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Abstract

High quality surface passivation is important for the reduction of recombination losses in solar
cells. In this work, the passivation properties of amorphous hydrogenated silicon nitride for
crystalline silicon solar cells were investigated, using electrical characterization, lifetime
measurements and spectroscopic ellipsometry. Thin films of varying composition were
deposited on p-type monocrystalline silicon wafers by plasma enhanced chemical vapor
deposition (PECVD). Highest quality surface passivation was obtained for silicon-rich thin films,
where a surface recombination velocity of 30 cm/s was obtained after a heat treatment
corresponding to the industrial contact firing process. Electrical characterization of the
interface between silicon nitride and silicon was performed by capacitance and conductance
measurements. Several challenging aspects related to the interpretation of these
measurements were investigated in detail, including charging and discharging, leakage
currents, and frequency dependent capacitance.
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1 Introduction
In light of future challenges concerning increasing energy demand, decreasing reservoirs of

fossil fuels, and climate change, the interest in renewable energy has increased dramatically
worldwide. Solar energy has a great potential of contributing to a sustainable development,
and tremendous progress has been made in photovoltaics, by which sunlight is converted
directly into electric power [1]. However, power generation from photovoltaics needs to
become more cost effective in order to compete with other energy sources [2]. The solar cell
based on crystalline silicon is dominating the marketplace, and further cost reduction is
necessary for the industry to grow [2]. Ways of reducing the price per watt of the electricity
produced by solar panels include developing more efficient solar cells and reducing the
production cost [2].

Recombination of charge carriers in the silicon material is a significant loss mechanism in
industrial solar cells today, and recombination losses must be minimized in order to make high
efficiency solar cells [3]. Surface recombination losses are reduced by passivating the surface
using dielectric films. The front sides of industrially produced silicon solar cells are passivated
by deposition of a thin layer of amorphous hydrogenated silicon nitride, a-SiN,:H [3]. An
advantage of a-SiN,:H as a passivation material is that passivation is achieved by two effects
simultaneously. Chemical bonding between the film and the silicon substrate results in
chemical passivation, while fixed positive charges near the silicon surface cause field-effect
passivation [4]. In addition to good surface passivation properties, the silicon nitride film
serves an important function as an anti-reflection coating, attributing to the characteristic blue
color of silicon solar cells [3]. In order to reduce surface recombination losses further,
passivation of the rear side of the solar cells is also important [2]. Today’s solar cells have a
small degree of rear passivation from aluminium atoms diffusing from the rear contact into the
silicon, giving field-effect passivation [2]. However, the interface between silicon and metal
features a very high surface recombination velocity [3]. Due to high material costs, the wafer
thickness is continuously decreased, and the solar cells become thinner. As a consequence,
rear passivation becomes more important in order to achieve high cell efficiencies [3]. By
depositing a dielectric passivation film on the rear side of the solar cell, and using laser
processing to create localized contacts, better surface passivation can be achieved and lower
amounts of expensive aluminium paste is needed [2, 3, 5].
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An example of a solar cell design with a-SiN,:H passivation layers on both front and rear side of
the cell is shown in Figure 1 [3]. The front contacts are screen printed silver contacts,
extensively used in industrial solar cells. At the rear of the cell, aluminium point contacts with
localized back surface fields (BSF) give field effect passivation close to the contact in addition
to minimizing the metal-silicon interface area.

Screen printed silver front contacts

n*-si —+

a-SiN :H

p-Si ——

Local —
aluminium
BSF

Aluminium rear contacts

Figure 1: Example of solar cell design with a-SiN,:H passivation layers at front and rear side.

Plasma enhanced chemical vapor deposition (PECVD) is the most common deposition method
for a-SiN,:H in the industry today. The quality of passivation depends on film properties, which
are controlled by various deposition parameters. Additionally, the heat treatment associated
with screen printing of front contacts affects the passivation layer. A great deal of research
has focused on optimization of the deposition process with the aim of achieving high quality
surface passivation of silicon for photovoltaic applications [6-14]. However, a large variety of
PECVD reactor designs exist, and optimization of deposition parameters depends on the
equipment used.

