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Chapter 1

Introduction

The Stern Review [1] suggests that urgent and immediate action will reduce the economic impact of climate change if compared to the cost of inaction.

The independent

report claims it is the first to categorically identify the economic impacts of climate change
according to a scale of action. Major recommendations from the report call to decarbonise
both industrialised and developing economies simultaneously in order to reduce the projected warming and impact on the Earth's atmosphere. As the projected temperature of
warming increases the severity of impacts increase economically, socially and biologically.
The report also highhghts that there will be an uneven distribution of impacts weighted
toward developing countries who are already marginal in their ability to deal with even minor variations in their climate due to the relative dependence on agriculture as their main
income or livehhood. The Intergovernmental Panel on Chmate Change (IPCC) released
the fourth assessment report "Chmate Change 2007 (AR4)" [2] on the 17th of November
2007.

The newest findings indicate that current CO2 concentration in the atmosphere

(mid 2005 445 ppm) has already exceeded the worst case expectations that were predicted
in previous IPCC reports in 2001.
In response to the Stern Review and IPCC reports it is evident that early and sustained action is required. Sustained action is needed together with available technologies
which could be applied to reduce the impacts of chmate change.

Now the question of

how to implement solutions to reduce the impacts is needed. One response to address
decarbonisation is renewable energy.
The use of renewable resources is the long-term goal of any continuing civilisation.
These include all forms of renewable energy. Solar energy is a large component of the
growing renewable energy market. Photovoltaics (PV) is one way for converting sunlight
into electricity.

Throughout the history of photovoltaic generation, cost and efficiency

have always been the determining factors behind market exposure.
Crystalline silicon technology compromises 89% [3] of the current production market.

1. Characterisation Techniques

There are three types of sihcon technology used in crystalline silicon. The first being
Czochralski (CZ) monocrystalline technology with directional solidification. The second
is multicrystalline (mc) material which is cast. In 2006 a major component of the silicon
(43.4%) was represented by monocrystalline wafers and 46.5% was mc-Si. The third 10.1%
share [3] of cell types consisted of non-wafered sheets or ribbons, Cadmium Telluride
(CdTe), amorphous silicon (a-Si) and Copper Indium Selenide (CIS).
The greatest percentage share of world PV production is dominated by the mature
crystalline technology [3]. There is an increasing share of mc-Si technology with typical
conversion efficiencies in the 15-16% range. However the highest efficiencies are in the
monocrystalline sector of the market with some manufacturers reporting 21% [4].
Crystalline solar cell technologies can be one of the most beneficial technologies used to
decarbonise the world electricity markets, mainly due to the widely published knowledge
and processing conditions that are in existence today to produce this "1st generation"
technology.
Being at the highest efficiency and 43.4% of silicon technology, monocrystalline solar
cells are a large component of current solar cell production . These cells rely on the thermal
silicon dioxide to produce their high efficiencies. In the large scale manufactured case this
occurs at the Sunpower Corporation [4] and Q-cells corporation [5]. In the laboratory case
at the University of New South Wales with the Passive Emitter Rear-Locally Diffused
(PERL) cells incorporating a thermal oxide [6]. Also the promising "Sliver"

solar cell

technology incorporates a thermally passivating oxide which is in the late stages of pilot
production [7].
In monocrystalline technology the high-purity material has high bulk lifetimes and
this brings into the question of the surface properties of the solar cell as the quality of the
surfaces become the limiting factor determining the cell efficiency.
This thesis concentrates on the area of surface passivation for solar cells. A surface
passivation schematic is shown in Figure 1.1
Surface passivation is a way of increasing the quality of the interface between the silicon
substrate and the insulator. It is a way of reducing the loss of electrons or holes that have
been generated in the silicon substrate. This thesis characterises surfaces passivated with
a thermaly grown silicon dioxide (Si02) for high-efficiency monocrystalfine solar cells. An
interface between the silicon and the Si02 is grown. Thermally grown silicon dioxide is
a very good way to lock dangling bonds on a silicon substrate and therefore a very good
surface passivation technique. This will be referred to as the Si-Si02 interface. Measuring

Anti-Reflection Coating
(ARC) -70-100 nm
Random Texture
Si-SiOi Interface

SiO, Passivating Layer
- 2 0 nm

Si Substrate

Figure 1.1: A schematic showitig the front surface of a typical high efficiency solar cell and the
Si-SiOa interface.
the quality of this interface is a way of determining the performance of the finished solar
cells.
The main emphasis of this work was to develop a way to characterise surfaces that
have been subjected to an accelerated humidity environment. In particular the humidity
degradation test is described by the damp heat test which is used in the International
Electrotechnical Commission's (lEC) accelerated standard test sequence for solar cell certification. Therefore, in order to make this relevant, the silicon-silicon dioxide interface
was characterised with both the capacitance-voltage (CV) measurement technique and
with the transient photoconductance decay (PCD) technique. This characterisation was
needed on Si-Si02 of planar and ultimately textured nature. Surfaces were characterised
before and after being exposed to the damp heat test of 85% humidity at 85 °C for periods
of tip to 10,000 mintites [8].
Atmospheric pressure chemical vapour deposition (APC VD) is a way of depositing thin
films on substrates, specifically to deposit the anti-refiection coating of titanium dioxide
T i 0 2 on a silicon substrate that is already passivated with a thermal oxide for solar cells.
Since the mid-1990s the dominant manufacturing technique for solar cell production on
both mc-Si and monocrystalline silicon has been the use of SiN^; as a way to passivate
the surfaces and to provide anti-refiection properties. It has been shown that an A P C V D
deposited T i 0 2 is up to three times cheaper to provide an anti-refiection coating for solar
cells when compared to an amorphous SiN^; [9]. Therefore it is desirable to investigate the
surface passivating properties of T i 0 2 AR coatings under accelerated humidity conditions.
This was also done on textured surfaces.
This tliesis explores the possibilities that can contribute to a greater understanding of
solar cell behaviour in their operational hfetimes. It firstly examines a way to characterise
recombination mechanisms in possible solar cell surfaces. The second part applies these
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characterisation techniques to different surface passivation techniques and exposes these
samples to humidity environments. The resultant changes in the number of dangling bonds
or interface states {Dif), Emitter Saturation Current Density {JQE) and Effective carrier
hfetime (Teff) are analysed.
It is shown that the passivation quality of planar and textured Si02 layers degraded
in damp heat environments. This was conducted for thicknesses ranging from 20 -200
nm. There was no correlation between oxide thickness and degradation amount for this
thickness range. CV analysis found that the reason for degradation was an increase in
Da amount with increasing humidity exposure time. Textured surfaces were found to
have a higher Da by ~ 10 times over their equivalent planar surfaces. Samples that were
fabricated to have a Si-Si02 layer with a Ti02 layer on top to approximate a solar cell
with a passivating Si02 layer and a Ti02 anti reflection (AR) coating were also tested. It
was found that for the deposition parameters of Ti02 tested it had no effect on reducing
the degradation of the passivating layer. It is hypothesised that the Ti02 is too porous to
prevent the H2O molecule permeating through the layer.
Chapter 2 is an overview of the CV characterisation, PCD and other characterisation
techniques employed in this work.
Chapter 3 examines the impact of a textured surface on recombination and reflection. It outlines JQE values, Scanning Electron Microscopy (SEM) and Weighted Average
Reflectance (Rw) calculations from spectrophotometry measurements. The thermal passivation that is acheived on these textured surfaces can be reduced by exposing the samples
to damp heat environments.
Chapter 4 examines the impact of the damp heat test on the Si-Si02 interface, firstly
with the bare silicon dioxide as the passivation layer characterised by CV and PCD measurements. It describes the background of high temperature water vapour exposure to
Si-Si02 interfaces and then recent low temperature experiments in humid environments.
Low temperature becomes increasingly relevant to solar cells that are exposed to working
environments.
Chapter 5 adds a Ti02 layer as the AR coating deposited on top of a passivating Si02
layer characterised by PCD measurements.

Only PCD measurements were successful

on these structures due to adverse leakage currents through the Ti02 layers with CV
measurement. It was found that regardless of a deposited Ti02 layer on top of a Si02
layer, the structure still underwent damp heat degradation.
diflering Ti02 layer thicknesses.

This was also tested on

A summary of all the main conclusions is given in Chapter 6.

Chapter 2

A Review of the Characterisation
Techniques used for this Work

2.1

Introduction

This chapter explains the characterisation methods that were used in this work. Firstly
the focus of the chapter is on the capacitance-voltage (CV) method, secondly photoconductance decay lifetime (PCD) and finally the other methods are outUned. These include
Scanning Electron Microscopy (SEM) and spectrophotometery. The combination of these
characterisation tools quantify the findings in this work in Chapters 3, 4 and 5.
CV is a technique of measuring the characteristics of the stack capacitance of a Metal
Oxide Semiconductor (MOS) structure under varying voltage conditions.

CV measure-

ments can be used as a tool to determine the density of interface states ( A t ) at the
silicon-silicon dioxide (Si-Si02) interface, and the mean charge density QM of the oxide
or dielectric layer. By knowing DA and QM under different surface conditions, surface
passivation techniques that are directly relevant to semiconductors and solar cells can be
quantified, and therefore better understood.
When varying voltages are applied depending on their polarity and size, they affect the
band structure of the semiconductor. Due to the charge neutrality condition that must
always hold the net total charge of the MOS capacitor at zero, the charges redistribute
through the structure depending on the polarity of the applied voltage. This manifests in
changes to the band structure of the MOS capacitor and is called band bending. The goal
of these measurements is to extract the D^, because the states at the Si-Si02 interface
have an associated charge storage mechanism or capacitance associated with them. There
are a few techniques employed to do this. They are Quasi-static (QS) measurements. High
Frequency (HF) measurements or a combination of both QS and HF measurements.
The semiconductor industry has been using the CV measurement technique for the
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characterisation of tlie Si-Si02 interface since the early 1960s [10-13] to calculate the
changes in D n that occur at this interface. It is the most widely used tool to determine
the surface state properties of the M O S capacitor.
The Si-Si02 interface is the key passivating interface of monocrystalline high efficiency
solar cells. The C V method has been applied to the measurement of dielectric layers in
solar cells. Lenkeit et al. [14] has applied the C V measurement technique to silicon nitride
layers both in the dark and under illumination proposing the possibility of near-interface
states. The C V measurement technique has been used to characterise amorphous silicon
passivated solar cells before.

Sakata et al. [15] were able to apply C V measurements

to hydrogenated amorphous silicon using liquid Schottky barriers to determine the net
density of positive space charge due to ionized traps and impurities in a-Si:H (Ne). Dutta
et al. [16] was able to calculate D u in a-Si:H p-i-n structures.
The first part of this chapter provides a brief overview of underlying theory of C V
measurement used as a characterisation technique for the Si-Si02 interface. More detail
about the semiconductor physics of C V measurements can be found in the texts of Nicollian
and Brews [17], Sze [18] and Castagne and Vapaille [19]. This chapter also discusses the
limitations of CV measurements and certain conditions that could arise when this tool
is used to characterise the passivated interfaces that this thesis investigates. A baseline
method is outlined for fabrication of M O S capacitors for the work in this thesis.
Finally a summary of the P C D and other characterisation techniques used in this work
is outlined.

