitative investigations that link 

properties of the BSF and cell efficiency have been published so far. 

In the following a comprehensive quantitative experimental investigation of the influence of 

BSF properties on solar cell efficiency is presented with the aim to fill these gaps. The 

experimental investigation is enhanced using analytical modelling that connects properties of 

the BSF with features of the solar cell. For this investigation the co-diffusion process 

developed in Chapter 3 is of major importance, since it allows for a directed manipulation of 

phosphorus doping profiles without influencing the boron doped emitter.  

In order to achieve a description that is both meaningful and as unambiguous as possible the 

BSFs, or rather their respective doping profiles, are characterized by their carrier 

concentration profiles, dark saturation current density J0, specific contact resistance C and 

sheet resistance Rsh. The results from Chapter 3 that allow for a directed independent 
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manipulation of the phosphorus doping profile, enable a quantitative investigation of the 

influence of BSF doping concentration on the efficiency of bifacial solar cells. At the end of 

the chapter an analytical model for simulating the influence of BSF properties on cell 

efficiency is applied to bifacial solar cells. The following results and discussion are in part 

published [86, 117]. 

4.2 Experiment 

The experiment is structured as follows. By variation of the N2-POCl3 gas flow in the second 

deposition phase QPOCl3, back surface fields (BSFs) featuring different surface near doping 

concentrations are created. The N2-POCl3 gas flow in the first deposition phase is constant at 

410 sccm. Using test structures the doping profiles are evaluated concerning their dark 

saturation current density in the passivated part J0pass,BSF, specific contact resistance C and 

sheet resistance Rsh. Based on the results from the test structures and an analytical model, 

QPOCl3 associated with the high temperature process that allows for the fabrication of solar 

cells with the highest efficiencies is identified.  

The high temperature process is then used for the fabrication of bifacial solar cells and 

evaluated concerning the IV-parameters , Voc, Jsc and FF. 

4.2.1 Test structures for the characterization of the back surface fields 

In order to characterize the properties of the BSF, test structures are fabricate according to 

the process flow depicted in Figure 43. Each test structure allows for the extraction of one or 

two characteristic properties of the BSF. 

The doping profile of the BSF is determined on wafers with planar surfaces and an edge 

length of 156 mm using the electrochemical capacitance voltage method (ECV). The dark 

saturation current density J0 as well as the specific contact resistance C are characterized on 

156 mm wafers with alkaline textured surfaces, whereas the sheet resistance is determined 

on both planar and textured surfaces by inductive measurements. 

All types of test structures are subjected to the same high temperature processes (Figure 44) 

in an industrial quartz tube furnace. Then the sheet resistance is determined inductively on 

66 spots distributed over the surface of wafers with an edge length of 156 mm. Afterwards 

the phosphosilicateglass (PSG) layer is removed in an HF-based solution.  

Samples for determining the contact resistivity are coated by a SiNx-layer using plasma 

enhanced chemical vapor deposition (PECVD) before printing a commercially available Ag-

paste by screen printing. After contact firing in a belt furnace the specific contact resistance is 
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determined using the transmission line method (TLM) [61] at four spots distributed evenly 

over the wafer.  

Figure 43: Process flow for the fabrication of test structures used to characterize different properties 

of phosphorus doped back surface fields (BSFs).  

The symmetrical n+pn+ carrier lifetimes samples are fabricated using 250 μm thick p-type 

Float Zone (FZ) silicon wafers with a base resistivity of 1 Ωcm with an edge length of 

125 mm. After removal of the PSG layer these wafers are passivated by a SiOxNz/SiNy stack or 

a SiNx antireflection coating and then subjected to a firing step simulating contact firing. The 

lifetime tester Sinton WCT 120 is used for quasi-steady-state photoconductance (QSSPC) 

measurements yielding the dark saturation current density in low level injection [118]. The 

measurement is performed in the center of the wafer. Auger recombination is described 

using the parameterization by Richter et al. [119] and optical factors (fabs) of 1.1 for the SiNx 

antireflection coating and 1.05 for the samples passivated by a SiOxNy/SiNx stack. Two 

symmetrical samples per variation in gas flow are used to determine the dark saturation 

current density.  
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Figure 44: Evolution of temperature and gas flows for high temperature processes 

characterized in Chapter 4.  

4.2.2 Analytical modelling of bifacial solar cells 

In order to thoroughly understand the influence of the high temperature processes on the 

device performance, an analytical model is developed and then used to predict which high 

temperature process allows for the highest cell efficiency. This analytical model is based on 

the software tool Gridmaster [120], which was originally developed for the description of p-

type Al-BSF solar cells. In this work the model is adapted in order to describe bifacial n-type 

solar cells (Figure 45 b). The assumptions and adaptions made to the model are discussed in 

the following. More technical details are given in Appendix B. 

This model uses properties of the BSF, namely the doping profile, C, Rsh, and J0pass,BSF as input 

parameters. For the simulation only illumination from the front side is considered. This allows 

for neglecting a loss in the short circuit current density Jsc due to recombination in the BSF, 

since most of the energy is absorbed close to the solar cell’s front side. Furthermore for 

illumination from the front side optical shading of the rear grid is irrelevant. Since no 

analytical model for the spreading resistance for a base and a full area BSF exists, vertical 

current flow in the base and lateral current flow through a parallel circuit of BSF and base is 

assumed. For a detailed explanation of this assumption please refer to Appendix C. For the 

parameters that are not known from experiment e.g. the dark saturation current density of 

the boron emitter, values that are consistent with own measurements or if these do not exist 

with literature are chosen. The most important input parameters used for Section 4.5 are 
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depicted in Table 5. A complete list is provided in Appendix B, Fehler! Verweisquelle 

konnte nicht gefunden werden.. The complete list for the simulation parameters used for 

section 4.8 is displayed in Fehler! Verweisquelle konnte nicht gefunden werden.. 

The metallized boron emitter is assumed to feature a cumulated J0 of 180 fA/cm². This 

comprises a contribution from the metallization and from the passivated boron emitter. 

Recombination in the base material is neglected. The contribution of the front side 

metallization and boron emitter to series resistance is estimated to be 0.35 Ωcm². 

Constant parameters describing base and emitter 
Base resistivity 

[Ωcm] 
Base thickness

[μm] 
J0e 

[fA/cm²]
Jsc 

[mA/cm²]
J02 

[nA/cm²] 
3 180 180 39 20

The dark saturation current density below the contacts on the BSF J0met,BSF is not easily 

accessible experimentally, since it depends on screen printing paste, firing conditions and 

doping profile. As a rough estimate for the value of J0met,BSF the recombination is calculated 

using the doping profiles as input parameters for the software “EDNA” [95], assuming a 

surface recombination velocity of 107 cm/s and multiplying the resulting value with a factor of 

1.7 for a textured surface. If the resulting value of J0met,BSF is smaller than the measured value 

of the dark saturation current density in the passivated area of the BSF, J0met,BSF= J0pass,BSF is 

assumed. For each doping profile resulting from the high temperature processes the rear side 

pitch, meaning the distance between the contact fingers is adapted to allow for maximum 

cell efficiency, if not otherwise stated.  

Table 5: Input parameters used for the analytical model describing the impact of the BSF 

properties on cell efficiency. (For the complete list of input parameters please 

refer to Appendix B.) 

Variable parameters describing the BSF
J0pass,BSF 

[fA/cm²] 
J0met,BSF 

[fA/cm²]
C 

[mΩcm²] 
Rsh 

[Ω/sq]

157-529 365-1334 2-11 43-108
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stack consisting of 4 nm of Al2O3 covered by 70 nm of SiNx [121] and the phosphorus BSF by 

a SiOxNy/SiNx stack [121]. The Al2O3 layer is deposited by atomic layer deposition (ALD) using 

an inline tool, the SiNx layers by PECVD. An H-Grid is printed on both sides of the wafer using 

screen printing applying single print on both sides. While the paste on the phosphorus doped 

BSF is a commercially available silver based paste, the paste contacting the boron emitter 

contains silver and aluminum. After contact formation in a belt furnace a laser edge isolation 

is performed. An industrial IV tester measures the IV parameters (, Voc, Jsc, FF) after laser 

edge isolation. As mentioned in Section 2.7, this cell process features 2-3 process steps less, 

than state of the art processing using sequential diffusion.  

In order to verify the absolute values of the IV data and facilitate the comparison of the 

results with other research groups, selected solar cells are also measured externally at CalLab 

PVCells at Fraunhofer ISE using two different measurement chucks. The “black” chuck is 

non-conductive and features a black surface. The “golden” chuck is conductive and features 

a reflective coating. Compared to the “black chuck”, this increases light reflection on the 

rear side, which increases Jsc and increases conductivity which increases FF [122]. These two 

measurement principles are necessary, since currently no standard measurement technique 

for bifacial solar cells exists. The structure of the next sections is as follows: First results of the 

test structures concerning the electrical characterization of the BSF are presented. Then the 

change in cell efficiency caused by the different high temperature steps is calculated using an 

analytical model. The following section then investigates the influence of a few selected high 

temperature steps on cell efficiency experimentally. The chapter finishes with a quantitative 

model for the description of the influence of the phosphorus doped BSF on the efficiency of 

bifacial n-type solar cells, discussing further optimization potential.  

4.3 Electrical properties of phosphorus doped BSF 

The next sections describes the dependence of the carrier concentration, Rsh, C, and J0 on the 

N2-POCl3 gas flow QPOCl3. The aim is the characterization of high temperature processes that 

are suitable for co-diffusion. This means that the high temperature steps must create both an 

adequate phosphorus and boron doping profile, meaning e.g. as little recombination as 

possible and specific contact resistances well below 100 mΩcm². 
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a) 

b) 

In order to reach suitable phosphorus concentrations at high temperatures “low 

concentration PSG sources” as introduced in Section 3.2.4 are used. Based on the results in 
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Figure 46: a) Evolution of temperature and gas flows for high temperature processes 

characterized in this chapter. b) Carrier concentration over depth resulting from 

phosphorus diffusion) measured by ECV at the center of the wafer. The different 

high temperature processes are denominated by the N2-POCl3 gas flow QPOCl3 

during the second (P2) deposition phase (Figure 46 a). The error bars represent the 

measurement accuracy of a single ECV measurement.   
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3.3 the oxygen concentration in the process atmosphere is comparatively low with the aim to 

allow a sufficiently high boron concentration to result from the co-diffusion process. 

a) 

b) 

Figure 47:a) Influence of N2-POCl3 gas flow QPOCl3 on averaged sheet resistance Rsh of one 

wafer. b) Influence of N2-POCl3 gas flow QPOCl3 on standard deviation of the sheet 

resistance over one wafer normalized to the average sheet resistance. Error bars 

represent the standard deviation of the average value obtained from 3 samples per 

data point. 
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4.3.1 Carrier concentration and sheet resistance 

Figure 46 a) and b) present process parameters and the resulting carrier concentration for the 

POCl3 based high temperature processes characterized in this chapter. 