Electrical characterization is extensively used in order to investigate the properties of a-SiN,:H
dielectric films for microelectronics applications [15-23]. However, it is not widely used for
characterization of a-SiN,:H passivation layers for photovoltaic applications, and difficulties
with respect to methodology and interpretation of results are reported [4, 6, 24].
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1.1 Thesis outline

In this work, surface passivation of silicon using a-SiN,:H deposited by PECVD is explored. The
experiments are limited to passivation of p-type substrates, for passivation of the rear side of
solar cells with n’p configuration. However, the aspects regarding passivation properties of a-
SiN,:H on p-type silicon are also applicable to a-SiN,:H passivation layers on n-type substrates
and emitters. This work is part of a larger research project at the Department for Solar Energy
at Institute for Energy Technology, and film deposition is performed in cooperation with PhD
student Halvard Haug and research scientist Dr. @rnulf Nordseth.

The objective of my work can be summarized in 4 key goals:

1. Investigate properties of passivation layers using electrical characterization, in addition
to more traditional characterization techniques in photovoltaic research, in order to
achieve a more fundamental understanding of the passivation properties of a-SiN,:H

2. Separate the contributions from chemical and field-effect passivation using electrical
characterization, and linking the macroscopic carrier lifetime measurements to
microscopic interface properties

3. Contribute to the optimization of deposition process in two different reactor systems,
in order to tailor the deposition parameters to improve the passivation quality. This is
a core activity of the Department for Solar Energy at Institute for Energy Technology.

4. Give a detailed analysis of the possibilities and difficulties related to electrical
characterization of a-SiN,:H for photovoltaic applications
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In this chapter, basic theory related to passivation of silicon using a-SiN,:H and electrical
characterization is described. Because the goal of passivation is to reduce recombination of
carriers, the mechanisms of recombination and the effect of recombination on solar cell
performance are described in Section 2.1. Then a description of the two contributing
mechanisms to surface passivation of silicon is given in Section 1.1. As electrical
characterization of a-SiN,:H is central in this work, a brief summary of Metal-Insulator-
Semiconductor capacitor theory is included in Section 2.2. Section 1.1 gives background
information about a-SiN,:H thin films, including properties and previous work done in this field.
Due to the large impact of leakage currents on electrical characterization of a-SiN,:H, an
overview of carrier transport mechanisms in a-SiN,:H is given in Section 1.1.

2.1 Recombination in silicon

Recombination is the process where an excited electron from the conduction band recombines
with a hole in the valence band, releasing the absorbed energy [4]. Recombination losses have
to be minimized in order to make high efficiency solar cells. When charge carriers recombine
before they reach the external circuit, current is lost and the efficiency of the cell is reduced.

In a semiconductor under illumination, the excess electron concentration is given by
An=n-—n,

(1)

where n is the total electron concentration and n, the thermal equilibrium concentration.
Equivalently, for holes the excess concentration is given by

Ap=p—po- (2)

The excess carrier concentration is also referred to as the injection level of the semiconductor,
and depends on illumination. High intensity illumination with photon energies larger than the
semiconductor band gap excites a large number of electrons, leading to a high injection level.
Equivalently, low intensity illumination causes a low injection level.

Minority carrier lifetime t is the average time before minority carrier recombination, and in
p-type silicon it is defined as

An
=7

(3)
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where U is the net recombination rate. The effective carrier lifetime, T is the lifetime
measured experimentally, and is composed of the bulk and surface lifetimes according to the
relation

1 1 1
+

Teff B Thulk Tsurf . (4)
2.1.1 Bulk recombination

There are three main bulk recombination mechanisms in silicon: Radiative recombination,
Auger recombination and recombination via defects. The three mechanisms are illustrated in
Figure 2.

Radiative recombination is in principle the opposite process of excitation. An electron
recombines with a hole, and a photon with energy equal to the band gap is emitted, as shown
in Figure 2a. Silicon is an indirect semiconductor, hence absorption or emission of a phonon is
necessary for radiative recombination to occur.

Auger recombination is a process where the energy from recombination of one electron-hole
pair increases the kinetic energy of another excited electron, see Figure 2b. The second
electron is relaxed again by emitting phonons.

Radiative and Auger recombination are fundamental processes of intrinsic silicon, independent
of material quality. In contrast, recombination via defect energy levels (Figure 2c) is highly
dependent of composition and structure. Impurities and defects may introduce energy levels
in the semiconductor band gap, called trap states or defect levels. Charge carriers might get
trapped in these states, and either be reexcited or recombine. This type of recombination is
described by Shockley-Read-Hall (SRH) theory, also referred to as SRH recombination.