2.2

The Capacitance-Voltage Characterisation Technique

The small signal capacitance per unit area of a two terminal device can be defined as
the derivative of the charge {dQ) on each terminal with respect to the voltage {dV) across
them:

2.2.1

M O S Structures at Flat-Band

When a M O S structure has zero applied voltage, the conduction ( E c ) , intrinsic Fermi
(£•,), Fermi (Ep) and valance {Ey) bands of the semiconductor are flat. Figure 2.1 shows
an example of the M O S structures used in this work. Figure 2.2 shows an ideal p-type
M O S semiconductor at V == 0. It defines the work function {q^rn for the metal and q^s
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Figure 2.1: The typical MOS structure that was fabricated in this work. Note that in later
chapters variations on this structure are tested, here the front surface is planar however in later
chapters it is textured and Ti02 is added.
for the semiconductor) as the difference between the vacuum level and the Fermi level,
this varies between the metal and the semiconductor with the Fermi level of the metal
slightly higher than the semiconductor. The electron affinity {qx) is defined as the energy
difference between the conduction band edge and the vacuum level in the semiconductor.
The diff'erence between the Fermi level and the intrinsic Fermi level is defined as q'^s- A
sweep from negative to positive is now described for a p-type semiconductor. This starts
in accumulation, moves to flat-band and depletion and finally reaches the inversion stage.
Each of these stages are described in Sections 2.2.2 to 2.5.

2.2.2

Accumulation

A range of charge conditions is described with a negative voltage applied to the gate of
a p-type silicon MOS structure results in an accumulation of positive charge at the silicon
surface.

Therefore the capacitance of the structure is equal to the oxide capacitance

{Cox)-

The sequence of charge separation in the MOS structure is outhned in Figure

2.3. There are slight signal variances in - dQ and -H dQ stored on the metal gate and
the silicon surface when a small A.C. gate voltage {VG) is superimposed on the D.C. bias

10
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Figure 2.2: An energy band diagram of a MOS diode at V = 0 adapted from Sze [18]
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Figure 2.3: As the negative applied gate voltage causes electrostatic interaction in the MOS
structure cause accumulation of positive charges at the p-silicon interface
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voltage. When the system is connected to an instrument that measures the small signal
capacitance that is associated with these variations, the measured capacitance is nearly
equal to that of the oxide itself because the charge in the silicon is small compared to
the oxide.

As the surface becomes more accumulated the accumulation layer becomes

thinner. The metal gate charge and the charge in the silicon are separated by a distance
that is approaching oxide thickness (XQA')- The capacitance approaches the capacitance
associated with the oxide. Therefore the capacitance per unit area C in the accumulation
condition approaches:
CoA- = —
Xox

(2-2)

where e o x is the permitivity of the oxide.

2.2.3

Flat-band and Depletion

Assuming that the JMOS structure is already in accumulation, if the gate voltage sweep
approaches zero, the positive charges that were at the silicon surface move deeper into the
bulk. At the point where the negative gate voltage is equivalent to the fixed positive oxide
charge, the surface potential {rp) of the MOS structure becomes zero. This point is known
as the flat-band voltage (V>b). The capacitance of the MOS structure at flat-band voltage
{CpB ) can be expressed as:

l/CoA' + Lo/es
where LD is the is the extrinsic Debye length [18] and e^ is the dielectric permittivity of
silicon. As an apphed D.C. ramp voltage is swept from this accumulation state to a more
positive voltage, charge separation occurs. Positive charges are repelled from the silicon
interface towards the rear and negative charges are attracted to near the interface. The
overall capacitance in this situation corresponds to the capacitance of a series connection
of the oxide capacitance and the capacitance (C^) across the surface depletion region, as
shown in Equation 2.4
C =

I/Cox

^
+

Xoxl^ox

^
+ ^dt^s

(2.4)

where x^ is the width of the surface depletion layer that depends on the gate bias as well
as the doping and the oxide properties. Xd is also dependent on the dopant density (iV^),
the charge of an electron is q and </>« is the work function of the semiconductor as shown
in Equation 2.5.

12
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Xd =

I2e,

(2.5)

The silicon and the system moves into depletion because the positive charges have
now been pushed away from the silicon surface leaving exposed negative charges. This is
evident in Figure 2.4.
(b)

(a)
Depletion

M
o
EC
Ei
V>0
+

Ef
Ev

Ef ~

Figure 2.4: A negative bias switches to a positive bias and the rearrangement of charges throughout the MOS structure start to change starting a build up of negative charges at the Si-Si02
interface

2.2.4

Inversion

As the positive bias continues to increase in magnitude then more negative charges
accumulate at the Si-Si02 interface which causes a negative inversion effect. If the gate
bias continues to increase in the positive direction the conduction and the valence bands
bend even further downwards, the intrinsic level (£",) crosses over the Fermi-Level [Ep).
This causes an inversion region at the surface whereby there is a greater population of
minority carriers than majority carriers. This is shown in Figure 2.5.
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(b)

Ec
Ef
Ei
Ev

V»0
Ef —

Figure 2.5: The onset of inversion in a MOS structure under positive gate bias

2.3

Q S C V Measurements for the Density of States

A n example of a Q S C V curve with a high QM and D a is shown in Figure 2.6.

The

addition of QM shifts the QS curve to the left and the addition of D u shifts the minima
upwards.

2.3.1

QSCV Measurement to Extract the Density of States

A Q S C V measurement is obtained by measuring the M O S charging current in response
to a linear voltage ramp giving a direct proportionality between the charging current and
the incremental M O S capacitance.
analysis to extract the Du-

Kuhn [13] was able to set up this measurement and

T h e measurement was made with an analog differentiator

incorporating the M O S as the capacitive element.
From the measurement of the Q S C V data the surface potential and the Du distribution
across the band-gap can be extracted.

The D u is calculated by taking the difference

between the measured semiconductor capacitance and the ideal calculated semiconductor
capacitance at each value of the surface potential.

T h e ideal calculated semiconductor

capacitance is given by a M O S capacitor that does not have any excess charge in the oxide
from interface states.
T h e main Umitations of this technique are related to the distribution of the D u espe-

14
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Figure 2.6: This is an experimental example of a comparison between a QSCV curve with low
Dit and low QM (circles) and a QSCV curve with high Du and high QM (squares). This data was
taken from experimental data obtained for Chapter 4.

cially towards the valence b a n d edge. T h e r e is also a limit in the sensitivity of the Dit due
t o the d o p i n g density of the s e m i c o n d u c t o r that is used. D u e to the calculation of D a dep e n d i n g o n the difference between the measured and ideal surface capacitances, the ideal
surface c a p a c i t a n c e b e c o m e s a reference for D u measurements. If the assumption that a
10% c h a n g e is largely d u e t o a possible error in d o p i n g density then the ultimate sensitivity
of Dit d r o p s t o 1 X

s t a t e s / c m ^ / e V . T h e Figure 2.6 shows a typical measured Q S C V

curve.

2.3.2

H F C V Measurement with no Fixed Charge or Density of States

A H F measurement r e s p o n d s differently t o changes in A t and QM t o a Q S measurement. T h i s is d u e t o the i m p o s e d A . C . frequency in the measurement. High frequencies
d o not allow defects t o charge or discharge in t i m e before the measurement is taken. T h e
point where surface potential is equal t o zero changes according t o more or less

QM-

T h i s shifts the same H F curve either t o a lower applied voltage for more positive QM or
conversely for negative QM-

T h e curves are outlined in Figure 2.7.
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Figure 2 . 7 :

A comparison between an experimental HFCV curve with low Dit and low QM

(squares) and a HFCV curve with high Dn and high Q m (circles).

2.3.3

HFCV Measurement to Extract the Density of States

As one sweeps the frequency from a very low frequency, the states start to contribute
to capacitance in the traps or recombination sites. The charges can be measured in order
to calculate Dn using the condition of charge neutrality throughout the total device. This
can be seen in Figure 2.8 whereby the sum of all charges is equal to zero. T h e system is
for a p-type silicon wafer where W is the depletion layer width and NA is the acceptor
density per unit volume.
The HF method for calculating Dn makes use of the time constants of these states
contributing to the MOS oxide capacitance with a varying voltage applied to it. Terman
[10] was the first to derive this method of calculating Du with only a high frequency
C V measurement.

Terman [10] was able to derive a small-signal equivalent circuit that

includes the effect of the Du- The total capacitance of the MOS stack is a series connection of the oxide capacitance and depletion capacitance.

This occurs when doing a HF

measurement. The presence of surface states will alter the shape of C V curves even when
the measurements are made at a frequency high enough that the states do not contribute
their charge to the capacitance measurements. At a certain voltage, surface states that
have defect energy levels above the Fermi-level will be empty. These empty states represent a density of positive charge at the extreme point of the Si-Si02 interface and cause
an additional field in the oxide. T h e C V curve will then be shifted horizontally by the
amount of increased voltage drop in the oxide. The amount of this shift will depend on the

16
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Figure 2.8: (a) p-silicon band bending showing that the sum of all charges (b) in the MOS
structure sum to zero, adapted from Sze [18],
density and the location of these states in the band-gap. Thereby a comparison between
theoretical and actual HFCV curves can determine the A t During a IMHz HFCV measurement, none of the interface traps (centres that have
the ability to store charge and therefore the ability to change the capacitance) do not
respond. For ~ lOIIz QS measurements the low frequency capacitance is equal to the
oxide capacitance since charge is added to and from the inversion layer. All the interface
trap centers have the ability to store charge due to the longer relaxation times that are
allowed in QS case.
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T h e frequency of the measurement affects the measured capacitance. T h e relationship
between capacitance and frequency is shown in Equation 2.6, where Cp is the equivalent measured parallel capacitance, Cg is the accumulation capacitance, Rg is the series
resistance and uj is the angular frequency of capacitance meter measuring signal.^

C

"

(2.6)

1 + a;2 R C2

T h e equivalent circuit diagram of Equation 2.6 is shown in Figure 2.9.

Capacitance Meter

Actual Device

Cs - y .
)

Gp
:

T h e resultant

Accumulation
Capacitance

Cp

Figure 2.9: The equivalent circuit for the combination of frequency response for a MOS capacitor,
showing the capacitance meter and the actual device (adapted from Nicollian and Brews [17] where
Gp is the equivalent measured parallel conductance.
change in stack capacitance at a I M H z H F C V measurement is shown in Figure 2.10 where
Vfb

is the flat-band voltage. As the sweep voltage changes from positive to negative the

resultant stack capacitance of the M O S structure moves from inversion to accumulation.
O n e factor which limits the validity of the Terman [10] method is temperature.

The

theoretical calculation of the HF curve requires an assumption of the location of the
Fermi-level. This is that it has a zero voltage drop across the silicon at the same time as
being at 25 °C.

2.3.4

The Castagne Method for Extracting Du

In this work the Castagne and Vapaille [19] method is used, which employs both
QS and HF measurements.

Interface traps that contribute to D a take time to charge.

By superimposing an A . C . signal on a D.C. voltage sweep on these measurements at
high frequencies, the states response times reach a point where they cannot b e observed.
This creates two distinct behaviors of the same structure when combined with the QS
' T h i s is only valid if u R,C,

<

1 (Cp = Cs)
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Figure 2.10; The corresponding HFCV curve.
measurements because all the states are seen at low frequency. By analyzing the differences
in capacitance at each of the points in the D.C. voltage sweep, one can calculate Du- The
equation to calculate the Du by Castagne [19] is:

. P, , , s

COXCqs

CQXCHF

= Cox - Ca. - Cox -

C,,

(2.7)

Where A is equal to the area under investigation. N and p-type material are used separately in the Castagne method to calculate Du versus band gap distribution. The bottom
half of the band gap uses n-type material to calculate Du and the top half uses p-type
material.
The Castagne [19] method compares measured QSCV data and HF data on the same
MOS sample. For QS (f <0.1Hz) all the interface states and the inversion layer follow the
measurement signal without a time lag. hi the high frequency range, the MOS structure
is pure capacitance and is a result of a series connection of the oxide capacitance,

Cqx,

and of the depletion layer capacitance C o - That is, the HF curve is not atfectcd by higher
Du and can be used as a baseline to calculate the Du from the changing shape of the QS
curve according to applied voltage. This translates to changing Du with changing surface
potential 1-, and therefore a band-gap distribution as shown in Figure 2.11.