From Figure 46 b) it becomes clear that the integral carrier concentration increases with 

increasing QPOCl3. For QPOCl3 = 0 slm the maximum carrier concentration is 5×1019 cm-3, while 

for the other high temperature processes the maximum carrier concentration is 3×1020 cm-3 

which is the activation limit of phosphorus in silicon for the applied diffusion temperature 

[30]. Please also note that the absolute difference between carrier concentration profiles for 

QPOCl3 ≥ 0.3 slm is largest for the surface near doping concentration, while variations in the 

depth are close to measurement accuracy.  

Figure 47 presents inductive measurements of the sheet resistance and its standard deviation 

over one wafer for textured and planar surfaces as a function of the N2-POCl3 gas flow QPOCl3 

during the second deposition phase of the co-diffusion process. Please note that during the 

first deposition phase a PSG layer is deposited on the wafer surface resulting in a sheet 

resistance of roughly 100 Ω/sq on a planar surface. During the second deposition phase (P2) 

POCl3 is added to the process atmosphere increasing the thickness of the already existing PSG 

layer. 

Each data point results from averaging the results of 3 wafers. The two pairs of data points 

for QPOCl3= 0 sccm represent results from a high temperature process that was repeated once. 

The resulting sheet resistances vary by less than 5 %. This point is mentioned at the 

beginning of the section, since recently the out-diffusion of phosphorus from tube walls has 

been reported to affect process reproducibility especially for temperatures above 900°C 

[112].  

Concerning the dependence of the sheet resistance on QPOCl3 a clear trend is visible: For both 

textured and planar surfaces the sheet resistance decreases with increasing QPOCl3 from 

roughly 100 Ω/sq to about 40 Ω/sq for QPOCl3 ~450 sccm. For QPOCl3 >475 sccm the sheet 

resistance stays constant within a margin of 1 Ω/sq. The standard deviation of the sheet 

resistance over the wafer is higher for textured than for planar surfaces and exhibits a 

maximum around QPOCl3 =200 sccm.  

4.3.2 Carrier recombination 

Figure 48 shows the dark saturation current density for a textured surface as a function of 

the N2-POCl3 gas flow QPOCl3 determined on symmetrical lifetime samples. For passivation by 

SiNx there is a minimum of J0 of 160 fA/cm² at QPOCl3 = 300 sccm. For an increase in QPOCl3 the 

dark saturation current density increases roughly linearly to 530 fA/cm², while for decreasing 
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QPOCl3 to 0 sccm J0 increases to 210 fA/cm2. For QPOCl3=200 sccm, the use of an advanced 

SiOxNy/SiNx passivation stack reduces J0 to 127 fA/cm², which is 20 % lower compared to SiNx 

based passivation for the same value of QPOCl3.  

 
Figure 48: Dark saturation current density over N2-POCl3 gas flow QPOCl3 measured in the 

wafer center. The error bars are calculated by dividing the measurement 

uncertainty of a single measurement (10% relative) by the square root of the 

number of samples per data point. 
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4.3.3 Specific contact resistance 

Figure 49: Average specific contact resistance c as a function of the N2-POCl3 gas flow QPOCl3 

determined from four measurement locations. The error bars represent the 

standard deviation of the specific contact resistance over one wafer.  

Figure 49 presents the specific contact resistance of screen printed silver based contacts C as 

a function of QPOCl3. C decreases with increasing QPOCl3. The variation of the specific contact 

resistance over the wafer surface is highest for QPOCl3= 0 sccm. The change of C over the 

wafer correlates with a change in Rsh for all QPOCl3. Low contact resistances are observed at 

the wafer edges, where the sheet resistance is low, while high contact resistances are 

measured in the center of the wafer corresponding to high Rsh.  

4.4 Discussion of electrical properties of phosphorus 

doped BSF 

This section discusses and explains the trends in the carrier concentration profiles, Rsh, J0 and 

C observed in Figure 46, Figure 47, Figure 48 and Figure 49. 

4.4.1 Carrier concentration and sheet resistance 

The doping profile resulting from QPOCl3 = 0 slm features the lowest doping concentration and 

a maximum carrier concentration of 5·1019 cm-3 indicating the absence of inactive 

phosphorus. The doping profile resulting from QPOCl3=0.3 slm features a maximum carrier 
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concentration of 3 x1020 cm-3, which is the activation limit of phosphorus in silicon [30]. For 

this doping profile it is not clear if inactive phosphorus is present or not. The other doping 

profiles, resulting from a further increase in QPOCl3 feature a plateau of constant charge carrier 

concentration close to the surface. Such a plateau has been observed frequently and involves 

the presence of inactive phosphorus [123]. Corresponding with an increase in QPOCl3 from 0.3 

over 0.4 to 0.5 slm the length of the plateau increases from <6 nm over 38 nm to 51 nm 

indicating a simultaneous increase in the total concentration of inactive phosphorus. The 

increase in the concentration of inactive phosphorus with an increase in QPOCl3, is well known 

and has e.g. been observed by Negrini et al. [124]. 

Concerning the dependence of the sheet resistance on QPOCl3 (Figure 47) for both textured 

and planar surfaces the sheet resistance decreases with increasing QPOCl3 up to 

QPOCl3 ~450 sccm, while for QPOCl3 >475 sccm the sheet resistance stays relatively constant. 

One explanation for this dependence is that for QPOCl3 <450 sccm the PSG layer acts as a 

finite diffusion source. By increasing QPOCl3, layer thickness and phosphorus concentration in 

the PSG layer are increased and thus more dopant is deposited onto the wafer [125], 

decreasing the sheet resistance. For QPOCl3 >450 sccm the PSG layer acts as a nearly infinite 

diffusion source at least with regard to the mobile phosphorus. Thus depositing more dopant 

on the wafer surface changes the sheet resistance only within measurement accuracy. The 

fact that for QPOCl3 >450 sccm sheet resistance on textured and planar wafers is similar 

supports the assumption of an infinite diffusion source.  

When comparing sheet resistance on textured and planer surfaces, it becomes clear that 

these may differ. Following geometrical considerations the same doping profile on textured 

and planar wafers would cause the same sheet resistance. Thus one may conclude that not 

only the sheet resistance, but also the doping profile are different for planar and textured 

surfaces.  

4.4.2 Carrier recombination 

With reference to J0 (Figure 48) there is a minimum of J0 at QPOCl3 = 300 sccm for SiNx based 

passivation. For higher and lower QPOCl3, the dark saturation current density increases roughly 

linearly with increasing respectively decreasing QPOCl3. The increase in J0 for QPOCl3 ≥ 300 sccm 

is attributed to enhanced recombination due to an increase in the near surface concentration 

of (partly inactive) phosphorus [123]. This is supported by sheet resistance and ECV 

measurements in Figure 46 and Figure 47. Thus even though the PSG layer acts as an infinite 

diffusion source concerning the mobile phosphorus, with regard to the immobile phosphorus 

the PSG layer may not be described as an infinite diffusion source. Thus an increase in QPOCl3 
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beyond 450 sccm increases the amount of inactive phosphorus which promotes precipitate 

formation [126]. For QPOCl3 smaller than 300 sccm there is a slight increase in J0, which is 

attributed to an increasing contribution of surface recombination due to reduced shielding. 

Consistently, the use of an advanced SiOxNy/SiNx passivation stack reduces J0 to ~127 fA/cm², 

20 % lower compared to SiNx based passivation. Qualitatively the effect of decreased surface 

shielding is reproduced using the software tool “EDNA” [95]. Using the respective doping 

profiles and the parameterization of the surface recombination velocity for planar surfaces 

after Kimmerle et al. [31] and multiplying the resulting values by 1.7 to account for textured 

surfaces, results in values of J0=111 fA/cm² and 160 fA/cm² for the doping profiles resulting 

from QPOCl3=300 sccm and 0 sccm respectively. The absolute values differ by 49 fA/cm² 

compared to the experimentally obtained difference of 33 fA/cm². These values agree well, 

considering, that the surface recombination velocity and doping profile are determined on 

planar surfaces, while the experimentally determined value of J0 stems from a textured 

surface. 

For QPOCl3 >475 sccm the sheet resistance stays approximately constant while carrier 

recombination increases linearly (Figure 47 and Figure 48). Thus there is no direct link 

between sheet resistance and recombination activity. A possible explanation for this effect is 

an increase in the concentration of inactive phosphorus which leads to an increase in carrier 

recombination while leaving the sheet resistance nearly unaffected. From this one can deduct 

that the very common approach to characterize phosphorus doped areas by sheet resistance 

may be misleading, since it only correlates with conductivity, but may not be an appropriate 

measure for other electrical properties, such as the dark saturation current density. Thus 

especially for high concentrations of inactive phosphorus a comprehensive characterization 

requires spatially resolved J0 measurements over the wafer surface.  

Figure 48 also provides some insight into design of phosphorus doped BSFs and emitters. A 

common approach for decreasing carrier recombination in phosphorus doped emitters is to 

increase the sheet resistance. As can be seen by comparing Figure 47 and Figure 48 this 

approach is only successful for high values of J0, where the effects of Auger and defect 

recombination in the bulk emitter dominate. 

4.4.3 Specific contact resistance 

With regard to specific contact resistance C the following trends are observed:  

The variation of the specific contact resistance over the wafer surface is highest for 

QPOCl3= 0 sccm. Low specific contact resistances are observed at the wafer edges, where the 

sheet resistance is low, while high specific contact resistances are measured in the center of 



4 Back surface fields in bifacial n-type solar cells 

111 

the wafer corresponding to high Rsh. As a general trend the specific contact resistance 

decreases with increasing QPOCl3. 

A common view that links properties of the phosphorus doped areas to contact resistance is 

that more inactive phosphorus, represented by a higher area coverage of SiP precipitates 

leads to lower contact resistance [127]. Since a clear increase in recombination is observed 

for QPOCl3>300 sccm (Figure 48), which is explained by an increase in inactive phosphorus 

concentration a corresponding decrease in contact resistance is to be expected. It is surprising 

though that the contact resistance seems to saturate for QPOCl3>475 sccm indicating that 

there might be a threshold concentration above which the addition of inactive phosphorus 

does not decrease the specific contact resistance any further. A quantitative investigation 

concerning the microstructure of these contacts will be performed in Chapter 5. After 

characterizing different properties of phosphorus diffused areas with regard to their 

application as phosphorus BSFs, the next section evaluates which phosphorus doping profile 

allows for the highest efficiency when applied for the fabrication of bifacial n-type solar cells.  