Bulk lifetime is given by the individual lifetimes of the three recombination mechanisms,
according to the relation

1 1 1 1
= + + :
Thulk Trad TAuger Tdefect (5)
@ [ BN ) [ ]
O O O
a b C

Figure 2: Recombination mechanisms in bulk silicon. a) Radiative recombination, b) Auger
recombination and c) recombination via defect energy level.
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2.1.2 Surface recombination

At the surface of silicon, there is a density of unsaturated bonds, often referred to as
«dangling» bonds. These may introduce energy levels within the band gap of the
semiconductor. In addition to dangling bonds, surface states can result from dislocations, or
chemical residues and metallic depositions on the surface [4]. Surface recombination via
defect levels is described by SRH theory, and the recombination rate at the surface is given by

U. = Ngps — niz
ong g 4+ Ds + Pse (6)
SpO SnO

where n; and p; are the concentrations of electrons and holes at the surface. S,o and S, are the
surface recombination velocity parameters for electrons and holes, defined by

Sno = Unvttht ’ Spo = Upvttht- (7)

respectively, where o, and o, are the corresponding carrier capture cross sections, vy is the
thermal velocity of the carriers and N is the density of surface states. When considering
surface recombination, the surface recombination velocity (SRV) S is commonly used instead of
the lifetime t,. It corresponds to the inverse carrier lifetime and is defined as

Us

5=, (8)

where U; is the surface recombination rate with units of cm?s™ and An; is the excess minority
carrier density at the surface. Assuming a known bulk lifetime and equal surface
recombination velocity on both sides of the silicon wafer, the effective SRV, S, can be
estimated from the measured effective lifetime, according to the approximate relation

1 L, ey

~

Teff T touk . W (9)

for small values of S,y [4]. Here, W is the wafer thickness. However, if S is large, the
recombination process is limited by the diffusion of carriers to the surfaces:

1 1 D, m?
+ n

~

Teff Thulk w2 (10)

where D, is the diffusion coefficient of electrons [4].
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2.1.3  Effect of surface recombination on solar cell efficiency

Surface recombination affects solar cell efficiency, especially for high efficiency cells made with
high quality silicon. The effect of surface recombination velocity and bulk lifetime on cell
efficiency is shown in Figure 3. The graph was obtained by simulations performed in the solar
cell modeling program PC1D. Surface recombination velocity was varied from 1 to 10° cm/s,
for bulk lifetimes between 1 us and 10 ms. An idealized solar cell model was used, consisting of
an n-type emitter on p-type silicon substrate. Shunting, electrical losses, front and rear
reflection were neglected. Surface recombination velocities were assumed equal for the front
and rear surfaces. A summary of the cell parameters are given in Table 1.

Table 1: Specifications of idealized solar cell model used in PC1D simulation.

Cell parameter Specification
Thickness 300 um
Dielectric constant 11.9
Band gap 1.124 eV
Intrinsic carrier concentration at 300 K 1x10"% cm?
Refractive index 3.58
p-type doping level 1.513x10'° cm™
n-type doping level 1.579x10" cm™
Emitter doping distribution Complementary error function,
erfc(z) = 1 — erf(z)
Temperature 300 K
Light intensity 0.1Wcm?
I Reference Solar Spectral Irradiance
P for Air Mass 1.5

As expected, highest efficiency is obtained for high bulk lifetime and cell efficiency increases as
the surface recombination velocity decreases. For poor bulk lifetimes, the efficiency saturates
below 10% cm/s, due to small diffusion lengths in bulk. As bulk lifetimes increase, saturation is
shifted towards smaller surface recombination velocities. Diffusion lengths in bulk are no
longer limiting cell efficiency, hence surface passivation is more important for high quality
silicon with high bulk lifetimes.



2.1 Recombination in silicon

26 | -
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Figure 3:  Efficiency as a function of surface recombination velocity for a variety of bulk lifetimes.
The graph is obtained by PC1D simulations.

2.2 Surface passivation of silicon

Generally, there are two different strategies for reducing the surface recombination velocity at
the silicon surface: Chemical passivation and field-effect passivation. Both effects are present
in a-SiN,:H, and a description of both is given below.