19

2.3 Q S C V Measurements for the Density of States

1E13t

tN

E
o

1E12-

Doping Level Difference
1E11

0.0

I—I—1—I—I—I—•—I—I—I—•—I—1—I—
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.9

1.0

1.1

E-E^ (eV)

F i g u r e 2.11: An example of the distribution of Du calculated for n-and p-type samples across
the band-gap. The disjoint is from the different doping levels for the two different samples used
for n-and p-type.

2.3.5

Limitations of the Capacitance-Voltage Method for Determining
Du

Due to the n a t u r e of the calculation t h a t determines D u , some factors will affect its
accuracy and the subsequent uncertainties t h a t arise in the final calculated value. These
factors can be split into two broad areas. T h e first area relates to factors t h a t affect the
design of the MOS capacitor and CV measurement device accuracy. Some examples of
these are the physical setup of the CV capacitance meters and the length of the cables
t h a t are connected to the measurement stage and chuck. There are engineering controls
t h a t can be added to this measurement device to limit the propagation of uncertainties
t h r o u g h measurement including the measurement of multiple circular aluminium front
contacts and averaging the data.

Also by the measurement of the oxide thickness and

avoiding areas where the oxide is too thin. T h e second area relates to assumptions t h a t
are inherent throughout the calculation of Du after the initial measurements are taken.
T h e final value of Du will be bounded by the upper and lower limits of these assumptions
t h a t are inherent in the calculations and engineering controls will be implemented to
minimise the variations caused by the measurement errors. In this section measurement
uncertainties are explained and secondly the assumptions and calculation uncertainties
are also explained.
T h e C V measurement used a combination of H F and QS capacitance meters with a

20

2. Characterisation Techniques

Materials Development Corporation (MDC4CV) [20] setup using a HP4284A HF meter
connected to a HP4140B meter for the QS measurement. This setup is able to output the
raw data and the processing of this data is done using the Castagne method in a separate
specifically written program. The measurement device was calibrated with an MDC4CV
test reference wafer [20]. This was tested on the system and the recorded capacitances
were in the range of 2% of the required capacitance. The calculation uncertainties are
outlined in Appendix A.
The voltage sweep direction can cause inaccuracy if the data is swept from accumulation to inversion or inversion to accumulation. In historical terms the data is swept from
accumulation to inversion. It is much easier to set up a measurement when starting at the
highest capacitance; however due to the time dependence of the generation mechanism
that forms the inversion region of the MOS device, it is better to sweep from inversion to
accumulation.

2.3.6

A Baseline Oxide for MOS Structures

This section explains the parameters that are used to make the standard oxide that will
act as the insulator in the MOS structure. If more detail is required about the assumptions
then Razouk and Deal [21] explains the oxidation parameters. They have undergone the
process of characterising the grown oxides by investigating the structural or intrinsic types
of interface charge and how the value of this relates to oxide processing. Razouk reported
the following relationships that had been explained in literature. It explains the impact
of the process variables on the interface states D,t and the oxidation fixed charge QssTable 2.1 is adapted from Razouk [21].
T a b l e 2.1: Behavior of interface states and oxidation fixed charge from process parameters taken
from [21].
PROCESS

AQss

Decreasing O2 Temp

T

Silicon Orientation (100)^(111)

T

DRY N2, Argon

i

DRY N2 Longer Time
Hydrogen
Water
Argon Implant

ANST

T
T

T

T
T

slight i

i

^

i

T

T

The three factors that were shown to efiFect the interface state density the greatest
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are the oxidation temperature, oxidation ambient, and the dopant type and orientation.
Razouk explains the shape of the defect distribution across the band-gap for Dit with the
anneahng style.
Razonk describes the effectt of temperature, ambient and anneal time in order to show
their effect on Dit • In this work baseline samples were well passivated in order to show the
greatest difference between processes for comparison. Therefore an oxidation that included
an insitu-nitrogen ambient anneal was used for this work. It was also noted from Razouk
that a short pull time in the order of seconds was desired for greater passivation. This
was also conducted for the oxides in this work. Razouk did compare anneals in nitrogen
versus argon. The oxides were annealed in nitrogen in this work. It was found by Montillo
and Balk [22] and by Breed and Kramer [23] that increasing oxidation temperature is able
to reduce D^t in dry oxygen ambients, therefore in this work all oxides were grown at the
highest possible temperature of 1100 °C. Razouk tested three oxidation ambients: dry O2,
H2O and O2/HCL all at 1000 °C and pulled in the oxidizing ambient except O2/HCI or
annealed for 10 miimtes in nitrogen and then pulled in nitrogen. The lowest values of
Dit were quoted to be when there was a 10 minute nitrogen anneal and then pulled in
nitrogen [21]. Therefore an oxidation of the following process was used to make the MOS
capacitors for CV measurement. This will be referred to as the baseline oxide in future
chapters. The annealing process is summarised in Figure 2.12.

2.3.7

M e t h o d o l o g y for fabricating M O S Capacitors in this work

2.3.8

Surface Preparation

The aim of this work was to determine a surface preparation methodology which could
be consistently applied to all samples prepared for this thesis. The two main considerations
concerned the production of samples with low variability and minimal AtAll wafers were etched in 25%(vol.) Tetramethyl Ammonium Hydroxide (TMAH) to
remove saw damage. Typically, 26 /xm was removed. This can be seen in Figure 2.13
with each of the eight samples undergoing different etching times. Samples seen in Figure
2.13(a) all had a mechanically polished starting surface while the samples seen in Figure
2.13(b) started with a saw damaged surface. All samples are plotted in order to show the
saturation levels for DaThe repeatability of CV measurements were investigated for sixteen different surfaces.
From the experiment described below it is concluded the most repeatable measurements
were on that of a surface prepared with a 3 minute HFiHNOs etch on a mechanically
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Figure 2.12: The oxidation parameters for the basehne oxide for the MOS Capacitors fabricated.
polished {100} silicon surface before the oxide was grown. This can be seen by the tight
grouping of the data.
The MOS capacitor was formed by growing a 50 nm thermal oxide (30 minutes with
Trichloroethane ( T C A ) at 1100°C). The front contacts were evaporated aluminium of circular diameter 0.775 mm. Between 18 and 26 of these aluminium contacts were evaporated
through a shadow mask. For the calculation showing that the cicular front contact diameter is independent of area see Appendix B. For the rear contact a Gain eutectic paste
was applied across the whole rear surface to ensure a good ohmic contact.
The removal of the approximate value of 26 /um from the samples before any more
surface preparation technique was employed reduced the variance of the experimental
values when this second version of the initial experiment was employed. All the samples
with an etch when compared to an as-cut (out of the box) wafer have a lower A t . This
is information suggests that even on a surface that is given as mechanical polish it still
can have a lower D a when more chemical etching is applied.

It can be also seen that

with a longer T M A H etch, the resultant Du decreases if your starting with a mechanically
polished surface. The experiment was conducted in order to find out a robust method
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Figure 2.13: Du (States/cm^/eV) vs. surface preparation after the initial 26 ^m was etched off
the samples and the various schemes are applied to the surfaces, (a) shows when the mechanically
polished side acts as the interface preparation side, (b) shows the out of box rough surface acts as
the interface preparation side

for preparing the M O S repeatable surfaces. If the sample starts with a non-mechanically
polished surface and it undergoes a saw damage removal etch in T M A H for 20 minutes
and then a 3 minute HFiHNOa etch, then this will give us a very uniform spread in our
calculated Du- This is desirable. Therefore it can b e concluded that the M O S useful and
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least time consuming etch is a 3 minute HF:HN03 etch given any starting surface. This
etch was used for the wafer preparation throughout the rest of this work. Appendix section
B outlines the experimentation to confirm that Du is independent of circular diameter of
the front contact.

2.4

A Review of Transient Photoconductance Decay Lifetime Techniques

The transient photo-conductance decay (PCD) lifetime measurement technique is to
flash the sample with a short light pulse that is terminated immediately. At this point
the photogeneration of the carriers is zero and the only mechanism effecting the electron
concentration is the recombination.

It is able to measure the effective carrier lifetime

shown in Equation 2.8. A Sinton consulting PCD tester was used for measurement [24].

In the semiconductor the recombination can be defined as the sum of specific mecahnisrns. These being Shockley Read Hall, Auger and emitter. Depending on the excess
carrier density, the type of recombination that occurs is dominated by one of these factors. The measured effective lifetime is the inverse sum of these three mechanisms. For the
definition of an effective lifetime, SRH for the low carrier density and Auger for the high
carrier density in the bulk are considered with the emitter and surface effects. Effective
lifetime is a combination of these recombination mechanisms as shown in Equation 2.9:^
Teff

^
TSRH

+ ^
TAuger

(2.9)

Temitter

In reality the surface passivation is not perfect therefore recombination can occur near or at
the surface. JQE calculations are an extension of T^jf theory calculation for symmetrically
diffused samples [25, 26]. In an emitter that is generally present within a n+pn+ structure
the n+ emitter is the limiting area where the MOS recombination occurs. For well passivated emitters, a light diffusion is enough for the emitter to reduce surface recombination
due to the repelling characteristics but is also light enough to suppress emitter recombination. Low JQE values correspond to well passivated surfaces. The total recombination
is defined in Equation 2.10:
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(2.10)

Wliere N is the doping density of the semiconductor, nf is the intrinsic carrier concentration, q is the charge, W is the depletion width and CA is the ambipolar Auger coefficient.
After a transient measurement JQE was extracted in this work for excess minority carrier
densities from 1 xlO^"^ to 1 xlO^® cm ^ because all other factors are known.
An example of a typical measurement of Tg// for a 100 fi.cm p-type material across
the excess minority carrier density range is given in Figure 2.14. In the low excess carrier
density (injection) range SRH recombination dominates the other effects.

In the mid

injection range, emitter recombination takes over and in the high-injection range Auger
recombination bccomes the domhiant cfi'ect.
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F i g u r e 2 . 1 4 : A n example of the effective lifetime over the excess carrier density range from 1
x l O ' ^ t o 1.1x10^® c m - 3 .

It was found that there was decreasing surface passivation quality of the Si02 in air
environments. This is an example that was not uncommon in many samples fabricated for
humidity exposure in this work and other concurrent work. TV-type samples of SO.cm were
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subjected to a 3 minute HFtHNOs etch, cleaned and oxidised at 1100°C for 30 minutes.
The samples were subjected to a forming gas anneal (FGA) at 400°C for 30 minutes
then left to settle in an air environment for 56 days before exposing them to the damp
heat test chamber. The resultant settling process is summarised in Figure 2.15. Other

—m— SiOj Planar Sample 1
— S I O j Planar Sample 2
-A

SiO^ Textured Sample 1

- - T ^ SiOj Textured Sample 2

Time in Air after FGA (days)

Figure 2 . 1 5 : Effective lifetime measured at 1 x 10

for the first 56 days after an FGA of

the samples before they were exposed to humidity.

work has shown that there is a standard degradation of the oxide-passivated samples with
phosphorous diffusions after an FGA. However this work does not correspond to these
samples. There is a consensus that oxide-passivated samples that have an FGA are not
static in their passivation [27].

2.5

Other measurements used in this work

Scanning electron microscopy (SEM) was used to quantify the amount of anisotropic
rounding that occurs from a HFiHNOa etch in Chapter 3. A Hitachi S2250-N Conventional
and low-vacuum SEM was used to capture the images at 3KV. SEM is an imaging process
used to identify features that smaller than the wavelength of light that could not be seen
with a conventional microscope [28].
Spectrophotometry was used to measure the percentage of reflection from a range of
planar, textured and anisotropically HFiHNOa etched surfaces in Chapter 3. A Varian 5
spectrophotometer was used with an integrating sphere to measure the percentage reflection from 300- 1100 nm.