4.5 Selection of high temperature processes for cell 

fabrication 

The aim of this section is to understand the influence of properties of the BSF on solar cell 

efficiency and to identify which high temperature process characterized in Section 4.3 allows 

for the highest efficiency when used for the fabrication of bifacial solar cells. This will be 

done quantitatively using an analytical model introduced in Section 4.2.2, since a qualitative 

discussion of the data presented in Section 4.3 remains inconclusive. For each high 

temperature process, which is denoted by the N2-POCl3 gas flow QPOCl3, a parameter set 

consisting of Rsh, C, J0pass,BSF and J0met,BSF is used to calculate the fill factor FF and the open 

circuit voltage. Since Jsc is assumed to be independent from the doping profile of the BSF, the 

cell efficiency is proportional to the product of FF and Voc. For all QPOCl3 the same rear side 

grid is used 
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Figure 50 presents the calculated open circuit voltage Voc and the fill factor FF. From QPOCl3=0 

to QPOCl3=300 sccm both Voc and FF increase. For QPOCl3>300 sccm Voc decreases while FF 

increases. Since a decrease in Voc decreases cell efficiency, while the increase in FF increases 

cell efficiency this trade-off needs to be examined quantitatively to identify the process that 

allows for maximum cell efficiency. Before calculating the efficiency the results in Figure 50 

are briefly checked for plausibility.  

The open circuit voltage Voc is influenced by the parameters J0met,BSF and J0pass,BSF. Since the area 

coverage of the metallization is 8% for all QPOCl3 the influence of J0pass,BSF on Voc is at least 12 

times larger than the influence of J0met,BSF. While J0pass,BSF changes by roughly 400 fA/cm² J0met,BSF 

changes by about 1000°fA/cm² from their respective minimum to maximum values. Thus the 

trend in Voc (Figure 50) is expected to follow the trend in J0pass,BSF (Figure 48), which is the 

case. Thus the trend in Voc is plausible. 

Both a decrease in sheet resistance Rsh and a decrease in specific contact resistance C, 

decrease resistive losses and thus increase the fill factor FF. Since both Rsh (Figure 47) and C 

(Figure 49) show a decreasing trend with increasing QPOCl3, also the increase in FF with 

increasing QPOCl3 is plausible. 

Figure 50: Calculated open circuit voltage Voc and fill factor FF based on experimental data 

from Figure 47, Figure 48 and Figure 49 calculated using the analytical model 

described in Section 4.2.2. 
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The cell efficiency (Figure 51) is calculated as the product of Voc, FF (Figure 50) and a constant 

value of Jsc=39 mA/cm², which is chosen according to results in Section 4.6. This is divided by 

the incident power during standard test conditions of 1000 W/m². The maximum in cell 

efficiency is reached at QPOCl3=300 sccm for the N2-POCl3 gas flows under investigation. 

Qualitatively the trend in efficiency follows the trend in Voc and is due to the fact that the 

relative changes in Voc are larger than the relative changes in FF (Figure 50). Thus the process 

featuring QPOCl3=300 sccm will be chosen for the fabrication of bifacial n-type solar cells in 

the next section.  

The relative change in efficiency in the investigated range of N2-POCl3 gas flows is about 

2 %. With regard to the application this increase is significant. The following remark might 

help the reader, who is unfamiliar with efficiencies of industrial solar cells: The development 

of a selective emitter for p-type solar cells, which was a major topic of research for around 

one decade, yielded a similar gain in efficiency.  

4.6 Influence of phosphorus doped BSFs on solar cells 

(experimental results) 

This paragraph presents IV measurements of bifacial n-type solar cells (Figure 45 b) fabricated 

according to the process sequence depicted in Figure 45 a). Each data point results from 

Figure 51: Cell efficiency over QPOCl3 resulting from calculated IV parameters in Figure 50 

assuming a constant value of Jsc.  
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averaging the results of 4-10 identically processed solar cells. The error bars represent the 

random errors, since for this investigation the relative differences between the values are of 

importance. For an overview of the absolute errors, please refer to Section 2.5. 

The dependence of Voc and FF for QPOCl3=0, 200 and 300 sccm is depicted in Figure 52. As in 

Section 4.3 QPOCl3 denotes the N2-POCl3 gas flow during the second deposition phase of the 

high temperature process. 

Voc increases with increasing QPOCl3 from 635 to 643 mV. This increase of (1.2±0.1) % relative 

corresponds to a change in J0 of –(116±13) fA/cm2. The fill factor FF remains constant within 

measurement accuracy for QPOCl3=0 and 200 sccm and then increases from 76.3 to 77.8 %. 

This corresponds to a relative increase of (2.0±0.2) %.  

Figure 53 presents Jsc and efficiency  for bifacial n-type solar cells as a function of the N2-

POCl3 gas flow QPOCl3 during the second deposition phase of the co-diffusion process. Jsc 

increases with increasing QPOCl3 from 38.5 mA/cm² to 38.7 mA/cm², which is a relative 

increase of (0.6±0.3) %. This increase is smaller than the change in Voc and FF by a factor of 

approximately 2 respectively 3 and was neglected in the analytical model.  

Figure 52: Open circuit voltage Voc and fill factor FF of bifacial n-type solar cells over the N2-

POCl3 gas flow in the second deposition phase QPOCl3. Error bars represent the 

standard deviation of the average value obtained from averaging 5 samples per 

data point. 
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Figure 53: Short circuit current density Jsc and efficiency  of bifacial n-type solar cells over 

the N2-POCl3 gas flow in the second deposition phase QPOCl3. Error bars represent 

the standard deviation of the average value obtained from averaging 5 samples per 

data point. 

Following the trend in Jsc, Voc and FF the efficiency increases from QPOCl3=0 sccm to 300 sccm 

from 18.6 to 19.3 % which is a relative increase by (3.6±0.2)%  

In order to allow for (future) comparison of the results with those obtained by other research 
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Table 6 also shows IV data obtained using the same industrial IV tester that provided the 

results presented in Figure 52 and Figure 53. All results presented in Table 6 agree within the 

given absolute measurement accuracy, which is twice the standard deviation. The difference 
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Table 6: IV parameters of bifacial solar cell measured at Fraunhofer ISE CalLab PVCells. The 

parallel resistance is determined using the industrial cell tester. 

Measurement Jsc 
[mA/cm²] 

Voc 
[mV] 

FF 
[%] 

 
[%] 

Rp 
[kΩcm²] 

Callab: black non 

conductive chuck 

38.8±1.0 642±3 77.6±0.8 19.3±0.6 11.0±0.1 

Callab: gold coated 

conductive chuck 

39.2±1.0 641±3 77.7±0.8 19.5±0.6 11.0±0.1 

Industrial cell tester 39.1±1.0 641±5 77.9±0.8 19.5±0.6 11.0±0.1 
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in Jsc and FF introduced by using different measurement chucks are of the same magnitude as 

observed by Boscke et al. [122]. Recently improvements of the metallization process, 

especially double print on the solar cell’s front and rear side resulted in co-diffused bifacial n-

type solar cells with a peak efficiency of 19.9 %. More details will be published elsewhere. 

4.7 Discussion: Influence of phosphorus doped BSFs on 

solar cells  

This paragraph discusses the impact of the N2-POCl3 gas flow QPOCl3, which influences the 

doping profile of the back surface field (Section 3.2), on the IV parameters and the efficiency 

of bifacial solar cells.  

As qualitatively predicted by the simulations presented in Figure 50 for an increase in QPOCl3 

from QPOCl3=0 to 300 sccm the efficiency  rises. This rise is caused by an increase of Voc and 

FF and Jsc. Since  is proportional to the product of Voc, Jsc, and FF and the relative increases 

are small, the change in efficiency is approximately equal to the sum of the relative increases 

of the IV-parameters. The increase in FF thus amounts for about 51 % of the rise in 

efficiency, while the increase in Voc causes 33  and in Jsc contributes 15 % to the rise in 

efficiency.  

This increase in IV parameters for higher QPOCl3 correlates with an increase in doping 

concentration (compare Figure 46 a). While the increase in FF due to higher doping 

concentrations is expected and has been reported frequently in literature [85,127], the 

increase in Voc is unexpected for the following reason: To this point one successful approach 

for increasing the open circuit voltage was the development of so called “higher ohmic” 

emitters. This refers to decreasing the phosphorus doping concentration. Thus decreasing the 

doping concentration increased Voc and thus cell efficiency. For screen printed contacts this 

decrease in phosphorus concentration was limited by an abrupt increase in specific contact 

resistance though, if the doping concentration fell below a certain threshold. Thus one major 

area of research was the development of screen printing pastes, which allow for low specific 

contact resistances on lowly phosphorus doped surfaces. The results presented in 

Sections 4.3- 4.6 implicate that this approach is only successful for doping profiles with 

relevant concentrations of inactive phosphorus. A further decrease in doping concentration 

reduces Auger recombination, but also decreases shielding, e.g. of the metal contacts as well 

as the passivation (compare Section 4.4.2) and thus causes a decrease in Voc. With respect to 

the development of screen printing pastes, the results presented above suggest that the aim 
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for the development of new screen printing pastes needs to be not only low specific contact 

resistances, but also low surface recombination at the metal contacts. 

The increase in Jsc corresponding to a change in QPOCl3 from 0 to 300 sccm cannot be 

explained by a change in free carrier absorption, since the higher doping concentration 

results in higher Jsc. One possible cause for the increase in Jsc is the increase in Voc, which is 

amongst others caused by a reduction in J0pass,BSF. Including the effect of free carrier 

absorption and using the change in Voc and the respective doping profiles as input 

parameters for the software PC1D [128, 129] a relative increase in Jsc of 0.2% is calculated. 

This is close to the experimentally obtained increase of (0.6±0.3) %. One possible reason for 

the remaining difference between experimental and calculated data, is the use of values that 

are spatially averaged over the wafer. Thus non-linear effects are neglected. Also the doping 

profiles used as input parameters are determined on planar surfaces, while the cell features 

textured surfaces. 

In the following the results from the model introduced in Section 4.2.2 are compared to 

experimental data. When comparing experimental results with predictions of the theoretical 

model, the theoretical model underestimates the changes in FF and , while the results for 

Voc describe the experimental data better. The experimental data shows an increase in Voc 

from QPOCl3=0 to 300 of (7.8±0.5) mV. The model predicts a change of 7 mV, which agrees 

well with theory. A further increase in the accuracy of the model could be achieved by 

directly measuring J0met,BSF, instead of calculating this value from the doping profile. 

Also the experimentally determined relative change in FF of ( 1.5±0.2) % is underestimated by 

the theoretically predicted value of 0.9 %. This underestimation might have multiple causes. 

One possible cause is that the experimental values that determine FF are distributed very 

inhomogeneously over the wafer surface. For QPOCl3=0 sccm the specific contact resistance 

varies between 6 and 38 mΩcm² over the wafer. This variation in the specific contact 

resistance leads to “local” fill factors from 73.5% to 77.0%. For the simulation an average 

value of C, which results from 4 measurement spots, of 11 mΩcm² is used and results in a 

fill factor of 76.5%. Since the influence of C on the fill factor is nonlinear, but for the 

averaging of the sheet resistance each value was weighted equally, a discrepancy in the 

results may be expected. Nonlinear effects of the contact resistance on the fill factor were 

also observed by Greulich et al. [130]. 