2.2.1 Chemical passivation

Chemical passivation reduces the SRH recombination rate by lowering the density of interface
traps, D;. This can be done by deposition of a passivating film on the surface, saturating the
dangling bonds. Silicon oxide and silicon nitride are the most common materials used, as both
give long term stability required for solar cells. In a-SiN,:H films, chemical passivation is
obtained by chemical bonding of silicon, nitrogen and hydrogen atoms to surface silicon
atoms, as illustrated in Figure 4.

Dangling bond
\., N H H N
. I I I I
—Sli—SIi—SIi—SIi—Si—Si—
I I
—Sli—SIi—SIi—SIi—SIi—SIi—
-Si—Si—Si—Si—Si—Si—
I I I I I I

Figure 4: Illlustration of silicon surface with unpassivated dangling bond and silicon surface atoms
chemically passivated by nitrogen and hydrogen atoms.
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2.2.2  Field effect passivation

For surface recombination to occur there must be both electrons and holes present. Plotting
the surface recombination rate from equation 6 as a function of the ratio of carrier
concentrations shows that the recombination rate is largest when the carrier concentrations of
holes and electrons are in the same order of magnitude. For a mid-gap surface trap with equal
surface recombination velocity parameters for electrons and holes, the maximum
recombination rate is observed for n = p, as shown in Figure 5. The recombination rate drops
rapidly if the concentration of one carrier type is decreased. One way of reducing the carrier
concentration is by introducing an electric field. Dielectric thin films with fixed electrostatic
charges will repel one type of carriers, depending on the polarity of the film. This method for
reducing the SRV is referred to as field-effect passivation, and is illustrated in Figure 6.

A different approach for obtaining an electric field is by implementing a doping profile in the
silicon, i.e. by creating a p’p or n’n high-low junction. This method is commonly used when
making the back surface field at the rear side of crystalline silicon solar cells.

Surface recombination rate (A.U.)

Figure 5:  Surface recombination rate as a function of the carrier concentration ratio, for a mid-gap
surface trap with equal surface recombination velocity parameters for electrons and
holes.

10
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E
i
¥ o—
*
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Figure 6:  Field effect passivation by a-SiN,:H dielectric film with fixed positive charges on n-type
silicon substrate. Accumulation of electrons creates an electric field, repelling holes.

The field-effect passivation depends on the polarity of the fixed charges in the thin film and on
the doping of the semiconductor. Silicon nitride contains positive charges fixated near the
insulator/semiconductor interface. For n-type silicon, majority carriers will accumulate at the
interface, causing the bands to bend downwards [25], as is illustrated in Figure 7 (a). An n'n
region is formed, in which minority carriers are repelled, and the total recombination velocity
is decreased.

Depositing a passivation layer with fixed positive charges on p-type silicon introduces field
effects depending on the charge density. Small densities of fixed charges repel majority
carriers, giving a depletion region at the interface, shown in Figure 7 (b). Depletion does not
cause large enough difference in carrier concentrations to achieve good field effect
passivation.

Films with a larger concentration of fixed charges will result in stronger band bending. If the
intrinsic level E; bends below the Fermi level £, the semiconductor is inverted, and switched
from p to n-type in the interface region, as illustrated in Figure 7(c). The n-region is separated
from the p-region by a depletion region.

The polarity and density of fixed charges, Q;, determine the direction and strength of the
electric field and hence the extent of field effect passivation. Accumulation or strong inversion
is desirable from a passivation point of view, due to a decreased recombination rate.

11
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Figure 7:  Band diagrams of doped silicon with positively charged silicon nitride: (a) n-doped silicon
with electron accumulation, (b) p-doped silicon with hole depletion, (c) p-doped silicon
with inversion layer at the semiconductor surface. E; and E, are the conduction and
valence band edges, E; is the intrinsic energy level, and E; is the Fermi level.
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2.3  Metal-Insulator-Semiconductor (MIS) theory

This section deals with the application of traditional semiconductor electrical characterization
to silicon nitride for photovoltaic applications. Capacitance and conductance measurements
can be used in order to characterize the passivating properties of the silicon nitride film. This
yields information about the charges in the material, and the fixed charge density Q
responsible for field effect passivation can be estimated. The density of interface traps
between nitride and silicon D;; can found by conductance measurements. In this section an
overview of the topic is given, and a general description can be found in semiconductor device
textbooks, e.g. Streetman and Banerjee [25], whereas Nicollian and Brews give a more detailed
guide to the topic [26].