2.6 Chapter Summary

2.6
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Chapter Summary

The first part of this chapter explained the basis of QS and HFCV measurements and
a historical perspective to these measurements. It explained the aims of making these
measurements on MOS structures that were fabricated in this thesis. The second part of
the chapter explained the Castagne method that was used to make these measurements,
and the limitations of this method. An outline of charge separation and buildup with a
varying voltage of a typical MOS structure was explained in detail to emphasise that the
MOS structures charge continuity is continually changing under varying voltages to hold
true to the total net zero charge buildup under measurement. This aspect is used for the
basis of a CV measurement and thus to calculate the Da. The fabrication methodology
for producing a baseline MOS structure for all the work in the later part of this thesis
was outlined. Finally the last part of this work summarises the PCD characterisation and
other measurement techniques used throughout this thesis.

Chapter 3

Density of Interface States of
Oxide Passivated Textured Silicon
With Random Pyramids

3.1

Introduction

In the crystalline photovoltaic industry random texturing is commonly used because
the increase in area allows the incident rays to interact with the surface twice. Some 43%
[3] of industrial crystalline silicon solar cells are randomly textured on the front surface
to maximize the amount of light coupled into the electrically active device. Anisotropic
etches such as Tetra-Methyl Ammonium Hydroxide (TMAH) and Potassium Hydroxide
(KOH) selectively etch away the {100} surface to leave behind {111} planes. These occur
at a angle of 54.75° to the {100} surface. The texturing is random because pyramids can
form at any location on the silicon surface and their size varies. It is already known that
textured surfaces have a higher recombination than their equivalent planar surfaces [18].
This is due to the interaction of the passivating interface and the surface geometry of the
textured surface. However, the physical reason is not known how it effects the density of
interface states {Dit)To the author's knowledge, Du at the Si-Si02 interface of textured silicon has not
previously been published. Knowledge of D^t and how it is affected by processhig will help
improve the understanding of surface recombination in high-efficiency solar cells.
The aim of this work is to determine Du of randomly textured Si-Si02 interface.
Firstly, capacitance-voltage (CV) techniques were applied to textured MOS structures
unsuccessfully.

This was due to prohibitive leakage-currents through the oxide.

The

leakage was reduced by applying rounding etches to the textured surfaces which enabled
characterisation of Du. Other techniques used in parallel to CV were photoconductance,
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Figure 3.1: A square pyramid, as formed on a {100} surface exposing the facets of the {111}
planes at O =54.75° to the horizontal.
reflectance and scanning electron microscopy (SEM). These combined have quantitatively
produced a detailed description of anisotropic random texturing.

3.2

Background

Randomly textured surfaces produced from anisotropic etches have a higher area than
their equivalent planar surfaces. The area of a textured surface is ( b ^ / c o s S j / b ^ = 1.732
times greater than that of the equivalent planar surface assuming for a square pyramid
with an angle of the trough to the perpendicular of 54.75°. This is outlined in Figure 3.1.

Glunz et al. [29] and King et al. [30] have determined the surface recombination velocity (SRV) of the Si-Si02 interface and emitter saturation current density {JQE) of textured
samples. Glunz et al. was able to determine the surface recombination velocity on planar
surfaces to increase from (SRV= 67-1200 cm/s) for textured surfaces. Glunz et al. also

3.3 Experimental Procedure
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proposed a lateral inhomogeneous diffusion profile due to tfie pyramid geometry for the
diffused samples. The peaks of the pyramids were proposed to have a higher dopant concentration per imit volume compared to the troughs where there is a lower concentration
than a planar surface. Only the side walls of the pyramids have a similar condition as the
planar surfaces. King et al. [30] found that for an emitter thickness of 1 nm and a phosphorus surface concentration of 1 xlO^® cm

the JQE of a planar {100} surface was 35

fA/cm^, while a textured surface was 80 fA/cm^. This equates to an increase of 2-3 times
for textured over equivalent planar surfaces. Kerr et al. [31] also quotes textured surfaces
having ~ 3 times greater JQE for a similar oxide and sheet resistance range. Cousins et al.
[32] go on to measure the effective bulk lifetime of textured surfaces compared to planar
surfaces. These were for undiffused samples. Cousins et al. explains that when a silicon
dioxide is grown on a silicon surface each unit of silicon is used to expand 2.25 units of silicon dioxide. If the sharp surface features are oxidised the stresses in the oxide exceed the
critical resolved sheer stress in the silicon causing dislocations and defects at the Si-Si02
interface. Cousins et al. measured the effective lifetune of non-diffused textured sihcon to
be ~2-3 times less than their equivalent planar surfaces. There are therefore two separate
effects causing a higher JQE on a randomly textured diffused wafer.

3.3

Experimental Procedure

Figure 3.2 outlines the sample processing sequence. Three sets of samples were produced. Set A were for SEM and reflectance measurements. MOS structures were fabricated
for CV measurement on Set B. Set C are symmetric structures suitable for photoconductance.
All samples received a 3 minute 1:5 HFiHNOa isotropic polishing etch, followed by
a Iso-Propyl Alcohol (IPA) T M A H texturing etch (80°C for 40-50 minutes).

A range

of concentration ratios of HFiHNOs were then applied, producing surfaces varying from
completely textured to completely planar. An etch time of 1 miimte was applied to all
samples, except for the 1:10 ratio etch that underwent; 1 min and 2 min. This HFiHNOs
etch of varying concentrations will be referred to as a rounding etch. Wafers from Set A
were rinsed and set aside for characterisation.

The surfaces were examined with SEM.

Reflectance measurements were conducted with a VARIAN Cary 5 spectrophotometer
with an integrating sphere.
Wafers from Set B were then fabricated into MOS structures and measured by CV as
described in Chapter 2, Sections 2.3.6 and 2.3.3. The CV measurements were conducted
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Figure 3.2: The experimental procedure for the characterisation of textured samples outlining
sets A, B and C.

as explained in Chapter 2.
Wafers from Set C were then cleaned, diffused and oxidised for drive-in as shown
in Figure 3.2. T h e effective lifetime of the samples were then measured with transient
photoconductance decay. The transient analysis of Kane and Swanson [26] was used to
extract Job-

3.4 S E M Imagery
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SEM Imagery

T h e S E M images that were captured allowed for a detailed surface description of the
etched planar { 1 0 0 } surface that exposed the facets of the { 1 1 1 } planes.

Also evident

from these images were the changes in angular orientation of the pyramids with increasing
rounding.
Figure 3.3 shows the S E M surfaces that were investigated related to their exposed
etch. Initially all surfaces were anisotropically textured and not exposed to an etch. This
textured surface is shown in Figure in 3.3 with (a) as the concentration of hydroflouric
( H F ) acid in the HFtHNOa etch increases, the rounding of the textured surface increases.
This changes from a sharp to more undulant topography.

This is illustrated with the

S E M images that were taken, Figure 3.3 (b) the SEM shows a 1 minute 1:60 HFiIINOa
etched surface which has less magnification showing the extent of the random pyramids.
After such a light etch the peaks of the texture are not greatly offoctod at all, however the
troughs are starting to widen. T h e crystalline fracture can also b e seen where the sample
was cleaved as this is a cross-section, Figure 3.3 (c) also shows the effect of a 1:40 ratio
of H F : H N 0 3 on the troughs, Figure 3.3 (d) has a different effect as both the peaks and
the troughs are starting to round in a stronger 1:30 H F : H N 0 3 etch, but not the cleaving
fractures in Figure 3.3 (d). In Figure 3.3(e) the foreground has been focused upon to show
the extend of rounding on the troughs that occurred for a 1:25 H F : H N 0 3 etch.

Figure

3 . 3 ( f ) shows the last remnants of texture under a stronger 1:15 etch ratio. Finally in Figure
3.3 (g) and Figure 3.3 (h) a "true" planar surface can be seen. Figure 3.3 (h) is blurred in
focus from the SEM, there was a micro-spherical structure of silicon on the top, however
it is planar. T h e perpendicular height of the randomly textured square pyramids varied
from 3-5 /xm down to 1-1.5 fj.ni for a textured surface that had been etched with a 1:15
H F : H N 0 3 ratio. Eventually, the perpendicular component is reduced with stronger etch
ratios of 1:10 and finally completely gone with a standard polishing etch of 1:5 H F : H N 0 3
for 3 minutes. This change in surface causes less light to be absorbed into the silicon. A
scries of reflcctancc measurements were undertaken to quantitatively describe this.

3.5

Reflectance Measurements

A series of reflectance measurements using the Gary 5 Spectrophotometer were conducted on Set A samples. T h e purpose was to quantify the difference in reflectance between
the two extremes of surfaces that were prepared in the H F : H N 0 3 etches. It was found that
the difference in percentage reflection between planar and textured surfaces was ~ 4-6%
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Pyramids

Figure 3.3: SEM images of (a) fully textured surface that has not been exposed to a HFiHNOs
etch, (b) a 1 minute 1:60 HF;HN03 etched surface, (c) a 1 minute 1:40 HF:HN03 surface, (d)
a 1 minute 1:30 HF:HN03 etched surface, (e) a 1 minute 1:25 HF:HN03 surface, (f) a 1 minute
M 5 HF HNO3 etched surface, (g) 1 minute 1:10 HF:HN03 surface, and finally a planar surface
produced by a 3 minute 1:5 HF:HN03 etch.

at 600 nm. Figure 3.4 shows the percentage reflection loss as a function of wavelength.
The large difference between the sets of curves is explained by the sudden transition from

3.6 Photoconductance Measurements
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Figure 3.4: Percentage reflection vs. wavelength for the reflectance samples. At 850 nm the
sudden variance can be explained by a detector change over.
the surface being able to absorb one reflection of light compared with increased texture
able to absorb two reflections of light. The variance in data starting at 850 nm until 1000
nm can be explained by the detector change over on the spectrophotometer. The increase
in reflectance at long wavelengths (A greater than 1050 nm) is due to the silicon substrate
having additional light reflected back from the rear surface because it is becoming partially
transparent to light. This effect increases with longer wavelengths. It is clear from the
figure that textured surfaces have a lower reflectance. This trend is further emphasized
in Figure 3.5, which plots the weighted average reflectance {RW) according to the surface
etch ratio. For a calculation of R w with the associated assumptions refer to Appendix C.

3.6

Photoconductance Measurements

Figure 3.6 displays the JQE as a function of surface rounding etch ratio. It shows an
increasing trend of JQE with increasing surface texture. Textured (Figure 3.3 (a)) surfaces
have a JQE ~ 5 times greater than a planar (Figure 3.3 (h))surface (20

106 fA/cm^).
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F i g u r e 3.6: Jqe measurements with varying surface orientations from planar to textured and
degradation with time.

T h o u g h not shown in Figure 3.6, Jqe

was observed to degrade with time.

This is

investigated in more detail in Chapter 4. These measurements were taken immediately
after the samples underwent a forming gas anneal ( E G A ) .