An uncertainty based in the model is the assumption of lateral current conduction in the 

base, which was used, since no analytical model exists. The error of this assumption increases 

with decreasing sheet resistance, but also in this case a quantitative estimate of the error is 
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difficult (compare Appendix C). Thus it is assumed that discrepancies concerning the fill 

factor between the model and the experimental data are due to uncertainties in the input 

data, rather than the model itself.  

4.8 Modelling the impact of the phosphorus doped BSF 

on cell efficiency  

One main aim of this section is to connect single electric properties of the BSF (Rsh, J0pass,BSF, 

J0met,BSF, C) with cell efficiency. For this purpose, simulations are necessary, because experi 

mentally changing only one of these parameters while leaving the others unchanged is 

extremely difficult. In the following cell efficiency is plotted as a function of two of the four 

parameters Rsh, J0pass,BSF, J0met,BSF,and C. As an example how the respective x and y coordinates 

may be linked experimentally the data pairs resulting from a variation in QPOCl3 (Section 4.3) 

are added to the graphs. The aim is to suggest some rough approximations that might help 

the researcher when tuning high temperature processes for the formation of phosphorus 

doped BSFs. Based on the discussion presented in Section 4.7, the error margin of these rules 

of thumb are expected to be between 10 and 50 %. Nevertheless, in the author’s opinion, 

the current absence of any quantitative estimates justifies even very rough approximation.  

Analytical calculations are performed using the model and assumptions introduced in 

Section 4.2.2. In the following figures calculated values for cell efficiency and rear side finger 

pitch are presented. These values are plotted over the dark saturation current density of the 

passivated part of the BSF J0pass,BSF and one of the following three parameters: the dark 

saturation current density of the metalized part of the BSFJ0met,BSF, the specific contact re 

sistance of screen printed contacts on the BSF C or the sheet resistance of the BSF Rsh. If any 

of the parameters is constant, the values depicted in Table 7 are used. Since a common 

property to characterize a BSF is its sheet resistance, Figure 54 presents the influence of sheet 

resistance Rsh and dark saturation current density in the passivated area J0pass,BSF on the 

Table 7: Input parameters for the model calculation in Section 4.8. For the following figures 

one parameter is varied while the other two are kept at the displayed value. A 

complete list of input parameters is provided in Appendix B.  

J0met,BSF

[fA/cm²] 
c

[mΩcm²]
Rsh

[Ω/sq] 

706 3.6 70.4
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efficiency of a bifacial n-type solar cell (Figure 45 b). For each data pair of Rsh  and J0pass,BSF the 

rear side finger pitch is adapted for maximum efficiency. 

a) 

b) 

Figure 54: Simulated cell efficiency over J0pass,BSF and Rsh for constant J0met,BSF and C. The rear 

side finger pitch is adjusted for maximum efficiency. Symbols represent 

experimental data. b) Optimum rear side finger pitch over J0pass,BSF and Rsh for

constant J0met,BSF and C . Please note that the scale in Figure 54 a), Figure 55, and 

Figure 56 is chosen identically in order simplify comparison of the data.  

Figure 54 a) points out that while a change in J0pass,BSF has a large influence on cell efficiency 

the influence of sheet resistance on cell efficiency is comparatively small. In order to 

understand the small influence of Rsh on efficiency Figure 54 b) shows the corresponding 

finger pitch of the screen printed metallization on the BSF. For an increase in Rsh the pitch 

decreases and thus compensates the loss in conductivity. Thus as long as silver consumption 

is not an issue, no light is incident on the cells’ rear side and base resistivity is sufficiently low 
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(in this case 1.5 Ωcm), the high temperature process should be optimized for minimum 

J0pass,BSF without considering the change in sheet resistance. One way to decrease J0pass,BSF is to 

decrease BSF doping thus reducing surface and Auger recombination. Unfortunately this 

decreases surface shielding and increases the dark saturation current density J0met,BSF of the 

metalized area. To quantify the trade-off between decreased recombination in passivated 

areas and increased recombination under the metal contacts Figure 55 presents the influence 

of J0pass,BSF and J0met,BSF on cell efficiency.  

 

For the theoretical case of J0pass,BSF> J0met,BSF (upper left corner of Figure 55) the efficiency is 

only dependent on J0met,BSF, since the whole rear side is metalized. Beyond this area both a 

decrease in J0pass,BSF and J0met,BSF increases efficiency. In this case the lines of constant efficiency 

allows for quantification when a change in the dark saturation current density in the 

passivated area (ΔJ0pass,BSF) is compensated by an increase in the dark saturation current 

density in the metalized area (ΔJ0met,BSF). More concretely, for 6 × ΔJ0pass,BSF ≈ - ΔJ0met,BSF cell 

efficiency stays constant. When taking a look at the experimental values in Figure 55, it 

seems that in general |6 × ΔJ0pass,BSF| >> |ΔJ0met,BSF| holds. Thus the influence of J0pass,BSF 

dominates over the influence of J0met,BSF and a decrease in J0pass,BSF leads to an increase in cell 

efficiency. So again J0pass,BSF is the parameter of choice for increasing cell efficiency.  

 
Figure 55: Calculated cell efficiency over J0met,BSF and J0pass,BSF. Symbols represent experimental 

data. 
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The next paragraph discusses the trade-off between recombination and specific contact 

resistance. Qualitatively this trade-off is simple. A decrease in (surface) doping concentration 

generally decreases recombination and increases contact resistance, which increases Voc and 

decreases FF. A quantitative understanding of this relation is more complex though.  

a) 

b) 

Figure 56 a) presents cell efficiency over J0pass,BSF and C. As expected a decrease in both 

J0pass,BSF and C increases cell efficiency. Quantitatively the lines of constant efficiency are 

Figure 56: a) Cell efficiency over J0pass,BSF and C for constant Rsh and J0met,BSF. Please note that 

the rear side finger pitch is different for each combination of J0pass,BSF and C. 

Symbols represent experimental data. b) Cell efficiency over J0pass,BSF and C for 

constant Rsh, J0met,BSF and a constant pitch of 1.9 mm. Symbols represent 

experimental data from Section 4.3. 
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characterized by ΔJ0pass,BSF/(fA/cm²) ≈ - 6.5 ΔC /(mΩcm²). Please note that this relation only 

holds if the rear side finger pitch is adapted for maximum efficiency. More specific, the finger 

pitch applied in Figure 56 a) varies between 0.1 and 0.8 mm, which is not an option in 

industrial production. If cost is important, the finger pitch cannot be varied at will, but needs 

to be as high as possible to minimize silver consumption. In order to factor this in, 

Figure 56b) shows cell efficiency calculated from the same input parameters as used in 

Figure 56 a).  

The difference is that the finger pitch in Figure 56 b) is set at a constant value of 1.9 mm, 

which is comparable to front side metallization of p-type solar cells. When comparing 

Figure 56 a) and b) it becomes clear that for low J0pass,BSF and C the difference in efficiency is 

~ 0.2 % absolute while for high J0pass,BSF and C the difference in efficiency of ~ 0.8 % 

absolute is larger. This means that for high efficiencies the optimum rear side finger pitch of 

bifacial solar cells approaches the front side finger pitch of a p-type solar cell.  

These figures may also serve for comparing cell efficiencies. As a very rough rule of thumb 

one may assume a maximum loss in efficiency of 0.2-0.3 % absolute for solar cells with 

efficiencies around 20 % when changing from a rear side grid that is optimized for maximum 

cell efficiency to a rear side grid that is similar to the front side grid of a p-type cell. A third 

interesting fact is that the slope of the lines of constant efficiency in Figure 56 b) is different 

from those in Figure 56 a). For high efficiencies the lines of constant efficiency in Figure 56 b) 

may be described by ΔJ0pass,BSF /(fA/cm²) ≈ - 18 ΔC /(mΩcm²). Thus for a fixed finger pitch of 

1.9 mm the slope changes roughly by a factor of 3 compared to Fig. 7 with a variable pitch. 

When looking at the experimental data it follows again that a reduction in J0pass,BSF in general 

leads to an increase in cell efficiency. The only exception being the data point at 

J0pass,BSF ≈ 200 fA/cm² and C≈11 mΩcm². Combining the findings from all figures it follows 

that a promising approach for a further increase in cell efficiency is the reduction of J0pass,BSF.  

4.9 Relevance of obtained cell efficiencies 

This section briefly gives an overview of (recent) results concerning co-diffused bifacial solar 

cells and shows the relevance of the present work. In 2011, two weeks after the beginning 

of this thesis, results for bifacial n-type solar cells with maximum efficiencies of 13.8 % 

fabricated by a POCl3 based co-diffusion were published by Bazer-Bachi et al. [105], which 

served as a proof-of-concept for POCl3 based co-diffusion. The solar cells were produced 

using a POCl3 based co-diffusion process and a BSG layer deposited by plasma enhanced 

chemical vapor deposition. In 2014 Frey et al. reached efficiencies of 19.7 % for bifacial solar 
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cells produced by co-diffusion, but providing little details about the used process sequence 

[131]. Recently cell efficiencies of 19.7 % were reached also using a BSG layer deposited by 

PECVD in a POCl3 based co-diffusion process [132]. Concerning the number of process steps 

the process sequence is comparable to the process sequence developed in this thesis. 

Recently bifacial solar cells with a rear side boron emitter and peak efficiencies of 18.8 % 

were presented using co-diffusion from a POCl3 based atmosphere and a BSG layer deposited 

by APCVD [133]. To the author’s knowledge the peak efficiency of 19.9% reached in this 

thesis is currently the highest efficiency reached for a bifacial n-type solar cell produced using 

a POCl3 based co-diffusion process and doped layers deposited by APCVD. Concerning device 

performance this result proves that doped layer deposition by APCVD is a feasible alternative 

to PECVD based layers for co-diffusion processes.  

In order to further assess the relevance of this work, in the following results concerning 

economic aspects of the cell process developed in this thesis are briefly presented. Internal 

cost calculations using the tool SCost [134], show that the process sequence developed in 

this thesis decreases the cost of the cell process for each wafer by approximately 17 % 

compared to “state of the art” sequential diffusion using PECVD based diffusion barriers. The 

absolute cost of the developed cell process is comparable to p-type passivated emitter and 

rear cell (PERC) technology. Since bifacial n-type solar cells have a higher monofacial 

efficiency potential (about 1% absolute) and additionally allow for a higher energy yield due 

to bifaciality this cell concept in combination with the process sequence developed in this 

thesis is from the author’s point of view potentially superior to current technology. Before the 

industrial implementation of co-diffused bifacial solar cells two problems need to be solved 

though: One is the high wafer price of n-type wafers compared to p-type wafers, which is 

mainly due to economies of scale. The second possible hurdle are high currents under reverse 

bias, which were observed in this thesis and also for other process sequences [17]. For 

conventional module integration using bypass diodes the measured currents of 5 mA/cm² at 

a reverse bias of -12 V are more than an order of magnitude too large. Depending on the 

local distribution of these reverse currents, they might allow for the use of modules without 

bypass diodes. Such a substitution of bypass diodes was e.g. proposed for metal wrap 

through solar cells [135, 136]. In how far the solar cells developed in this thesis fulfill the 

requirements for module integration is a topic which is still under investigation. 