By depositing an aluminium contact on top of the silicon nitride, a Metal-Insulator-
Semiconductor (MIS) capacitor is formed, as illustrated in Figure 8. This structure can be
electrically characterized by measuring the capacitance and conductance as a function of
applied voltage. Electrical characterization gives information about the charge distributions
and interface properties of the semiconductor/insulator system. The most important charge
type is the positive fixed charges, contributing to field effect passivation. In addition, the film
also possesses mobile ions, trapped electrons/holes or charges occupying interface states.
Hence the total charge density of the film is given by the sum of charge types [10]:

Qi:Qf+Qm+Qt+Qit- (11)

Here Qs are the fixed, Q, the mobile, Q; the trapped and Q; the interface trapped charge
densities.

a-SiN,:H Vv

p-Si

Figure 8: Device structure of a Metal-Insulator-Semiconductor (MIS) capacitor. The semiconductor
substrate is made of silicon, with an insulating amorphous silicon nitride film and
aluminium contacts.

2.3.1 Capacitance of MIS structures

The MIS structure is a parallel plate capacitor where the two plates are formed by the metal
and the semiconductor, and the nitride prevents current from flowing between them. The

13
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capacitance of the parallel plate capacitor, C, is the material’s ability to hold an electric charge,
and is defined as

_dQ €64

C=w =4 (12)

where Q is charge, V is the applied voltage, & is the relative permittivity or dielectric constant
of the insulator, €, is the permittivity in vacuum, A is the area of the capacitor and d is the
distance between capacitor plates. For the MIS structure, the total capacitance G, is given by
the series connection of the constant capacitance of the insulator C; and the voltage
dependent capacitance of the semiconductor space charge region C; (V) [4]:

Ci Cs (V)

Crot (V) = CAC(V) (13)

The ideal MIS capacitor

In order to analyze C-V curves from real systems, it is useful to compare with an idealized case.
For an ideal MIS structure, some assumptions are made in order to simplify the calculations.
The work functions of the semiconductor and metal are assumed to be equal (@,=@s), there
are no interface states between insulator and semiconductor (D;; = 0), and no charge in the
insulating layer (Q; = 0 )[4].

The C-V curve for an ideal p-type MIS capacitor is given in Figure 9. Applying a large negative
voltage will cause accumulation of electrons in the semiconductor surface, minimizing the
distance between charges in the semiconductor and the insulator. Hence the semiconductor
capacitance is large and the total capacitance approaches C;(see point 1 in Figure 9).

Increasing the voltage will drive the semiconductor from accumulation via flat band (point 2)
to depletion for small positive voltages (point 3). The width of the depletion region increases,
and the semiconductor capacitance in depletion C, decreases.

14
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Figure 9: Capacitance — Voltage curve for a p-type MIS capacitor in quasi-static or low frequency
mode. The dashed curve in inversion is characteristic for high frequency measurements. In
depletion, the semiconductor capacitance is denoted as C,. Figure taken from ref. [25] and

modified.

An additional voltage increase will cause inversion in the semiconductor. In inversion, the
frequency of the applied voltage becomes important. Frequencies are «high» or «low»
compared to the generation and recombination rates in the inversion layer [25]. In high
frequency measurements the AC signal is typically ~1MHz, and the amplitude is normally in
the range 10—30 mV. The rapid variation of the voltage is too fast for the charges in the
inversion layer to follow; hence they do not contribute to the total capacitance. In strong
inversion, high frequency measurements give a non-voltage dependent capacitance minimum,
illustrated by the dashed curve in Figure 9. The minimized semiconductor capacitance
corresponds to the maximum extent of the depletion zone. For low frequencies, between 1
and 100 Hz, minority carriers have time to compensate for the applied electric field, giving a
narrower depletion region and a higher semiconductor capacitance in inversion as compared
to the high frequency response. Once again, C,; approaches C, as indicated by point 4 in

Figure 9.
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Non-ideal MIS capacitor

The assumptions made for an ideal MIS capacitor are generally not valid for real devices. Work
functions of metal and semiconductor are not necessarily equal, as the semiconductor work
function depends on the doping level. Silicon has an electron affinity of 4.05 eV, and with a
doping level of 4.5x10" cm™ for a p-type substrate, the semiconductor work function is &s =
4.97 eV. For a top electrode made from aluminium, which has a work function of ¢,,=4.10 eV,
the work function difference is A@,,;=—0.87 eV.