3.7 Capacitance-Voltage Measurements

3.7

37

Capacitance-Voltage Measurements

The main purpose of this experiment was to determine whether CV measurements
could be conducted on textured surfaces. If these measurements could not be conducted,
a reason for this was investigated. A textured surface that had no rounding etch could
not be measured with CV. A t was calculated from CV measurements on surfaces that
were once textured and then had a HFiHNOs rounding etch that reduced current leakage
through the MOS structure. It is hypothesised that by the rounding etch reducing the
angle of the pyramidal troughs, the oxide becomes less vunerable to leakage.
Figure 3.7 shows the measured initial stack conductance of each surface that was
measured on the C V system. As the degree of texturing increases the measured initial stack
conductance increases significantly. This shows that leakage has increased significantly
through the MOS structure. Another way to test the performance of these MOS diodes
is to measure a number of these diodes on a particular sample and record the number
that were successfully measured. This is referred to as the fraction of non-leaky diodes
for that particular sample and surface. Figure 3.8 shows the fraction of non-leaky diodes
plotted for each surface with increasing texture and this fraction drops to zero for a neartextured or a textured surface. For example out of twenty attempted measurements on
a textured surface not one of these was successful. For a surface that had a HFiHXOs
etch concentration of 1;40, twenty percent of the measurements were successful. This is
the closest to a textured surface that a CV measurement was successfully attained. See
Figure 3.3 (c) for an image of this surface.
Figure 3.9 shows the calculated Du for each surface. As the surface becomes more
textured and the reflection decreases, Dit rises by one order of magnitude from 1.1
states/cm ^/eV for a planar surface to 1.1 xlO^^ states/cm ^/eV (normalised for area)
for a textured surface. After the Dit has been adjusted for the increasing area, it is still
higher than that of its equivalent planar {111} surface. To see how the A t was adjusted
for increasing surface area refer to Appendix B.
A textured surface was shown to have a higher A t due to three factors. The first is
higher surface area, however this was accounted for in Appendix C with an area independent A t plot. The second factor relates to the interface of { l l l } w h i c h has a greater A t
than a {100} surface. A {100} surface has a well ordered hydrogen layer termination and
faster oxide growth rates [18]. A third postulated reason is due to the increased angle of
textured surfaces at the peaks and troughs causing increased stress and therefore more
broken bonds. Figure 3.9 shows the relationship between A t and the isotropic HFiHNOs
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Figure 3.7: Initial Stack Conductance for the surfaces that were prepared.
etch surface prepared.
Therefore one can conchide that not all of the excess states are related to surface
orientation. This is shown in Figure 3.9

3.8

Optimisation of rounding etch for rear contact solar
cells

A P C I D model was used to compare tlie effect of increasing JQE on a high efficiency
monocrystalline solar cell. This was based on a Sunpower A300 cell. This type of cell
structure was used for comparison because it is the most commercially relevant cell technology that uses a passivating oxide at the time of writing. The model parameters are
listed in Table 3.1 in Appendix .
The aim was to show how much the typical cell efficiency decreased with increasing
JQ£. In P C I D the JQE cannot be input directly. The SRV was varied. Another P C I D

3.8 Optimisation of rounding etch for rear contact solar cells
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Figure 3.8: Percentage of prohibitively leaky measurements for the surfaces that were prepared.
Model was used to convert Jqe to SRV. The main difference between models was that this
model simulates conditions in the dark, with a very large emitter contact of 1 x 10
and constant mobilities. The model parameters are explained in Table 3.2 in Appendix .
A batch process is run varying the primary insolation from 1 x 10^ to 0 Suns and recording
the output of recombination parameters and the number of electrons and holes. These
parameters are then used to calculate Jqe from the relationship shown in Equation 3.1.
JoeNA

-An

(3.1)

From these models the relationship was calculated and is plotted in 3.10. It can be seen
from this relationship that the drop in efficiency is 0.4% from changing the surface from
planar to textured. The Figure 3.11 plots the PCID modelled cell efficiency for each of
the surfaces that were prepared. The textured surface produced the most efficient surface
for cell efficiency.
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3.9

Chapter S u m m a r y

This work was able to determine that adverse leakage currents prevent textured surfaces being measured with CV. Textured surfaces rounded with HF:HN03 were measured, however, and found to have a Du of ~10 times greater than their planar counterparts. Specifically it was found that Du rises by one order of magnitude from 1.1 xlO^°
states/cm^/eV for a planar surface to 1.1 xlO^^ states/cm^/eV (normalised for area) for a
textured surface. It was found that the greatest region of change for Du values was when
the surface abruptly changed from planar to a more dimensionalised surface of undulating
pyramids. With the comparison between textured surfaces with {111} facets exposed and
{111} planar surfaces the textured Du levels were still higher. It is therefore concluded
that the higher Du does not all come from the different crystallographic orientation of
textured surfaces. It is postulated that these extra states come from the stress or bond
angle breakages at the peaks and troughs of the textured surface.
Photoconductanco, rcflectanco and SEM images wore also used to evaluate the samples.

3.9 Chapter Summary
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Figure 3.10: (a) A plot of an simulated Sunpower A 300 cell efficiency with increasing JQE
modelled in PCID, here the front reflectance is set to zero and the JQE is varied (b) A plot of an
simulated Sunpower A 300 cell efficiency with increasing weighted average reflectance modelled in
P C l D , here the JQE is set to zero and Ryy is varied .

The JQE of textured samples were ~ 5 times higher than the planar surfaces. The trends
between increasing JQE and D^ are consistent.

Decreasing reflectance with increasing

texture is also well known and confirmed in this work. A P C I D model was constructed
to show the final effect of increasing JQE on cell efficiency for a high-efficiency monocrystalline cell. It shows a 0.4% point decrease in efficiency from planar to textured cells,
based on varying the parameter of JQE alone and not taking into account the increased
current provided by more light trapping. These latest measurements were able to tell us
two fundamental parameters about the surface as they changed with Du and Qm- To the
author's knowledge this has not been characterised before to this level of detail. They also
show an increase in JQE of ~ 5 times greater for textured over planar surface.
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Chapter 4

Degradation of the Silicon-Silicon
Dioxide Interface when Exposed
to Damp Heat

4.1

Introduction

The purpose of this work is to quantify the degradation of sihcon surfaces passivated
with sihcon dioxide (Si02) when exposed to damp heat [33] for thermally grown Si02
surfaces on sihcon. Characterisation was conducted with both transient photoconductance
decay (PCD) and capacitance-voltage (CV) measurements that were explained in Chapter
2.

Firstly, the amount of damp heat degradation is described in detail on Si02-passivated
samples. Characterisation was conducted with both PCD and CV measurements and it is
concluded exposure to damp heat caused an increase in D^t and therefore recombination
of the Si-Si02 interface.
Secondly, experiments testing different Si02 thicknesses exposed to the damp heat
test were conducted. These samples were exposed for up to 10,000 minutes characterised
with PCD. Humidity degradation was found to vary within several batches of samples.
Therefore increasing redundancy in experimental design was needed to describe trends. It
was found that silicon dioxide thickness did not effect the amount of damp heat degradation, however the drive-in time of the diffused samples showed a strong correlation to the
amount of damp heat degradation that occurred.
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4.2

Damp Heat Test

Degradation is important because solar modules cannot be certified if they degrade
significantly under an accelerated humidity exposure test. The lEC standard test is to
submit the module to 85% relative humidity at 85° C for 1000 hours [33]. Since the ethylene vinyl acetate (EVA) encapsulant in the modules is permeable to water vapour (but not
water), water vapour is able to diffuse through it rapidly [34]. Water vapour is thought to
diffuse to the Si-Si02 interface and cause a greater amount of dangling bonds and therefore increase the surface recombination of the semiconductor. This reduces the surface
passivation quality of the cells. Therefore, the hypothesis is that the ingression of water
vapour could reduce the efficiency of high-efficiency modules due to an increase in surface
recombination. Another test, the "Humidity-Freeze" is one test for photovoltaic modules
used in order to gain approval by organisations such as the IEEE, International Electrochemical Committee (lEC) and Underwriters Laboratory (UL). In the case of the UL1703
standard [35], the test requires a module to satisfactorily survive 24-hour humidity-freeze
cycles. These cycles range from - 4 0 ° C to 85° C and have a requirement for 20 hours
that need to be spent at 85° C in an atmosphere of 85% relative humidity.

4.3

Background: Degradation of the Silicon-Silicon Dioxide
Interface

The Si-Si02 interface has been investigated for both p- and n-type planar silicon samples, with oxides being grown by a number of different methods [36]. Thermally grown
oxides in steam at different pressures were investigated to produce varying flat-band voltages. The flat-band voltage is the point where no band bending occurs in the metal oxide
semiconductor (MOS) capacitor; hence its surface potential (I-) is equal to zero. Nicollian
found that with increasing water vapour pressure, P(H20) = 10 - 60 Torr, the flat-band
voltage increased linearly. The same researcher also investigated CV behavior to find that
the density of interface states ( A t ) increased across the whole band gap with increasing
P ( H 2 0 ) when the oxide is grown in steam [36]. Nicollian concluded "The key agent responsible for the low temperature annealing is the transfer of hydrogen, provided by water
vapour, into and out of the oxide layer" [36]. It was also suggested that the stability of
the Si-Si02 interface could be controlled by the use of coatings or encapsulants, which
isolate the device from its surrounding environment. NicoUian's work was conducted with
high temperature water vapour (800 - 1000° C) in the oxide growth step, not after it was
fabricated. Tompkins et al. [37] and Hickmott [38] noted that the overall deterioration ef-
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feet of the interface in a humid environment is partially reversible by a forming gas anneal
(FGA) at 400° C.
Other researchers have investigated the Si-Si02 interface with different techniques,
including Fourier transform infrared (FT-IR) spectroscopy to analyse the desorption of
H2O at the interface producing Si-O-Si [37]. In addition, Leplan et al. [39] found that
there was an evolution of residual stresses in evaporated Si02 films exposed to room air.
Specifically, they determined the intensity of the absorption band corresponding to Si-OH
radicals in FT-IR spectra, and that the intensity increased with aging time. Leplan et
al. [40] determined that evaporated films lead to mechanical instabilities at the Si-Si02
interface and concluded that the desorption and absorption of water molecules are found
to be the major cause of these instabilities.
Previous experiments to this work also showed that exposure to humidity for n-type
planar and textured samples significantly deteriorated the effective lifetime of the sample
across the minority carrier density range 1 x

to 1 x 10^® cm"^ by [41]. This work

was for non-diffused silicon wafers with thin oxides of 200A of Si02 that were submitted
to 100% relative humidity at 75° C. A significant increase in recombination was observed
with increasing damp heat exposure.

This increase was shown to occur for all planar,

textured, forming gas annealed, "alnnealed" and rapid-thermal annealed samples. Other
concurrent work by Cabanas [42] investigated the effect of humidity on diffused oxide
passivated silicon. In this instance high resistivity p-type silicon wafers were diffused with
either phosphorus or boron and then passivated with 1000^ of Si02 before being subjected
to 85% relative humidity at 85° C for up to 10,000 minutes. It was found that JQE of
both n- and p-diffused samples was found to increase with "damp heat" exposure with all
levels of surface charge on the samples. This cannot explain the increase in JQE- Instead
the main cause for the increase in JQE must be the degradation of the Si-Si02 interface.
This recent work shows that damp heat does cause degradation to the Si-Si02 interface.
This work follows on from the work of Klampaftis and Mcintosh by investigating the
effect of humidity on the electronic properties of the Si-Si02 interface.

4.4

Damp Heat Degradation of Silicon-Silicon Dioxide (SiSi02) Interfaces Passivated with a Thermal Oxide

Recent experiments performed within CSES have determined that there is degradation at the sihcon - silicon dioxide (Si-Si02) interface due to humidity exposure on nonencapsulated samples [41]. The Si-Si02 interface is the passivating interface of some high
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efficiency solar cells [43],
In this work, the effect of d a m p heat on non-diffused p- and n-type non-encapsulated
silicon wafers for up to 10,000 minutes is investigated.

T h e characterisation techniques

used to evaluate the quality of surface passivation are P C D and C V measurements.