4.10 Summary 

This chapter investigates the influence of QPOCl3 on the electrical parameters of the BSF. Based 

on this investigated bifacial solar cells with peak efficiencies of 19.9 % are fabricated, using 
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an industrially feasible process sequence. This signifies a reduction of 2-3 process steps 

compared to state of the art processing, while maintaining the same efficiency, which makes 

these results extremely relevant for application. It was also demonstrated for the first time 

that co-diffusion processes with doped layers deposited by APCVD allow for the fabrication 

bifacial solar cells. A quantitative investigation of the influence of the BSF on cell efficiency 

reveals that decreasing the surface doping concentration only increases cell efficiency for 

doping profiles with relevant quantities of inactive phosphorus. Concerning future 

improvements in cell efficiency J0pass,BSF is identified as the parameter that allows for the 

largest increase in efficiency. 
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5 Impact of surface near doping 
concentration on specific 
contact resistance 

5.1 Introduction 

Screen printed silver based thick film metallization is the most widespread technique for 

contacting phosphorus-doped surfaces of industrial silicon solar cells. Even though screen 

printed metallization has been used for many decades in the photovoltaic industry, neither 

the mechanism of current conduction nor contact formation between the silver fingers and 

busbars and the doped silicon is understood completely. Concerning current conduction 

various models exist, of which the following two are currently proposed to be the most 

relevant: One model assumes direct current flow from the doped region via silver crystallites 

into the bulk finger [137, 138], whereas the second model suggests a multi-step tunnelling 

process through an insulating glass layer that separates the silicon surface from the bulk 

contact finger [139, 140]. According to the second model small silver colloids embedded in 

the glass film mediate current conduction through this glassy layer. Regarding contact 

formation, most research has traditionally been focused on the influence of paste 

composition and sintering parameters on the microstructure of the contacts [141, 142]. 

Recently, the interaction of the phosphorus-doped areas and the metallization has moved 

into the center of attention. Several authors [32, 143, 144] published that a decrease in the 

inactive phosphorus concentration leads to an increase in specific contact resistance. By 

comparison little research has been performed on contact formation on textured surfaces for 

phosphorus doping levels below 1020cm-3, since historically it has been difficult to achieve 

specific contact resistances that are suitable for the application in solar cells [143]. According 

to Kulushich et al. [144] contact formation in the absence of inactive phosphorus does not 

allow for a contact resistance that is appropriate for solar cell application, since no crystallites 

form at the silicon surface. In contrast Schubert [143] reported crystallite formation on planar 

surfaces without inactive phosphorus and recently crystallite formation has been reported on 

textured silicon surfaces “without P doping”[32], but in this case it is unclear to which extend 

the contact resistance is affected. This paragraph investigates the influence of the surface 
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doping concentration on the specific contact resistance. Directed manipulation of the doping 

profile is achieved using the high temperature processes developed in Chapter 3. A 

shortened version of this chapter was recently submitted for publication [145]. 

5.2 Experiment 

As substrate material for the characterization of the contacts phosphorus doped 

156 × 156 mm² Czochralski (Cz) grown silicon wafers with a base resistivity of 3 Ωm are 

used. After an alkaline texturing process the wafers are subjected to a POCl3 based high 

temperature process in a tube furnace that allows for a controlled manipulation of the 

doping concentration by using two deposition phases[78][78]. As in Chapter 4 the N2-POCl3 

gas flow in the second deposition phase is varied. The phosphosilicate glass layer resulting 

from the high temperature process is removed in diluted hydrofluoric acid. In order to 

simulate a conventional solar cell process, the surface is subsequently passivated by a SiNx 

layer deposited by plasma enhanced chemical vapor deposition. The contact grid is screen 

printed onto the SiNx layer. The paste is a commercially available screen printing paste 

(Sol9610A by Heraeus Precious Metals GmbH & Co. KG), which is fired in an inline conveyor 

belt furnace for contact formation. All samples are fired at the same set point peak firing 

temperature and belt speed. Contact properties are observed by transfer length method 

(TLM) measurements on 3-5 wafers per N2-POCl3 gas flow. Furthermore the contacts are 

investigated using scanning electron microscopy (SEM) after wet chemical removal of i) the 

bulk silver finger in HNO3-based solution (69 %) for 10 minutes at 90°C and ii) the glassy 

layer in diluted hydrofluoric acid (5 %) for 1 min at room temperature. From these SEM 

pictures the area coverage of imprints is extracted in the following manner. Imprints are 

selected by visual inspection according to two criteria. The first one is contrast, this means 

that the imprints are “darker” than the surrounding silicon. The second criterion is that 

imprints feature a certain structure, which is caused by the previous presence of silver 

crystallites. The area coverage of imprints is calculated as the total number of pixels 

associated with imprints divided by the total number of pixels in the SEM picture. 

Electrochemical capacitance voltage (ECV) measurements extract the active doping 

concentration of the phosphorus doped area in the center position of planar saw damage 

etched 156 × 156 mm² wafers.  
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5.3 Results 

Figure 57 presents selected ECV measurements of the surface near doping concentration. 

The change in doping concentration is reached by varying the N2-POCl3 gas flow QPOCl3 during 

the second deposition phase, while leaving the N2-POCl3 gas flow during the first deposition 

phase constant. 

Figure 57: Surface near charge carrier concentration determined by ECV denominated by 

their N2-POCl3 gas flow QPOCl3 during the second deposition phase measured on 

planar reference samples. The error bars represent the measurement accuracy of a 

single ECV measurement. Maximum solubility of phosphorus in silicon and 

maximum carrier concentration are determined according to reference [30].  

The doping profile for QPOCl3= 0 sccm features a maximum carrier concentration of 

5 × 1019 cm-3 indicating the absence of inactive phosphorus. An increase in QPOCl3 to 

300 sccm leads to the doping profile with a maximum carrier concentration of 3 × 1020 cm-3, 

which is the maximum active carrier concentration resulting from phosphorus doping in 

silicon for the applied temperature after Solmi et al. [30]. The remaining doping profiles, 

resulting from a further increase in QPOCl3 feature a plateau of constant charge carrier 

concentration close to the surface with a concentration that agrees well with the activation 

limit [30]. Corresponding to the increase in QPOCl3 from 300 over 400 to 550 sccm the length 

of the plateau increases from < 7 nm over 38 to 51 nm. 

Figure 58 presents representative SEM images of contacted areas. For the following SEM 

measurements, first the bulk silver finger and thus also crystallites in direct contact with the 
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bulk silver finger are removed. Subsequently the glassy layer is also removed. Imprints 

stemming from crystallites in direct contact are thus uncovered[146], while imprints from 

crystallites without direct contact are still covered by crystallites. Any remaining crystallites 

were originally separated from the bulk silver finger by a glassy layer. Each SEM picture is 

denoted by the respective QPOCl3 of the high temperature process and the specific contact 

resistance of the contact finger under investigation, as well as the position of the sample on 

the wafer. The specific contact resistance of 37 mΩcm² depicted in (a) belongs to the doping 

profile with a maximum surface concentration of 5·1019 cm-³, while C = 1.6 mΩcm² 

depicted in (d) belongs to the doping profile with an active surface doping concentration of 

3·1020 cm-3 (Figure 57). Please note that the specific contact resistance is not averaged over 

the wafer but extracted from two neighboring fingers around the finger that is investigated 

by SEM. Of major interest are the area coverage and the position of imprints and silver 

crystallites. 
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Figure 58: Scanning electron microscopy (SEM) images of screen printed and fired silver 

contacts on alkaline textured silicon surfaces after removal of the bulk silver and 

subsequently of the remaining glassy layer. The areas regarded as “imprints” are 

encircled by a dashed yellow line. The pictures are denominated by their specific 

contact resistance, the N2-POCl3 gas flow QPOCl3 of the underlying high temperature 

process and the position of the sample on the wafer. 

For QPOCl3= 0 sccm the highest specific contact resistances of 37 mΩcm² (a) and 14 mΩcm² 

(b) are observed. At both positions the pyramid tips as well as the faces are covered with 
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silver crystallites, while only very few imprints are observed. In contrast, the two samples with 

QPOCl3= 300 sccm (c) and QPOCl3= 450 sccm (d) exhibit a lower specific contact  

resistance of 2.6 mΩcm² and 1.6 mΩcm², respectively. The corresponding SEM images reveal 

more imprints mainly located at pyramid tips, but a similar amount of crystallites at the 

pyramid faces. Qualitatively, a high coverage of imprints correlates with a low specific contact 

resistance. The SEM images also show that the doping profile without inactive phosphorus 

(QPOCl3= 0 sccm) still allows for crystallite formation. However, for the doping profile without 

inactive phosphorus (QPOCl3=0 sccm) fewer imprints are observed compared to doping profiles 

with inactive phosphorus e.g. QPOCl3= 450 sccm.  

A quantitative evaluation of the SEM images allows for a correlation between the area 

coverage of imprints pcryst,direct and the specific contact resistance (Figure 59). The error in C 

results from uncertainties in the TLM measurement, while the error in pcryst,direct results from 

uncertainties in the manual extraction of the imprint area coverage. As observed in Figure 59 

a decrease in C correlates with an increase in the area coverage of imprints pcryst,direct. Specific 

contact resistances between 37 and 1 mΩcm² are associated with values of pcryst,direct between 

0 and 0.24 %.  

Figure 59: Specific contact resistance C over area coverage of imprints pcryst,direct extracted 

from SEM images (Figure 58). The errors bars of the specific contact resistance C 

represent the errors of a single TLM measurement. The errors in the area coverage 

result from the experimental uncertainty in the extraction of pcryst,direct. 
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5.4 Discussion and Modelling 

This section first discusses the carrier concentration and then the SEM images presented in 

Section 5.3. For further discussion it is important, which QPOCl3 results in doping profiles that 

feature a nonzero concentration of inactive phosphorus (Figure 57). Here it is important to 

know that doping profiles are generally determined on planar surfaces, while contact 

formation is investigated on textured surfaces. According to Wagner et al. [147], doping 

profiles on planar and textured surfaces resulting from the same high temperature process do 

not necessarily need to be same, one reason being the local variation in the doping profiles 

on textured surfaces, where the highest concentrations are at the pyramid tips.  

With regard to the doping profile resulting from a high temperature process with 

QPOCl3=0 sccm no inactive phosphorus is present on planar surfaces since the carrier 

concentration is well below its maximum value. With regard to textured surfaces, even when 

considering an inhomogeneous distribution of the dopant [147], no inactive phosphorus is 

expected to be present at the pyramid tips. 

For the doping profile resulting from QPOCl3= 300 sccm, it is not clear if inactive phosphorus is 

present or not. Inactive phosphorus consists of mobile phosphorus for concentrations of 

3 - 5×1020cm-3 and immobile SiP precipitates for concentrations larger than 5×1020cm-3 [30]. 