Neither Q; nor D;; can be neglected in physical device and the non-ideal effects will influence C-
V measurements. Flat bands are obtained when the applied voltage compensates for the
difference in work functions, 4 ¢b,,s, and insulator charges Q.. The flat band voltage is given by

Q;

Vig = Ay — a (14)

where C; is the insulator capacitance. The shift in flat band voltage, relative to the ideal case
will cause the ideal C-V curve to shift parallel to the voltage axis, as illustrated in Figure 10.

By extracting the flat band potential from the C-V curve, the insulator charge density can be
determined. At flat band conditions, the semiconductor capacitance is assumed to be
determined by the Debye length A, according to the equations

_ EsikT
>~ [N, (15)
and
_ €si€0A
ST (16)

where &; = 11.68 is the relative permittivity of silicon and N, is the doping concentration [24].
The flatband capacitance can be estimated from equation 16.

Assuming no mobile or interface charges, Q; = Qy, the fixed charge density can be calculated
from [24]

Ci
Qf = E(A(pms - Vfb)- (17)
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2.3 Metal-Insulator-Semiconductor (MIS) theory

The density of interface traps can be extracted from combined high frequency and quasi- static
measurements. As the bias is varied, the Fermi level at the semiconductor surface changes.
Electrons or holes will occupy trap states depending on whether the trap is positioned below
or above the Fermi level, respectively. The trap state capacitance contributes to the low
frequency capacitance, but the charge/discharge process is too slow to contribute at high
frequencies. This leads to a split in the C-V curve at minimum capacitance, as shown in Figure
10. The density of interface traps is given by the relation

GGy CiCyy )
Ci—Cy Ci—Cpy (18)

1
Dit:E(

where g is the elementary charge, C; is the insulator capacitance, and Cs and C,s are the low
and high frequency capacitances at the minimum, respectively [25].

low frequency
— Cy

AC

. C hf
high frequency

Veg 0 v

Figure 10: C-V curve of non-ideal MIS capacitor. The curve is shifted to the left, giving a negative flat
band voltage due to positive charges in the insulator. The shift AC between low and high
frequency curves is caused by interface traps.
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2.3.2 Conductance of MIS structures

The conductance method is an alternative method to quasi-static C-V measurements for
determining the density of interface traps [27]. Measurements are performed on MIS
capacitor structures using the same experimental setup as for C-V measurements. The
conductance G is defined as the inverse of resistance R, or as a function of conductivity o
according to

(== (19)

where A is the area of the capacitor and d is the distance between capacitor plates. Capture
and emission of carriers in the traps increase the AC-conductivity of the structure; hence
conductance is a measure of the density of interface traps [27].

The equivalent circuit of a MIS capacitor with interface trap states is given in Figure 11 (a),
representing the interface trap states as a series connection of a capacitance C; and a
resistance R;. The interface trap time constant is given by t; = CR;: This circuit can be
simplified by introducing a parallel connection of a conductance G, and a capacitance Cp, as
shown in Figure 11 (b), where G, and C, are given by [27]

Co =C +L
P T 4 (wrye)? (20)

and

Gp  qutyDy

0 14+ (0T)? (21)

Here w is the angular frequency determined from the measurement frequency by w = 2rtf, Csis
the semiconductor capacitance. The interface trap capacitance is related to the density of
interface traps according to C; = g°D;.. This model pertains to a single mid-gap trap state, and
for a continuum of trap states equation 21 modifies to [27]

@ _ qDyt

= In[1 i)?]
= g0r N1+ (@T0)7]

(22)

Experimentally, D;; is found by applying a voltage to keep the semiconductor in depletion and
measuring the equivalent parallel conductance G, as a function of frequency. Plotting G, /w
versus frequency gives a curve with a maximum value (Gp /W) max, as illustrated in Figure 12. D;;
can then be estimated from the relation [26]

Dit:q_A(_) . (23)
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1

Ll 1.
Ril
Cs Cp Gp Cs
Ci[
@ (b)

(c)

Figure 11: Equivalent circuits of the MIS structure for conductance measurements: (a) C; is the
insulator capacitance, C; the semiconductor capacitance, C; the capacitance of interface
traps and R;; the interface trap resistance. (b) is the simplified circuit of (a) where C, and
G, are the equivalent parallel capacitance and conductance, respectively. (c) is the circuit
from (a) with an additional series resistance Rs. The figure is taken from [27] and
modified.