4.4.1

Experiment 1: Effect of Damp Heat Exposure on Density of States

B o t h p - t y p e and n-type silicon wafers with { 1 0 0 } orientation were used in the experiments. T h e wafers were submitted to an R C A clean and then thermally oxidised for 30
minutes at 1100° C in the presence of trichloroethane ( T C A ) gas.

After oxidation, an

in-situ nitrogen {N2) anneal at the oxidation temperature was performed and all n-type
samples underwent a 30 minute forming gas anneal ( F G A ) at 400° C for P C D measurements.

Half of the p-type samples underwent a F G A . At this point, the wafers were

submitted to varying durations of humidity exposure at 100 % humidity and 75° C.
Following humidity exposure, the samples could b e measured by P C D , but required
additional processing to b e measured by C V . This required removing the Si02 from the
rear surface and applying gallium indium (Gain) paste to form the rear contact, and
evaporating circular aluminium (Al) contacts on the front surface.

4.4.2

Photoconductance Measurement

Figure 4.1 presents the results of the transient P C D measurements for p- and n-type
samples. Both of which received an F G A . The results are plotted as aji effective lifetime
Teff against their excess minority carrier density in the conventional manner first described
by K a n e and Swanson [26]. Both samples demonstrate a decrease in their effective lifetimes
after 1000 minutes exposure to humidity over a large range of carrier density.

Similar

results were attained for the p-type samples that did not receive an F G A . This was due
to the instability after F G A in effective lifetime. T w o types of controls were used.

The

first placed samples in a laminar flow nitrogen cabinet. T h e second was stored at r o o m
temperature and r o o m humidity.

These results indicate that recombination within the

samples increased after humidity exposure.

It is postulated that this is entirely due to

an increase in surface recombination, and that the bulk recombination remains constant
because of the interaction of water vapour with the interface. As will become evident, it is
important to note that this measurement was made within five minutes after the sample
was taken out of the humidity chamber.
From here on, all P C D results are reported for effective carrier lifetimes at one excess

4.4 D a m p Heat Degradation of Silicon-Silicon Dioxide (Si-Si02) Interfaces Passivated
with a Thermal O x i d e
47

(a)

0 minutes Humidity Exposure Time
1000 minutes Humidity Exposure Time

0.01 -,

^

1E-3-

/u\
0.01

•
o

0 minutes Humidity Exposure Time
10OP minutes Humidity Exposure Time

OOOOOOOOOOOOOOI

ifc
LU

1E-4
1E13

F i g u r e 4.1:

1E14
1E15
1E16
Excess Minority Carrier Density (em"')

1E13

1E14
1E15
,
E x c e s s Minority C a r r i e r D e n s i t y ( c m ' )

(a) Effective lifetime as a function of minority carrier density for the humidity-

exposed samples. This measurement was conducted under a bias light of ~0.05 to 0.02 suns for
both n-type samples of doping level Nd=

4.2 x

cm~® . There is clear evidence of decreasing

effective lifetime with increasing humidity exposure time. The dotted line at 1 x 10^® cm~^ is the
injection level at which all data is compared in the following analysis and (b) the effective lifetime
as a function of minority carrier density for p-type samples of doping level Na=

3x

cm"' .

Measurements were conducted in the same manner as for the n-type samples.

carrier density ( A = 1 x

cm~^). This enables a more succinct comparison between

different durations of damp heat exposure.

We also convert this value to its equivalent

m a x i m u m surface recombination velocity [Smax) using the assumption that the bulk lifetime of the sample is infinite, this is shown in Equation 4.1 where A n is uniform.

=

(4.1)

W/2T,ff

Figure 4.2 presents Smax at A n = 1 x

for increasing humidity exposure

times. Figure 4.2 (a) shows the results for an n-type sample of Nd=

4.4 x

cm^^when

submitted to humidity for up to 10,000 minutes and Figure 4.2 (b) shows how the recombination rate remains relatively constant after the sample is left in air following the
experiment. Figure 4.3 shows the equivalent figures for a p-type sample. T h e recombination rate decreases significantly after being exposed to air.

4.4.3

Capacitance-Voltage Measurement

Figure 4.4 presents the results of the C V measurements. Figures 4.4 (a) and (b) plot
the raw results for p- and n-type samples, indicating that the curves shift after humidity
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Figure 4.2: (a) Smax as a function of humidity exposure time for the n-type samples measured
up to 10,000 minutes. The photo conductance curves were measured immediately after the sample
was taken out of the humidity chamber. An increasing Smax is seen with increasing humidity
exposure time. ND= 4.4 x 10'^ cm~^ and (b) SMAX as a function of air exposure time. ND=
4.4
X
cm~^. Typical uncertainty for Smax ranges from ± 5-lOcm/s.

exposure. This shifting correlates to an increase in the mean charge density in the Si02,
correlating to a decrease in the fiat-band voltage. Figure 4.5 plots the mean charge density
calculated from the flat-band voltage. As well as a shift, Figure 4.4 shows that there is a
stretch in the C V curves after humidity exposure. Stretch in a CV curve is a characteristic
of increasing density of interface states because as the voltage is swept at the same rate
the charge is varying less (meaning greater amount of interface states to store the charge).
Figures 4.6 - 4.7 plot the changes in the A t values for n-type sihcon.

4.4.4

60

Exposure Time to Air after Humidity (minutes)

Conclusions

The C V experiments in this study showed that the exposure of an Si-Si02 interface to
saturated humidity at 75° C leads to an increase in the density of interface states and to
the a positive increase in mean charge density associated with the Si02. This is consistent
with the increase in the surface recombination velocity Smax observed in PCD experiments,
hiterestingly, it was found, however, that p-type sample tended to heal after being exposed
to air, where the Smax values return to a similar starting value after approximately 20-30
minutes. It is postulated that the surface charge behaviour of the p-type samples differs
to that of the n-type samples thereby causing the healing effect.

It is concluded that
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distributed across the bottom half of the band gap for n-type

silicon energy. The largest change occurs between 1,000 minutes and 10,000 minutes with a change
in the shape of the curve towards the mid-gap for both p-type and n-type materials and (b) A
similar graph showing the changes that occur with time for the control samples in Du (cm'^eV"^).

humidity can cause a reduction in surface passivation, which may b e significant for high
efficiency silicon solar cells that utilize a Si-Si02 passivating interface.

4.5 Experiment 2: Damp Heat Degradation and Silicon Dioxide Thickness
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Experiment 2:

Damp Heat Degradation and Silicon

Dioxide Thickness
4.5.1

Introduction

The effect of Si02 thickness on the humidity degradation was investigated. Approximately 200 nm of Si02 was grown on a {100} silicon substrate and subsequently etched
with an isotropic etch of buffered hydrofluoric (HF) acid to produce difl'erent oxide thicknesses.

These were then exposed to a humidity environment for 10,000 minutes and

characterised by the transient PCD method.

4.5.2

Experimental

Samples were prepared in a similar manner to Section 4.4.1 however with some differences. The samples were n-type material of 6-8 f ] cm. Table 4.1 explains the fabrication
process. The oxidation was done all on samples with different samples etched to the oxide
thicknesses accordingly.
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Table 4.1: Process parameters for varying oxide thickness experiment
Process

Parameters

HFiHNOs Etch

1:10 for 3 min

Quarter RCA 1 RCA 2

5% HF dips after 1 and 2

Light P O C L 3 Difrnsion

~ 200-400 n / D

Oxidation

1 hour 40 min 1100° C, TCA

Etch back in HF

BHF ~ lOOnm/min

EGA
3 days in Air

400° C for 30 min
Settling Period, lifetimes measurements 1 time/day

Humidity Exposure

4.5.3

10,000 min, PCD measurements

Results

T h e following Figure 4.8 was obtained from two separate experiments with identical
processing parameters except the oxide growth step.
T h e first experiment was unsuccessful in producing a range of oxide thicknesses (40-50
nm) however the samples were still exposed to humidity for 10,000 minutes. The second
experiment was able to produce a range of thicknesses from 20 nm to over 200 nm. Effective
carrier lifetimes were measured as described in Section 2.3.8. T h e initial lifetime and the
final lifetime arc taken as a ratio to show if degradation occurred. Figure 4.8 shows these
ratios for all oxide thicknesses tested for both experiments. There is clear evidence that
the amount of damp heat degradation does not depend on oxide thickness.

4.5.4

Conclusions

There is no evidence of a relationship between the thickness of the thermally grown
silicon dioxide and the quantity of damp heat degradation.

4.6

Experiment 3: Damp Heat Degradation and Post Diffusion Drive-in Time

T h e effect of drive-in oxidation time after a light P O C I 3 diffusion was investigated for
Si02 thicknesses ranging from 40-50 nm. There was evidence that the length of time of
the oxidation drive-in step of a light P O C I 3 diffusion will effect the amount of damp heat
degradation. A series of drive-in times were tested for samples that were prepared in the
same way as Experiment 1 ranging from 8-60 mirmtes at 1100° C. There were subsequent

4.7 C h a p t e r S u m m a r y
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Figure 4.8: Effective carrier lifetime at 1 x 10^® cm ^ vs. oxide thickness after 10,000 minutes
humidity exposure

r a m p u p and r a m p d o w n times included in these values. T h a t is outlined in Table 4.2.
Figure 4.9 shows that for increasing drive in oxidation time the ratio of the final
effective lifetime after d a m p heat e x p o s u r e t o the initial effective hfetime has less variance
and saturates at 1. T h e controls that were e x p o s e d t o air are also plotted.

T h i s shows

that with increasing drive-in time the a m o u n t of d a m p heat degradation decreases.
Table 4.2: Process parameters for drive-in times

Drive-in Time at 1100° C (min)

Ramp up and down time (min)

8

60

68

13

60

133

4.7

Total time above 700° C (min)

16

60

196

30

60

270

60

60

360

Chapter Summary

It can b e determined that S i 0 2 layers o n b o t h textured and planar silicon degrade
in h u m i d i t y environments. T h e total amount of degradation for t e x t u r e d samples is less
t h a n that of their planar equivalents because the surface passivation quality t o begin
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Figure 4.9:
with is less. T h e C V experiments in this study showed that the exposure of an Si-Si02
interface to saturated humidity at 75° C leads to an increase in the density of interface
states of and to the mean charge density associated with the Si02.

This is consistent

with an increase in the surface recombination velocity Smax that is observed in P C D
experiments.

Results confirmed that oxide thickness was not factor in determining the

amount of humidity degradation for Si02 samples. A large factor that had to be isolated
for all humidity degradation experiments was the decrease in Tg// with time exposed to
air at room temperature. It was found that with increasing drive-in time at 1100° C after
diffusion the amount of damp heat degradation decreased. It is postulated that a longer
drive-in time at high temperature stabilises the transient nature of the surface states when
exposed to damp-heat.

One possible effect could be the setting of the Si-Si02 interface

causing it to b e less vunerable to the interaction with damp-heat.

Chapter 5

Damp Heat Degradation of
Si-Si02 Interfaces Coated with an
A P C V D Ti02 Layer

5.1

Introduction

This work aims to characterise a T i 0 2 / S i 0 2 stack under the same damp heat degradation conditions as a Si02 passivating layer that has been previously studied in Chapter
3 for both planar and textured surfaces. High efficiency crystalline solar cells use both
a passivation layer and an anti-reflection (AR) coating. For modules that are subjected
to the damp heat test any layer that is able to prevent the diffusion of water vapour to
the passivating interface is desired. To the author's knowledge an investigation to determine if an atmospheric pressure chemical vapour deposition ( A P C V D ) T i 0 2 layer could
be used as a damp heat barrier has not previously been studied. A series of experiments
were conducted to determine whether the Ti02 layer is a suitable damp heat barrier. For
a solar cell to have a low cost A R layer that is optically transparent, T i 0 2 is suitable
because it has been used in the solar industry on screen-printed cells for many years. It is
also deposited in a high throughput low temperature atmospheric deposition process that
is approximately three times cheaper than an equivalent silicon nitride P E C V D A R layer
[44].
The test structures tested in this work are shown in Figure 5.1. The first part of this
chapter describes the A P C V D deposition process for T i 0 2 layers. This is followed by the
presentation of two experiments. Experiment 1 describes the degradation that occurs on
planar and textured samples with T i 0 2 layers exposed to the damp heat environment.
Experiment 2 highlights the same behavior for T i 0 2 layers of differing thicknesses.
Finally there is a discussion about the possible causes for the permeability of water
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vapour through anatase T i 0 2 anti-reflection coatings.