This means that for QPOCl3= 300 sccm no precipitates but only mobile inactive phosphorus is 

present for planar surfaces. The sheet resistance of the textured sample is higher than on the 

planar surface by a factor of roughly 1.5. Thus if the doping concentration of the textured 

wafer was homogeneous no inactive phosphorus would be expected. Since the local doping 

concentration on pyramid tips may be higher compared to planar surfaces [147], precipitate 

formation on pyramid tips may be neither excluded nor confirmed. For the high temperature 

processes resulting from QPOCl3 larger than 300 sccm a plateau of constant carrier 

concentration forms. Such a plateau has been observed frequently and involves the presence 

of inactive phosphorus [31]. It is well know that an increase in QPOCl3 not only increases the 

active phosphorus concentration, which is presented in Figure 57, but also the concentration 

of inactive phosphorus [124]. Since similar for QPOCl3= 550 sccm the sheet resistance on 

planar and textured surfaces is (Figure 47) at least at the pyramid tips inactive phosphorus is 

present. In summary, an increase in QPOCl3 leads to an increase in the concentration of inactive 

phosphorus for both planar and textured surfaces. For QPOCl3=0 sccm the inactive phosphorus 

concentration on both surfaces is expected to be zero while for 550 sccm the concentration 

is nonzero.  
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The imprints observed in Figure 58 are comparable in size and location to those observed by 

Cabrera et al [137] and Kontermann et al. [148] and are attributed to crystallites that have 

been in direct contact with the bulk silver finger. Thus, in order to facilitate a discussion of 

the microstructure, in the following we refer to “imprints” as “crystallites in direct contact 

with the bulk finger” and denote their area coverage as pcryst,direct. The observed decrease in 

the specific contact resistance with pcryst,direct, has been observed before and was proposed by 

Ballif et al. [138]. As discussed above the increase in pcryst,direct correlates with an increase in 

QPOCl3, which correlates with an increase in the concentration of inactive phosphorus. A 

possible explanation is that a reduction of structural defects caused by a reduction of the 

inactive phosphorus concentration decreases crystallite size [32], which increases the 

probability that crystallites are separated from the bulk finger by a glassy layer. 

The observation of imprints on surfaces without inactive phosphorus (Figure 58 ) is in 

contrast to results for lower doping concentrations obtained by Kulushich et al. [144], but in 

line with results by Cabrera et al. [32]. One possible reason might be the use of paste with 

different compositions. A conclusive argumentation is difficult, since for both publications the 

names of the used pastes are not given. Thus, in summary the observations in Section 5.3 are 

qualitatively in line with other publications. 

 

In the following paragraph the data from Figure 59 is discussed quantitatively. To simplify the 

discussion Figure 60 presents the inverse of the specific contact resistance C
-1 as a function 

of the area coverage of crystallites in direct contact with the bulk finger pcryst,direct. Each data 

point results from averaging 2-4 samples. As discussed above, an increase in pcryst,direct 

correlates with a decrease in C meaning an increase in C
-1. In the following a quantitative 

description of the data is presented assuming different models for current conduction, based 

on the common assumption that both the conductivity of the bulk silver finger and the 

crystallite both do not contribute relevantly to the specific contact resistance [137]. 

Additionally a possible influence of the active doping concentration on the specific contact 

resistance of a single crystallite [62] is neglected. One reason is that during the firing process 

the silicon melts and then recrystallizes with an unknown doping concentration. The second 

reason is that even if the newly formed concentration of the dopant was known, it is still 

unclear how the current flows from the contact into the silicon wafer, especially at which 

depth.  

If current conduction occurs only directly and vertical current flow towards the contact is 

assumed, C and pcryst,direct are expected to be inversely proportional: 
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crystalCdirectcrystC p ,,
1 /   , (5.1)

where the parameter C,crystal represents the specific contact resistance of a single crystallite.

Figure 60: Inverse of specific contact resistance C
-1 as a function of area coverage of 

crystallites in direct contact with the silver finger pcryst,direct. The errors bars of the 

specific contact resistance C represent the errors of a single TLM measurement. 

The errors in the area coverage represent the standard deviation of the average 

value extracted from 2-3 measurement locations. 

Assuming an additional conduction mechanism characterized by C,2 that is independent 

from both pcryst,direct and the underlying change in the phosphorus doping profile, e.g. electron 

tunneling from the doped area through a glassy layer characterized by C,tunnel, means that 

both current paths form a parallel circuit. This results in 

tunnelCcrystalCdirectcrystCCtotalC p ,2,,
1
2,

1
1,

1
, /1/    . (5.2)

Fitting this relation to the data displayed in Figure 60 results in the solid line and yields and 

C,crystal2= (3.3±0.3)μΩcm² and C,tunnel=(-3±40)105μΩcm² with a corrected R2 of 0.92. Since 

C,tunnel is negative this cannot be interpreted as a second conduction mechanism, since the 

contribution of a second conduction mechanism should be positive. Also the error of C,tunnel 

is one order of magnitude larger than its absolute value. With regard to solar cells, where 

specific contact resistances around 1mΩcm² are common, C,tunnel≤104 μΩcm² would 
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measurably decrease the total contact resistance. Since C,1 << C,2 equation (5.1) is also fitted 

to the data. This results in the dashed line in Figure 60 and yields C,crystal= (3.3±0.2)μΩcm² 

with a corrected coefficient of determination R2 of 0.92. Thus a model where conduction 

only occurs via crystallites in direct contact with the bulk finger explains the data well. The 

extracted specific contact resistance of a single crystallite of (3.3±0.2) μΩcm² is in the wide 

range of contact resistance extracted by other authors, which are summarized in reference 

[149] and agrees well with their theoretically expected values of 3 – 5 μΩcm² [149]. Since the 

composition of screen printing pastes differs considerably, the contribution of tunneling and 

direct current conduction might differ for different screen printing pastes. The author believe 

that the model describing parallel conduction channels (equation (5.2)) and the approach 

presented above may be broadly applied for quantitatively separating the contributions of 

tunneling and direct current conduction for different pastes, thus indicating their dominant 

conduction mechanism. 

An important point for future investigation of the imprint coverage is an increase in 

measurement accuracy. This could be achieved by different approaches. One possible 

approach is to remove only part of the silver finger, which would allow for detecting the 

location of crystallites in direct contact with the silicon and the bulk silver. Then these 

crystallites and the glassy layer could be removed wet chemically exposing the imprints. This 

could increase the accuracy associating areas with crystallites in direct contact with the bulk 

silver. This approach is not straight forward though, since the bulk silver finger, does not 

feature a homogeneous thickness, thus realistically many etching steps would probably be 

required. A second possibility to increase measurement accuracy could be achieved by 

extracting the area of one imprint by using a mathematical algorithm which is based on 

contrast and structure. A third possibility for increasing measurement accuracy would be to 

characterize imprints not only by their area determined from a top down view, as done in this 

thesis, but to also consider the orientation of the areas which belong to one imprint. 

5.5 Summary 

The surface near phosphorus doping level of 3·1020cm-3 with only a few nm plateau length 

and thus a low quantity of inactive phosphorus already favors the formation of large 

crystallites in direct contact with the bulk finger. This is verified by imprints detected in the 

SEM analysis. From a quantitative relation between the imprint area coverage of these 

crystallites and the specific contact resistance of the bulk finger the specific contact resistance 

of a single crystallite of (3.3±0.2) μΩcm² is extracted. This value agrees well with values 

predicted by theory. Furthermore we present an approach assuming parallel conduction 



5 Impact of surface near doping concentration on specific contact resistance 

135 

paths that allows for quantitatively separating the influence of direct and indirect current 

conduction. Under the assumption of vertical current flow, a model based on current 

conduction via crystallites in direct contact with the bulk silver finger allows for an adequate 

description of the experimental data. In the absence of inactive phosphorus, at doping levels 

of 5·1019cm-3 very few imprints but a similar amount of small crystallites is detected that are 

not in direct contact with the bulk finger.  
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6 Summary and Outlook 

This chapter first gives a brief summary of the main results of this thesis, followed by an 

outlook concerning further developments of selected aspects. 

Summary 

This thesis presents the development and characterization of a co-diffusion process from a 

borosilicate glass (BSG) layer and an atmosphere containing POCl3 and its application for the 

fabrication of bifacial n-type silicon solar cells.  

Chapter 3 discusses the formation of boron and phosphorus doping profiles in one high 

temperature step that are adequate for the application in photovoltaics. 

Section 3.2 introduces a new method that allows for a controlled manipulation of 

phosphorus doping profiles, especially the independent manipulation of the surface doping 

concentration and the depth of the doping profile with unprecedented degrees of freedom. 

In previously used high temperature processes, changes in surface doping concentration and 

depth were linked due to Fick’s law of diffusion. This link is overcome by the introduction of 

a second deposition phase.  

The influence of the oxygen concentration in the process atmosphere on boron diffusion 

from a BSG layer deposited by atmospheric pressure chemical vapor deposition is discussed in 

Section 3.3. The influence of the oxygen concentration in the process atmosphere on boron 

diffusion is explained by the formation of an intermediate SiO2 layer that forms at the Si/BSG 

interface and is confirmed by ellipsometry. The growth of this intermediate layer may be 

described quantitatively based on an iterative model that uses the parameterization by 

Massoud et al. [13]. In contrast to thermally grown SiO2 layers for SiOx layers deposited by 

APCVD the growth rate of the intermediate layer is not limited by diffusion of the oxidizing 

species through the SiOx layer, but reaction limited independent of the SiOx layer thickness. 

The influence of the atmosphere containing POCl3 on layers deposited by APCVD is discussed 

in Section 3.6. Secondary ion mass spectroscopy (SIMS) measurements show that the 

interaction between POCl3 and SiOx layers lead to the formation of a phosphosilicateglass 

(PSG) layer at the SiOx/air interface. This behavior is similar to thermally grown SiO2 layers. 
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Within measurement accuracy the growth of a PSG layer in SiOx may be described 

quantitatively by an existing model.  

Chapter 4 treats bifacial n-type solar cells fabricated using co-diffusion.  

The high temperature processes developed in Chapter 3 allow for the fabrication of bifacial 

n-type solar cells with peak efficiencies of 19.9 %. Compared to the previously published 

peak efficiencies of 13.4 % this is a significant increase in efficiency by 6.5 % absolute. The 

developed process sequence reduces the process steps for solar cell fabrication and 

simultaneously decreases production cost by around 17 % compared to sequential diffusion. 

This reduces the cost of this cell process to a point where it is comparable in cost and 

efficiency with established technology for p-type passivated emitter and rear cells.  

For the first time a detailed electrical characterization clarifies the influence of a process 

parameter (the N2-POCl3 gas flow) on the electrical properties of the back surface field (BSF) 

and on bifacial n-type solar cells. We show that a reduction in the doping concentration of 

the BSF increases cell conversion efficiency as long as inactive phosphorus is present. For 

textured surfaces passivated by SiNx layers doping profiles without inactive phosphorus, a 

reduction in doping concentration decreases Auger recombination which is compensated by 

an increase in surface recombination resulting in a decrease of cell efficiency. 