Gp/(l) (Gp/ (D)max

(0}

Figure 12: Sketch showing a typical G, /w vs. w curve obtained by conductance-frequency
measurements. The maximum is related to D;; through equation 23.

Alternatively, the peak conductance can be extracted from conductance-voltage plots, as
described by Nicollian and Brews [26]. The peak conductance in the depletion region originates
from the increased conductance from interface states. By correcting for series resistance, the
magnitude of the peak is found. In general, there are various contributions to series resistance:
The contact between probe and metal, the back contact to the silicon, resistance in the silicon
bulk, or contamination and non-uniformities in the doping distribution [26]. An equivalent
circuit including series resistance is given in Figure 11 (c), and an expression for Rs can be
found from the relation

(24)

where G, and C, are the measured conductance and capacitance in accumulation, respectively
[26]. The voltage dependent conductance and capacitance corrected for series resistance are
given by the formulas
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_ (GF + w?CP)a

Ge a? + w?Cp (25)
and
.= (Gi;f;zcgc" (26)
where
a=Gp—(G3+ w*CHR; (27)

and G and C are the measured conductance and capacitance, respectively [26]. The series
resistance component of the conductance, Gg, is given by [26]

w?CER

= 28
1+ w?RECE 28)

Gr

Figure 13a illustrates the measured conductance, the contribution from series resistance and
the corrected curves. The maximum conductance on the corrected curve can be used to
calculate D; using equation 23. This method is referred to as the analytical method for series
resistance correction. An alternative approach to finding the height of the conductance peak is
to perform a simple linear interpolation, as illustrated in Figure 13b.

GC Gmax

a) b)

Figure 13: Methods for series resistance correction on G-V measurements: a) Analytical method
using equations 24—28. G, is the measured conductance, G the series resistance
contribution to the conductance and G the obtained corrected curve. G, is used to
determine D;. b) Linear interpolation method for series resistance corrected
determination of D.
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2.4 Amorphous hydrogenated silicon nitride (a-SiNx:H)

In this section, the properties of a-SiN,:H surface passivation layers for photovoltaic
applications are presented. Large effort has been put into understanding the passivation
properties of a-SiN,:H, and optimizing the fabrication processes in order to improve the
passivation quality, and a brief overview of previous work in the field is given here.

2.4.1 Effective lifetime and surface recombination velocity

The measured effective lifetime and estimated surface recombination velocity are macroscopic
measures of the average passivation quality. Naturally, a low surface recombination velocity is
reflected in a high measured lifetime. For unpassivated silicon wafers, surface recombination is
limiting lifetime measurements. As a lower limit of passivation quality, the transport of carriers
to the surface region is rate determining. By inserting a diffusivity of approximately 30 cm/s
into equation 10, and assuming a high bulk lifetime of 1 ms, a minimum value of the measured
effective lifetime of 3 us is found. Lifetime analysis of PECVD a-SiN,:H show that excellent
passivation can be achieved. Lifetimes in the ms range can be obtained [4], corresponding to
surface recombination velocities around ~10 cm/s for high quality silicon.

2.4.2 Fixed charges and interface traps

As previously mentioned, the surface passivation is influenced by the properties of the
interface between silicon and the passivation layer. The band structure of an a-SiN,:H film on
p-type silicon with zero applied bias is illustrated in Figure 14. Here, the surface is in inversion
due to the distribution or positive charges within the film, Qy. The density of interface traps, D,
is indicated by defect levels in the silicon band gap. For an unpassivated silicon wafer, D;; is
approximately 10" cm™ eV [4]. For plasma a-SiN,:H passivated wafers, D; values between
1x10"—5%10" cm™ eV* are reported [4].