ARTiOa (20-70nm)
Passivation Si02 (20-70nm)
Si substrate
p or n-type

Figure 5.1: A schematic diagram of a typical Ti02/Si02 staclc tested for botli PCD and CV
measurements

5.2

Titanium Dioxide Depositions

This section explains how the T i 0 2 was deposited onto the samples. A SierraTherm
5k6 A P C V D was used for the T i 0 2 depositions. This machine is comprised of a chemical
vapour deposition ( C V D ) chamber with an injector head shown in Figure 5.2 in a belt
furnace that is exposed to atmospheric pressure. T h e depositions chamber temperature
for the purpose of this work were at 500° C, however the chamber can handle temperatures
in the range from 100°C - 500° C. T h e actual substrate temperature at which the depositions o c c u r is actually closer to 390°C. Previous experimental work [45] has determined
a suitable refractive index of n w 2.1 and a lower extinction coefficient k < 0.01 at these
temperatures. A sample is placed on the belt and enter the chamber at an adjustable belt
speed. There are five zones for pre-heating of the wafers before the deposition zone and
two cooling zones after deposition. In the deposition zone when the process is turned on
and H2O and tetraisopropyl titrate ( T P T ) are injected onto the sample. T h e H2O and
T P T are bubbled with N2 gas so they can b e transported in a gaseous state. T h e injector
is precisely built so that the N2 gas separates the H2O and T P T gases until they reach
just above the sample where they collide and react to produce a T i 0 2 layer. T h e reaction
is stated as follows:

TiiOCMi

+ 2H2O ^ Ti02 +

ACH^CH{OH)CH^

(5.1)

5.2 T i t a n i u m Dioxide Depositions
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1 ATM
H2O vapour

H2O Vapour

N2 Separator
Samples

N2 Separator

TPT Vapor
]
Belt

Figure 5.2: The injector chamber in the APCVD showing direction of belt.

To be summarised the water is hydrolysing the T P T to form titanium dioxide, given in
Richards [44]. By varying the substrate t e m p e r a t u r e and the belt speed the film thickness
and optical parameters can be controlled. One can predict the film density by dividing
the substrate t e m p e r a t u r e {Tgub) during T i 0 2 deposition by its melting point, which for
T i 0 2 is Tmeit = 1832°C [46], A check of the films structure can be therefore determined
by the ratio of Tsub/Tmelt- In our case the substrate t e m p e r a t u r e is ~390 °C therefore
giving the ratio to be ~0.3. This collates to a crystal structure of the deposited film to be
porous with a columnar phase [47, 48]. T h e thickness of the T i 0 2 is determined by the
ratios of the flows. There are two types of flows carrier and dilutant. T h e carrier flow is
the gas flow and the dilutant flow is the N2 flow. T h e ratio of carrier to dilutant flows is
kept the same amount. T h e typical dilutant and carrier flow ratios are outhned in Table
5.1 with the other film deposition temperature parameters outlined in Table 5.2.
Table 5.1: The deposition parameters.
Setpoint

Flow (seem)

H2O carrier

0.185

H2O dilutant

1.2

Separator N2

5.0

TPT carrier

1.2

T P T dilutant

0.185
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Table 5.2: The deposition parameters and temperatures.
Zone

Set Temp. ( °C)

1

400

2

450

3

500

4

550

5

550

6

525

7

525

8

475

Profile Ternp. ( °C)

390

CV Measurements and analysis on the as deposited films at CSES show that the Ti02
is very porous in nature. The leakage through the Ti02 structure did not allow a successful
QSCV measurement to be conducted due to a non-stable accumulation capacitance. Further work needs to investigate how to do post-depostion anneals to decrease the porosity
and therefore leakage through the MOS structures fabricated with Ti02.

5.3

Experiment 1: Textured Titanium Dioxide Samples Exposed to D a m p Heat

The purpose of this experiment was to test if a Ti02 layer can act as a damp heat
barrier on planar and textured surfaces, hi this experiment, half of the samples were
textured and half were planar. Each sample had an equivalent control that was left in air.
The texturing was produced in the same way as the previous chapter with the TMAH-IPA
solution. They were all p-type wafers of 11-20 fi.cm. The samples all underwent an initial
3 minute HFiHNOa etch. The thermal oxidation performed was at 1100°C with no TCA
for 30 minutes and a ramp down in N2. The samples were then coated in Ti02 in the
APCVD with the parameters outlined in Table 5.2. After this all samples underwent an
FGA at 400° C and then left to settle in an air environment for 56 days before exposing
them to the damp heat test chamber. The resultant settling process is summarised in
Figure 2.15. The Ti02 thickness that was applied to the samples was approximately 60
nm.
After the samples stabilised in air they were then exposed to a damp heat environment
of 75°C / 100 % humidity for 10,000 minutes. The planar Si02 and Ti02 samples initially
improved in their effective lifetime and then later degraded to ~ 47 % of their initial value.
This is outlined in Figure 5.3.

5.4 Experiment 2: Planar Titanium Dioxide Damp Heat Exposure of Different Layer
Thicknesses
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F i g u r e 5.3: Effective lifetime measured at 1 x 10
cm"^ for 16,000 minutes after 56 days of
"settling" in air. It can be noted that the equilibrium lifetimes that were reached at 56 days were
upset by exposure to a humidity environment.

In conclusion, the textured samples for both Si02 and Ti02 degreaded in damp heat.
The Ti02 samples only degraded to 50 % of their original values (black squares) and the
Si02 samples degraded to 47 % of their original values.
It is also evident that even with a Ti02 layer on top of the Si02 layer damp heat
degradation occurs at the same amount indicating Ti02 is permeable to water vapour.

5.4

Experiment 2: Planar Titanium Dioxide D a m p Heat
Exposure of Different Layer Thicknesses

The purpose of this work was to test if differing thickness Ti02/Si02 layers could
possibily act as damp heat degradation barriers to the passivating Si-Si02 interface. The
samples were prepared in the same way as the previous Experiment 1 with an Si02 layers
underneath a Ti02 layer. Figure 5.4 shows a similar degradation trend as if the Ti02 layer
was not even present on top of the Si02 layer. The exact values of Ti02 thicknesses were
not accurate as the mean square error (MSE) values for the fits on the ellipsometer were 5
< used fit < 10, however it is evident that these samples did have different thicknesses of
Ti02 from the different colors present after deposition. These results also show degrading
Si02 and Ti02 layers in damp heat environments for differing thicknesses of Ti02. Each
sample exposed to damp heat had its equivalent control that was exposed to air. One
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major difference between this experiment and Experiment 1 is the time that the samples
"settled" in air after the FGA was 3-4 days. The settling process is explained in detail
in Chapter 2 and from this it can be seen that after 3-4 days the effective lifetimes are
saturating to a level that is stabilising, once this level has been reached then can then be
exposed to damp heat environments.
Figure 5.4 shows the degradation of the Si02 and T i 0 2 / S i 0 2 layers after damp heat
exposure for Ti02 layers ranging in thickness from ~ 29-72 nm.
It can be concluded that differing A P C V D deposited Ti02 layer thicknesses degrade
in damp heat environments for both planar and textured surfaces of ~ 50% of their initial
effective lifetimes measured at 1 x

cm'^. Thicker APCVD Ti02 layers do not act as

damp heat barriers.
In other experiments amorphous deposited Si3N4 samples were compared to A P C V D
Ti02 layers under damp heat conditions.

However no significant difference was found

between the two layers, therefore more detailed work is needed in the future.

5.5

Discussion of A P C V D Deposited Anatase and Permeability to Water Vapour

The Ti02 deposited on the samples was calculated from [47, 48] to be porous-columnar
in its phase, therefore anatase Ti02 in nature. Diebold [49] is able to summarize the reaction to water environments for anatase Ti02 of {101} and {001} crystaUine orientations.
\Mien crystallisation occurs anatase is in a tetragonal lattice and its structure is formed in
TiOe octahcdra [50]. This is significantly different in structure to rutile which forms above
temperatures of 700 °C [47]. Anatase has been shown to adsorp water vapour. Selloni et
al. [51] studied the adsorption of small Bronsted acid molecules in {101} anatase Ti02.
It was predicted that adsorption would be for the whole molecule of H2O.
If the structures deposited on the APCVD at CSES are less porous than anatase then it
is much more likely that H2O would be able to pass through the layer. Even the literature
suggests that anatase is able to adsorb H2O. This will become more relevant after the
A P C V D deposited Ti02 is annealed as the porosity of the film would decrease. This work
concentrates on adding an un-annealed Ti02 layer that is deposited with A P C V D which
is shown to have a high porosity.

5.6 Chapter Summary

5.6
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Chapter Summary

Transient P C D measurements characterised the T i 0 2 / S i 0 2 stacks after they were submitted to damp heat environments. These T i 0 2 / S i 0 2 stacks were found to be permeable
to damp heat when compared to a bare Si02 layer. The effective carrier lifetime degrades
in the same manner as a bare Si02 layer would when exposed to damp heat. This was
apparent for T i 0 2 layers ranging from approximately 29-72 nm.

62 D a m p h e a t D e g r a d a t i o n o f I n t e r f a c e s C o a t e d w i t h a n A P C V D T i 0 2 L a y e r

(a)

(b)

10

— Damp heat: Planar SiO

- Damp heat: Textured SiOj

-Control-Planar SlO,

- Controt: Textured SiO,

100

1000

10000

10

(d)

(c)
20,

- Damp heat
- Control

29 n m Planar TiO

100

1000

10000

Damp heat or air exposure time (m)

Damp heat or air exposure time (m)

- Damp heat
- Control

29 nm Textured T i O ,

0.60
3
0

1

0.55

« 0.45

= 0.40
g 0.35

10

100

1000

10000

Damp heat or air exposure time (m)

Damp heat or air exposure time (m)

(e)

(f)
52 n m Planar T i O ,

52 n m T e x t u r e d TiO.

- Damp heat
- Control

?

«

1.0

0.55

15 045

I

|o.

••= 0.40
« 0.35
S 0.30
10

100

1000

toooo

10

Damp heat or air exposure time (m)

100

1000

10000

Damp heat or air exposure time (m)

(h)

(g)
72 n m Planar T i O j

72 n m Textured TiO.

10
Damp heat or air exposure time (m)

100

1000

10000

Damp heat or air exposure lime (m)

F i g u r e 5.4: Effective lifetime measured at 1 x 10^® cm-^ for 10,000 minutes for the oxide Si02
samples: (a) planar SiOa and (b) textured SiOa, (c) planar TiOa of ~ 29 nm and (d) textured
Ti02 of ~ 29 nm, (e) planar TiOa of ~ 52 nm and (f) textured TiOa of ~ 52 nm, (g) planar T i O j
of ~ 72 nm and (h) textured Ti02 of ~ 72 nm. All samples had equivalent controls that were
exposed in room air. The thicknesses are approximate because the MSE fit from the ellipsometer
were 5< used fit < 10.