Chapter 5 investigates the influence of the phosphorus doping concentration on the specific 

contact resistance of screen printed contacts. Here the use of the high temperature processes 

developed in Section 3.2 allows for a controlled manipulation of the surface near doping 

concentration. The influence of the doping profile on contact formation is investigated using 

scanning electron microscopy and TLM measurements.  

In accordance to literature it is found that the area coverage of crystallites that are in direct 

contact with the bulk finger correlates with the specific contact resistance. For the first time 

this correlation is investigated quantitatively yielding the specific contact resistance of a single 

crystallite of (3.3±0.2)μΩcm². This value agrees within measurement accuracy with 

theoretically expected values, while previously published values deviated by up to 4 orders of 

magnitude.  

The introduction of a new method allows for the first time for quantitatively separating the 

influence of direct and indirect current conduction. For the screen printing paste under 

investigation the assumption of exclusively direct current conduction allows for an adequate 

description of the experimental data. 
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Outlook 

Since photovoltaics is a very broad area of research the techniques developed in this thesis 

may be used for the investigation of other solar cell concepts and materials. For example the 

directed manipulation of phosphorus doping profiles may be used for the formation of 

phosphorus emitters in p-type solar cells as well as front and back surface fields in n-type 

back junction solar cells. For each of these cell concepts the directed manipulation of the 

doping profile could help to determine the optimum doping profile and thus increase cell 

efficiency. It also allows for separating effects governed by the surface doping concentration, 

e.g. surface recombination, from effects that depend on the depth of the doping profile e.g. 

surface shielding from (minority) charge carriers. 

The second new technique developed in this thesis is the quantitative separation of direct 

and indirect current conduction in silver thick film contacts. It would be interesting to 

investigate a screen printing paste that according to the manufacturer relies on indirect 

current conduction (tunneling). In principle this method may be applied broadly for the 

characterization of silver thick film metallization.  

Concerning the diffusion of the oxidizing species through SiOx layer deposited by APCVD, it 

would be of high interest to investigate the underlying microscopic mechanisms. An 

investigation of the microstructure could identify possible diffusion channels. One could also 

investigate the diffusion of other atoms. The comparison with thermally grown SiO2 might 

even help to identify the diffusing species which causes the formation of the intermediate 

SiO2 layer.  

Co-Diffusion for bifacial n-type solar cells is still a developing field of research. In order to 

allow for industrial implementation the efficiency of the bifacial solar cell needs to be increase 

to about 21 %. In order to achieve this, multiple approaches will be necessary. One approach 

is a further investigation of the phosphorus doped BSF. Using the technique developed in 

Section 3.2 one could e.g. vary the depth of the doping profile and investigate its influence 

on cell efficiency. A second approach would be changes in the screen printed metallization 

with the aim to decrease the dark saturation current density in the metalized areas of the 

solar cell or the use of different metallization techniques such as plating.  

In order to allow for module integration the reduction of currents under reverse bias 

conditions is necessary. Even for parallel resistances that do not limit cell efficiency and 

comply with specifications for p-type solar cells, the currents under reverse bias are too high 

to allow for module integration. Thus the relation between currents under reverse bias and 
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parallel resistance seems to be fundamentally different from p-type solar cells, which is to the 

author’s knowledge not understood yet.  
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Appendix 

A Code for the simulation of oxide growth 

#!/usr/bin/python 
# -*- coding: iso-8859-1 -*- 

# Berechnung des Oxidwachstums an Grenzfläche SiO2/Si für verschiedene SiO2-Anfangsdicken 
# Modelle sind aus Deal and Grove (Abk.: DG) (1965?) und Han and Helms (Abk.: HH) (1987) 
# Input: - Tabelle mit Temperaturen und Zeitintervallen 
#        - Tabelle mit Anfangsdicken 
# Output: Oxidwachstum über Anfangsdicke 
# Pro Masoud Model hinzugefügt 

from math import sqrt,exp 

class Oxiddicke: 
 def __init__(self): 

# Einlesen der Daten 
data = [] 

  # Input: Tabelle mit Temperaturen und Zeitintervallen 
for line in open('tempKoeff_Diffusionssim03p2.txt','r').readlines()[1:]: 

data.append(line.strip().strip().split()) 
self.temperature = [float(z[0].strip()) for z in data] 
self.time = [float(z[1].strip()) for z in data] 

  self.O2Faktor = [float(z[2].strip()) for z in data] 
# erhalte die Länge der Anzahl der Einträge des Diffusionsrezepts 

 def Laenge(self): 
return len(self.temperature) 

# Berechnung Oxdicke nach Deal Grove 
        # O2Faktor entspricht der O2-Konzentration in der Gasatmosphäre des 
Hochtemperaturschritts 
        # Modell unterschätzt Oxidwachstum ca. um Faktor 2 bis 3 
 def DickeDG(self,Anfangsdicke,length): 

Oxdick = Anfangsdicke 
  for i in range(length): 
      # kb Einheiten eV/K 
      kb = 8.6173324*pow(10,-5) 
      # T < 950°C, (100)-Oberfläche, aus P.Moynagh and P. Rosser 
      B = 1.373*pow(10,7)*exp(-2.22/(kb*(self.temperature[i]+273.15)))    
      BdurchA = 4.666*pow(10,5)*exp(-1.76/(kb*(self.temperature[i]+273.15))) 
      A = B/BdurchA 
      # Oxdick: Oxiddicke über Wachstumsrate ausrechnen 
      Oxdick = Oxdick + B*self.O2Faktor[i]*self.time[i]/(2*Oxdick + 

self.O2Faktor[i]**(0.5) *A) 
  return Oxdick 

        # Berechnung nach Massoud 1987, JAP, Analytical relationship for the oxidation of silicon in 
dry oxygen in the thin-film regime 
        def DickeMas(self,Anfangsdicke,length): 
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  Oxdick = Anfangsdicke 
  time = 0 
  for i in range(length): 
      # kb Einheiten eV/K 
      kb = 8.6173324*pow(10,-5) 
      # T < 1000°C, (100)-Oberfläche, aus Massoud 1987 applied physics 
      K1=2.49*pow(10,13)*exp(-2.18/(kb*(self.temperature[i]+273.15)))*60*10**-8    # 

K1 (um^2/h) 
      K2=3.72*pow(10,13)*exp(-2.28/(kb*(self.temperature[i]+273.15)))*60*10**-8     # 

K1 (um^2/h) 
      tau1= 4.14*pow(10,-6)*exp(1.38/(kb*(self.temperature[i]+273.15)))/60 #tau (h) 
      tau2=2.71*pow(10,-7)*exp(1.88/(kb*(self.temperature[i]+273.15)))/60 #tau (h)  
      B = 1.373*pow(10,7)*exp(-2.22/(kb*(self.temperature[i]+273.15))) 
      BdurchA = 4.666*pow(10,5)*exp(-1.76/(kb*(self.temperature[i]+273.15))) 
      A = B/BdurchA 
      # Oxdick: Oxiddicke über Wachstumsrate ausrechnen 
      time = time + self.time[i] 
      Oxdick = Oxdick + self.O2Faktor[i]*(B+K1*exp(-time/tau1)+K2*exp(-

time/tau2))/(2*Oxdick + A*self.O2Faktor[i]**0.5)*self.time[i] 
        return Oxdick 

        # Berechnung Oxdicke nach Han und Helms (Parallele Oxidation) 
        # Modell passt am wenigsten auf experminetelle Daten 
 def DickeHH(self,Anfangsdicke,length): 

Oxdick = Anfangsdicke 
  for i in range(length): 
      # kb Einheiten eV/K 
      kb = 8.6173324*pow(10,-5) 
      # Han und Helms, Einheiten in um und h umgerechnet. Faktor (60*pow(10,-8)) 
      B1 = 6.5*pow(10,11)*exp(-2.2/(kb*(self.temperature[i]+273.15)))*60*pow(10,-8) 
      A1 = 0 
      B2 = 2.6*pow(10,10)*exp(-1.6/(kb*(self.temperature[i]+273.15)))*60*pow(10,-8) 
      B2durchA2 = 2.6*pow(10,8)*exp(-

1.9/(kb*(self.temperature[i]+273.15)))*60*pow(10,-4) 
      A2 = B2/B2durchA2 
      #print A1, B1, A2, B2 
      # wenn Anfangsdicke < 0.0008 divergiert folgende Formel, deshalb 2. 

Oxidationsmechanismus für Schichtdicken kleiner 0.8nm nicht berücksichtigt 
      if Oxdick <0.000000001: 
          Oxidation2 = 0 
      else: 
          Oxidation2 = B1*self.O2Faktor[i]*self.time[i]/(2*Oxdick) 
      Oxdick = Oxdick + B2*self.O2Faktor[i]*self.time[i]/(2*Oxdick + A2) + Oxidation2 

return Oxdick 

# ----- Ausführung des Programms --------------------------------- 

# Erhalte die Länge der Diffusionstabelle 
Oinit = Oxiddicke() 
length =  int(Oinit.Laenge()) 

datalist = [] 
for line in open('Anfangsdicke.txt', 'r').readlines()[1:]: 
 datalist.append(line.strip().split()) 
Anfangsdicke = [float(z[0].strip()) for z in datalist] 
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# In Oxiddicke_Startdicke wird das integrierte Oxidwachstum für verschiedene Anfangsdicken 
gespeichert. 
# Also ein Wert pro Anfangsdicke 
Oxiddicke_Startdicke = [] 

# j läuft über Anfangsdicken 
for j in range(len(Anfangsdicke)): 
        # Achtung bei Änderung des Modells diese Zeile ändern !!!!!!!!!!!!!!!!!!!!!!! 
        Odicke = Oxiddicke().DickeDG(Anfangsdicke[j],length) 
 Oxiddicke_Startdicke.append((Odicke-Anfangsdicke[j])*10**3) 
# Schreibe das Ergebnis in ErgebnissOxiddicken.txt 
# Achtung bei Änderung des Modells diese Zeile ändern !!!!!!!!!!!!!!!!!!!!!!! 
f = open('Ergebnis_Diffusionssim03P2.txt','w') 
for i in range(len(Anfangsdicke)): 

f.writelines("%s \t %s \n" % (Anfangsdicke[i], Oxiddicke_Startdicke[i]))
f.close
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B Simulation using the software tool Gridmaster 

This appendix describes the modifications made to the software Gridmaster in this thesis, 

with the aim to allow for a relatively easy reproduction of the results. In the following first 

the general approach is described and then each modification made to the model is 

explained briefly.  

The aim is to use the software Gridmaster to model the influence of recombination and 

resistance of the BSF on the solar cells IV parameters. The general approach is to substitute 

parameters that were originally meant for emitter description by parameters describing the 

BSF. The emitter is then incorporated using a constant contribution to recombination and 

series resistance and by an adjustment of the generated photocurrent.  