Chapter 6

Conclusions

The aim of this work was to quantify the effect of damp heat exposure on a thermally
grown passivating Si-Si02 interface with and without the addition of a Ti02 anti-reflective
coating. This included the measurement of surface recombination, the density of states
for both planar and textured surfaces. These results are most relevant to high efficiency
monocrystalhne solar modules undergoing the UL, lEC and IEEE certification tests for
damp heat.
Firstly, both CV and PCD measurements were explained using the basic Si02 structures. A baseline method for characterisation for the rest of this work was outlined. It
was found that a 3 minute HFiHNOa etch on a silicon surface is the best pre-oxidation
growth technique for producing the most repeatable DuAfter planar surfaces were characterised, textured surfaces were explored with these
two techniques. It was determined that adverse leakage currents prevented textured surfaces being measured with CV. Near-textured surfaces were measured, however, and found
to have a Du of ~10 times greater than their planar counterparts. PCD, reflectance and
SEM images were also used to evaluate the samples. A P C I D analysis was used to evaluate the effect of increasing JQE and decreasing reflectance on the efficiency of a modelled
Sunpower A300 cell. It was found that the highest efficiencies produced were on textured
samples. The JQE of textured samples were ~ 5 times greater than their planar equivalent.
It was determined that Si02 layers on both textured and planar silicon degrade in
humidity environments. The total amount of degradation for textured samples is lower
than that for their planar equivalents because the surface passivation quality to begin with
was less. CV experiments in this work showed that exposure of an Si-Si02 interface to
saturated humidity at 75° C leads to an increase in the D^t of and to QM associated with
the Si02. This is consistent with an increase in the surface recombination velocity Smax
that is observed in PCD measurements. Results confirmed that oxide thickness was not
factor in determining the amount of humidity degradation for Si02 samples. A factor that
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6. Conclusions

was isolated for all humidity degradation experiments was the decrease in Tgff with time
exposed to air at room temperature. It was found that with increasing drive-in time at
1100° C after diffusion the amount of damp heat degradation decreased.
The inclusion of an APCVD Ti02 aiiti-rcfioction coating on top of an Si()2 passivation
layer was found to have no influence of the damp heat degradation. This was investigated
on both planar and textured surfaces and for different Ti02 thicknesses. CV measurements were unsuccessful on Ti02/Si02 stacks due to the excessive leakage through these
MOS structures. Transient photoconducatance decay lifetime measurements were used to
characterise the effect of damp heat on these stacks. For Ti02/Si02 stacks are permeable
to damp heat. The effective carrier lifetime degrades in the same manner as a bare Si02
layer would when exposed to damp heat. It is postulated that low temperature APCVD
Ti02 layers are permeable to damp heat because of their porous nature when deposited
in the anatase form. Post-deposition annealing of these APCVD Ti02 layers is a process that possibily has the potential to reduce the damp heat degradation for these test
structures. Further work is needed to investigate damp heat barriers as it is important for
monocrystalline solar modules have a stable passivation in their operational lifetimes.

Appendix

A

Calculation Assumptions and Uncertainties for the Density of States
A standard CV measurement consists of the following setup. Firstly, data are gathered

across a series of voltages for QS and HF measurements. These voltages are incremental
in nature. One can specify the sweep rate in the recipe file. For the measurement purposes
it was chosen to be O.lV/s with a voltage step of 0.05V. These values were taken from
the literature value for measurements of Du from Kuhn [13]. Recently, however there
has been evidence of sweep rate changes aflecting the capacitance of the QSCV curve in
[52]. Therefore the same sweep rate was kept for the rest of this work. Once the data are
recorded by the software. Da is calculated from the equation given by Castagne [19] as:

Ar, r I \
qADiti^ps) =

CoxCQS
^

CQXCHF
y;
p;—

I.
(A.l)

For this calculation to be possible, the insulator capacitance needs to be known, that
is Cox calculated in 2.2. The uncertainty in this value is assumed to be the multiplication
of the percentage error in this capacitance nmltiplied by the maximum HF capacitance.
The maximum HF capacitance is given by the measurement. The uncertainty for the HF
capacitance is calculated in the same way as the Cox capacitance. In order to calculate the
Da with the Castagne method a number of calculations need to be made on the measured
HF data. These can be categorized into parameters that can be calculated from CnFminFirstly the high-frequency maximum depletion width needs to be calculated for the MOS
structure that is being measured. It is calculated from the minimum capacitance Cmin1
Cmin

Cmin

1
Q

1
C'oRi

= 1 +
Ci
(-Si A
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(A.2)

(A.3)
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Where \/CoRmin is the inverse minimum depletion capacitance. Treating the error in
C; and Cmin as independent. It is calculated as follows:
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The high frequency maximum depletion width {ioR) uncertainty is calculated from
it's derivation as:
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The dopant concentration is calculated:
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The maximum width of the depletion region is calculated. It assumes that this maximum
occurs at a strong inversion therefore one can substitute the Equation 19 from Chapter 7
Sze [18] into Equation 28. The resultant equation is:

AeSiVrln
Wm =

qNsub

(A.9)

Then the Debye Length is calculated from the thermal voltage and the emissivity of
silicon and the dopant concentration. It is as follows:

Ad =

jeSiVT
(jNsub

(A.IO)

Usually the doping profile of a semiconductor is not uniform, however in order to
obtain a theoretical low frequency differential capacitance per unit area of the silicon
the doping profile must be known. Baccarnani et al. [53] calculated the apparent Du by
using a C , based on uniform doping corresponding to the doping level before oxidation.

B A Standard Circular Front Aluminium Contact Diameter
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They solved Poisson's equation for the non-uniform doping and computed CLF with Cs
corresponding to uniform doping when using the QS capacitance method. In the case of CV
measurements in this work knowing that the increase in unknowns increases with a larger
doping density of the wafers, then the wafers used were of a higher resistivity, therefore
lessening the effect of this error. There are other factors that effect the measurement of a
HF and Q S C V curves and these can be found in [17]. Some examples of these factors are
the oxide non-uniformity and the amount of pinholes through the oxide.

B

A Standard Circular Front A l u m i n i u m Contact Diameter
In order to compare differing values for Dn one must firstly know the variance of this

factor with differing front circular aluminum contact diameters. Therefore an investigation
depositing differing size circular aluminum metal contacts was conducted. If the calculated
Dit levels do not change with increasing diameter of circular front aluminium contacts then
it confirmed that there is no relationship between these two parameters. Theoretically they
must be independent. This analysis is conducted by comparing the D a level offset between
different diameter sizes. A series of different diameter evaporation shadow masks were used
from 0.057- 0.4 cm diameter to evaporate the front aluminium contacts in order to make
a M O S capacitor. Measurements were conducted on a number of these contacts and the
statistical weighting was used in order to construct box plots of D a vs. dot diameter.
This is presented in Figure B.l. It shows that with increasing dot diameter the value for
Dit does not increase or decrease within the uncertainty bounds.
In order to independently check the value of the insulator thickness that is calculated
using the measured capacitance of the oxide and the known insulator permittivity one
can independently measure the thickness of the insulator on the filmetrics measurement
device and check the variation on the calculations. The Dtt is theoretically independent
to the dot area. If the dot area changes the Cmax (capacitance of the stack) value of the
stack capacitance for the insulator (oxide) increases, therefore balancing out any possible
changes and resulting in a net zero change in Da level. The capacitance of the insulator
Ci is dependent on the Cmax divided by the dot area (S).

Q = ^

(B.ll)

The insulator thickness (d) is the permittivity of the insulator {E^) divided by the capacitance of the insulator (C^).
(B.12)
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Figure B . l : Du (States/cm^/eV) measured at mid-gap (0.56eV) for different front aluminium
circular contact (dot) diameters

Equating for C; in Equations B . l l and B.12 we can solve for S.
5 =

dCmax
E,

(B.13)

Also from the physical dimensions of the diameter of the dot (Ddot) we know that the
area of the dot is equal to:
S=^iT{Ddotf

(B.14)

Therefore we can create an expression for D-dot from these parameters that are known.
Ddot =

dCr,

(B.15)

If we can then compare the known dot diameter from our measurements of the shadow
masks with the calculated dot diameter from the measurement of the insulator thickness and subsequent calculations then we can know an accurate error range for our dot
diameters.

B A Standard Circular Front Aluminium Contact Diameter

B.l
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C a l c u l a t i o n of A r e a I n d e p e n d e n t Dn for T e x t u r e d Surfaces
A anisotropically etched textured surface has an area that is 1.732 times greater than

the equivalent planar surface. A planar surface area can be defined as the unit area = 1.
T h e calculation of the change in diameter for a textured surface over a planar surface is
shown in Figure B.2. Therefore the known planar aluminium contact area is multiplied by
this factor in the calculation of Du for the near-textured surface. In Chapter 2, a series of
rounded surfaces that differ in varying degrees from textured to planar calculate the DnFor the area-adjusted values of these samples the pyramid height was used from the SEM
image to calculate the new diameter for each of these surfaces. The diameter values are
outlined in Table B . l .

Circular
aluminium
contact

Textured surface

Planar surface

Area2 =1.732

A r e a i =1

Textured surface
Diameters = ( 4 x 1 I Z m f ^
~ 1.485 Diameteri

Planar surface
D i a m e t e r i =1

Figure B.2: Calculation of the increase in circular front aluminium contact diameter for a MOS
capacitor with a textured surface.
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Table B.l: Front contact diameters for rounded surfaces
HF:HN03 Etch Ratio

C

Diameter

1:60

1.485

1:40

1.397

1:30

1.397

1:25

1.397

1:15

1.136

1:10

1

1:5

1

Calculation of the Weighted Average Reflectance
In this work, reflectance was measured from 300-1100 nm on bare silicon. Bare silicon

is not used for a finished solar cell, however for completeness and comparison purposes
the weighted average reflectance calculation was used.
The spectral aspect of incident sunlight and the internal spectral response have to be
taken into account for solar cells. The weighted average reflectance { R w ) between Ai and
A2 is defined as [54]:

R{m\)si\) dx
j^^msw dx

(C.16)

Where 0(A) is the spectral irradiauce(AM 1.5 spectrum was used) and 5(A) is the internal
sensitivity of the solar cell.

D

Input Parameters for the P C I D Program

D Input Parameters for the PCID Program
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Table D . 2 : Input paramters for PCID program for modelling efficiency of a Sunpower A300 Cell
under illumination for changing Jqe.

P C I D PARAMETER

VALUE

Device Area

lcm2

Emitter Contact

1 X 10

Base Contact

1 X 10

Thickness
Carrier Mobilities
N-type Background Doping
1st Front Diffusion
Junction Depth
Bulk Recombination
Front Surface Recombination
Transient Excitation

n, 180 iim
a , 200 /xm
200 urn

From internal Si Model
5 O.cm
N-type, Erfc, 200Q per square
1.324 urn
1000 MS
Vary SRV, input calculated SRV from Jqe
81 timesteps

Temperature

300 K

Base Circuit

Sweep 0-0.8V

Primary Light Source

AM 1.50

Table D.3: Input paramters for PCID program for changing JQE to SRV.
PCID PARAMETER

VALUE
lcm2

Device Area
Emitter Contact
Base Contact
Thickness

1 X 10

Q, 0

nm.

1 x 1 0 " ® n, 45000 iim
500

fim

Fixed Electron Mobility

1363.44 c m V V s

Fixed Hole Mobility

467.46 c m V V s

N-type Background Doping
1st ftont Diffusion

3.429 n.cm
N-lype, Erfc, 2000 per square

Junction Depth

1.113

Bulk Recombination

1x10

Front Surface Recombination
Excitation

nm

/iS

Vary SRV, input calculated SRV from JQE
Steady State, I W / c m ' ^

Temperature

300 K

Base Circuit

Sweep 0-0.8V

Primary Light Source

AM 1.5G
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