In the following the chosen input parameters are listed following their position in the user 

interface in order to allow for simple reproduction of the simulations. For “cell dimensions” a 

length and width of 15.6 cm are chosen, following the experimental sample size in this 

thesis. The parameters in the category “grid fingers” meaning specific resistance of 

3.5 μΩcm, a finger width of 80 μm and a maximum finger height of 20 μm are typical values 

for silver based thick film metallization, which is used on the rear side of the simulated solar 

cell. The transparency of the grid is set to 100 % assuming only front side illumination. This 

takes into account that the rear grid does not introduce any shading and corresponds to the 

experimental conditions of the relevant IV measurements in this thesis. (The shading of the 

front side grid will be factored in by adaption of the photocurrent.)  

The section “front busbar” is used to describe the three rear busbars with a width of 

1500 μm, a height of 24 μm and 24 external contact pins. Again the transparency is set to 

100 % following the argumentation presented above. 

In the input field “effective sheet resistance of the emitter “the resistance resulting from a 

parallel circuit of base and BSF is entered following the model described in Appendix C. For 

the base a specific resistance of 3 Ωcm and a thickness of 0.018 cm are assumed. 

The section ”front contacts” is used to describe the rear contacts. The specific contact 

resistance is entered according to experimental data, while the “sheet resistance under 

metal” is set equal to the field “effective sheet resistance of the emitter”.  

The sections “contact pad related parameter” and “rear Aluminum” are adapted, so they do 

not influence the calculations. For each of the 27 p-pads the “area of one p-pad” is set to 

0.27 cm². The “sheet resistance of the rear aluminum” is set to 0, the number of external p-

current pints to 1000 and the number of p-current columns to 3. The radius of the external 

contact pins is left at the default value of 0.1.  
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The irradiation is set at one sun corresponding to the experimental condition of the IV 

measurement. 

In the section “selective emitter” all properties of “n++” areas equal that of “n+” areas, since 

in this thesis the BSF is homogeneous. The short circuit current in the n+ and n++ areas are set 

to 39 mA/cm², which includes the effects of shading of the front side metallization on the 

boron emitter. The dark saturation current density joe-n+ is set equal to the experimentally 

determined value of the dark saturation current density in the passivated area of the BSF 

J0pass,BSF. The input parameter that was originally used to describe the recombination in the 

base j0b now represents recombination in the base and the emitter, which amounts to 

180 fA/cm². The parameters j02-n and j02-met are set to 20 nA/cm². This takes into account that 

a change in the area coverage of the rear side metallization does not influence j02.  

The parallel resistance is set to 10 kΩcm²  in order to avoid an influence on the IV parameters. 

Finally an additional series resistance of 0.35 Ωcm2 is introduced to account for resistive losses 

of the boron emitter and the associated metallization, corresponding to experimentally 

obtained values in this thesis. The number of fingers on the BSF is 93. 

Table 8: Input parameters used for the analytical model describing the impact of the BSF 

properties on cell efficiency (Section 4.5) 

Variable parameters describing the BSF
J0pass,BSF 

[fA/cm²] 
J0met,BSF 

[fA/cm²] 
C 

[mΩcm²]
Rsh 

[Ω/sq]

157-529 365-1334 2-11 43-108

Constant parameters describing base and emitter 
Base resistivity 

[Ωcm] 
Base thickness

[μm] 
J0e 

[fA/cm²]
Jsc 

[mA/cm²] 
J02 

[nA/cm²] 
3 180 180 39 20

Constant parameters describing mainly the rear side metallization 
Specific resistance of 

metal finger 
[μΩcm] 

Rear 
finger width

[μm] 

Rear BB 
width 
[μm] 

Effective 
finger height

[μm] 

BB 
height
[μm] 

Number of 
BB 

External 
contact 

pins 
3.5 80 1500 18.3 24 3 24
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Table 8 lists the important input parameters used for the simulations presented in Section 

4.5. As mentioned above the values in Table 8 are chosen in order to allow for a comparison 

of the simulated data with the experimental results in Section 4.6. The values in Table 9, 

which are chosen for an estimation of further optimization potential (Section 4.8) are chosen 

differently, since they incorporate e.g. expected improvements in production technology like 

smaller finger widths of the screen printed metallization. 

Table 9: Input parameters used for the analytical model describing the impact of the BSF 

properties on cell efficiency (Section4.8) 

Variable parameters describing the BSF
J0pass,BSF 

[fA/cm²] 
J0met,BSF 

[fA/cm²] 
C 

[mΩcm²]
Rsh 

[Ω/sq]

157-529 365-1334 2-11 43-108

Constant parameters describing base and emitter 
Base resistivity 

[Ωcm] 
Base thickness

[μm] 
J0e 

[fA/cm²]
Jsc 

[mA/cm²]
J02 

[nA/cm²] 
1.5 180 180 39 20

Constant parameters describing mainly the rear side metallization 
Specific resistance of 

metal finger 
[μΩcm] 

Rear 
finger width 

[μm] 

Rear BB 
width 
[μm] 

Effective 
finger height

[μm] 

BB 
height
[μm] 

Number of 
BB 

External 
contact 

pins 
3.5 60 1500 18.3 24 3 24
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C Model for lumped series resistance of BSF and base 

in PERT type structures  

Figure 61: Schematic representation of current flow in base and full area back surface field 

(BSF). a) depicts the current flow when the sheet resistance of the BSF (Rsh) is small 

compared to the base resistance (Rbase). Here the current flows vertically in the base 

and then laterally in the BSF (“base+BSF”). b) is valid if Rbase << Rsh. The current 

takes the shortest path minimizing the path length in the BSF. c) visualizes the 

model used in this thesis, which assumes vertical current flow in the base and then 

lateral current flow through base and BSF (“base + BSF||base”). d) depicts the 

model “only base” used as an estimate for the minimum series resistance which 

only includes the contribution of vertical current flow in the base.  

In this appendix the current flow and the resulting lumped series resistance in the base and a 

full area BSF are discussed. First special cases where analytical solutions are available are 

described qualitatively and then the model used in this thesis is explained. The situation 

under investigation is as follows: Current is injected homogeneously into the base and then 
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needs to reach the local rear metal contact. The current flow depends on material properties 

and follows the path of minimum resistance.  

Two examples to visualize this concept are depicted in Figure 61 a) and b). Figure 61 a) 

describes a case where the resistance of the base Rbase is much larger than the sheet 

resistance of the BSF (RBSF). In order to minimize the total resistance, the current path 

minimizes the path length in the base (“base +BSF”). This leads to vertical current flow in the 

base and then horizontal current flow in the BSF. If the resistance of the base is much larger 

than the resistance of the BSF (Figure 61 b), the path length in the BSF is minimized. This 

leads to a spatially dependent current flow direction in the base and then vertical current 

flow through the BSF to the metal finger. Thus in summary, the precise current path depends 

amongst others on the resistance of base and BSF.  

In this thesis the model sketched in Figure 61 c) is used. Here the current is proposed to flow 

vertically through the base and then horizontally through a parallel circuit of base and BSF 

(“base + BSF||base”). This decreases the total resistance compared to case a). In order to 

estimate the error of this model the current flow named “only base” is introduced in 

Figure 61 d). Here only the contribution of vertical current flow in the base to the lumped 

series is included, which corresponds to (Rsh,BSF = 0Ω/sq). This allows for the calculation of a 

lower limit of the lumped series resistance.  

In the following lumped series resistance resulting from the model used in this thesis (“base + 

BSF||base”) as well as a lower limit (“only base”) and an upper limit (“base + BSF”) are 

calculated following Fellmeth et al. [150] using equations (0.1),(0.2), and(0.3): 

bbbBSFs dR  ,

(model “only base”), 
(0.1)

/2))w+(l(P/2P/lR1/6 BBffsh,  bbbBSFs dR 

(model “base + BSF”), 
(0.2)

/2))w+(l(P/2P/l)(1R/1(1/6 BBff
1

sh,  
bbbbbBSFs ddR 

(model “base + BSF||base”), 
(0.3)

with the base resistivity b, the sheet resistance of the BSF Rsh, the thickness of the base db,  
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a) 

b) 

c) 
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Figure 62: Calculated lumped series resistance of base and BSF Rs,bBSF over sheet resistance 

Rsh of the BSF for base for different base resistivities of b of (a) 1 Ωcm, (b) 3 Ωcm, 

and (c) 10 Ωcm. The models used for calculation are schematically depicted in 

Figure 61 d) (“only base”), a) (“base + BSF”) , and c) (“base +BSF||base”). 
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the finger length lf, the distance between the fingers (pitch) P and the width of the busbars 

wBB on the front of the solar cells. The equations presented above neglect current collection 

by busbars.  

The evolution of the lumped series resistance Rs,bBSF (Figure 62) is generated using the 

equations presented above and the parameters presented in Table 10. 

For the range of sheet resistance and base resistivities under investigation the lumped series 

resistance resulting from the model “base + BSF” is larger than the value resulting from 

“base + BSF||base”, which is itself larger than Rs,bBSF calculated according to the model “only 

base”. Since the model “only base” underestimates Rs,bBSF and the model “base + BSF” 

overestimates Rs,bBSF, the lumped series resistance resulting from the model “base + 

BSF||base” is between the minimum and maximum estimate of Rs,bBSF for the complete 

parameter range under investigation. The relevant parameter space for this thesis covers base 

resistivities around 3 Ωcm and sheet resistances between 40 and 110 Ω/sq. 

Table 10: Input parameters used for the analytical modelling of lumped series resistance  

b 
[Ωcm] 

Rsh 
[Ω/sq] 

db 
[cm] 

lf 
[mm] 

P 
[mm] 

wBB 
[mm] 

1-10 10-150 0.018 26 1.5 1.5 
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List of abbreviations 

QPOCl3 N2-POCl3 gas flow 

dPSG Thickness of PSG layer 

Rsh Sheet resistance 

BSF Back surface field 

FSF Front surface field 

J0 Dark saturation current density 

Jsc Short circuit current density 

Voc Open circuit voltage 

FF Fill factor 

J0pass,BSF Dark saturation current density for passivated part of the BSF 

J0met,BSF Dark saturation current density for metalized part of the BSF 

SRV Surface recombination velocity 

Jcollect Collection current 

pox Partial pressure of oxygen 

C Specific contact resistance 

nint Number of intervals for ramp up used for iterative modelling of 

SiO2 layer growth 

ΔdSiO2 Thickness of additionally grown SiO2 layer  

di Initial layer thickness 

J0met Dark saturation current density for metalized areas 

Rp Parallel resistance after the two diode equation 

pcryst,direct Area coverage of imprints (interpreted as crystals in direct 

contact with the silicon bulk) 

C,crystal Specific contact resistance of crystallite in direct contact with the 

bulk silicon 

C,tunnel Contribution from tunneling to specific contact resistance 

 Solar cell conversion efficiency 

APCVD Atmospheric pressure chemical vapor deposition 
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slm Standard liter per minute 
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