At the interface between silicon and a-SiN,:H, there is a thin layer of SiO, originating from
oxidation in the period after the HF dip to before the start of a-SiN,:H deposition [4]. This film
is converted to an interfacial oxynitride SiO,N, film during deposition, and exhibits positively
charged defects contributing to Q.

The origin of the fixed positive charges are believed to be the K centers, which are the
dominating defects in a-SiN,:H. A K center consists of a silicon atom, with one unpaired
electron, bonded to three nitrogen atoms (N3 = Si-) [4], and this state is referred to as the
neutral K° state [16]. The unpaired electrons can be donated to the silicon, leaving the
positively charged K* centers characteristic for a-SiN,:H, according to the mechanism:

K> Kt +e. (29)
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Elmiger and Kunst determined the depth of K' centers in the silicon nitride film to 20 nm, by
measuring the increase in conductivity due to transfer of electrons into the silicon with an
increasing Qy [28]. Similarly, negatively charged defects can be obtained by trapping of two
electrons [16]:

K*4+2e > K. (30)

However, other possible configurations of positively charged defects are suggested as well. De
Wolf proposed a model were the definition of K centers is generalized to consisting of silicon
atoms bonded to either nitrogen or silicon: Si3_yNy = Si-, whereyis1,2or3[29].

Qg
~ 20 nm

r
v

[+ |+

+++++++ |++++/f

a-SiN,:H SiNXOy p-type Si
<2nm

Figure 14: Approximate band structure of a-SiN,:H thin film on p-type silicon substrate, with an
nitride/oxide intermix layer in between. The silicon surface is in inversion, due to band
bending caused by fixed charges (K centers) in the a-SiN,:H layer. Interface traps are
present between the semiconductor and intermix layer.
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2.4 Amorphous hydrogenated silicon nitride (a-SiN,:H)

C-V measurements confirm the presence of positive charges, and values in the range
1x10"'—5x10" elementary charges per cm” have been reported [4]. A well-known challenge
with C-V measurements, however, is that the thin films are affected by the measurements. The
charge of K centers can be altered by applying a bias, causing trapping and emission of charge
carriers, resulting in a varying Qy and hysteresis effects in C-V measurements [4]. Beylier et al.
describe these hysteresis effects and additionally observe shifts in flat band voltage with
applied bias [16]. Increasing negative bias led to larger quantities of positive charges, and
positive bias resulted in a formation of negatively charged states in the a-SiN,:H thin film [16].
Another characteristic of the C-V behavior of a-SiN,:H MIS structures described by Beylier et al.
is an increasing inversion capacitance with decreasing frequency of the applied signal. This is
explained by the positive charges in the a-SiN,:H layer creating a permanent inversion layer.
The inversion layer electrons act as a reservoir of carriers compensating for the applied bias at
lower frequencies, leading to an increasing capacitance [15].

2.4.3 Chemical composition and optical properties

The chemical composition and refractive index in a-SiN,:H are interlinked, and hence
measuring the refractive index gives an indication of the stoichiometry of the sample. By
controlling the deposition conditions, a-SiN,:H films with varying [N]/[Si]-ratio, x, can be
obtained. Normally, amorphous silicon nitride has x-values ranging from x = 0 for a-Si:H to
x = 4/3 for stoichiometric silicon nitride, a-SisN4:H. Makino proposed the following equation
relating the refractive index to stoichiometry, neglecting contributions from hydrogen [23]:

3
Ng-sin +7X (2Ng_si,N, — Na-si:n)

3
1+1X

n= (32)

where n,.siy and n,sisve are the refractive indices of amorphous silicon and stoichiometric
silicon nitride, respectively. Performing a first order Taylor expansion around x = 1, gives a
linear approximation indicating a decrease in refractive index with increasing nitrogen content.
The refractive indices of amorphous silicon and near stoichiometric silicon nitride deposited by
PECVD depend on the hydrogen content in the films. Inserting n,.si.y= 3.3 and n,.sisn, = 1.9, in
the expressions for n(x) and the linear Taylor expansion result in the plot shown in Figure 15.
The first order Taylor expansion is a good approximation for refractive indices in the interval
1.8—2.5. Alternatively, the Taylor expansion can be made using the ratio [Si]/[N] = 1/x as a
variable, giving a linear approximation where the refractive index increases with increasing
silicon concentration.
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Refractive index

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
x = [NJ/[Si]

Figure 15: Refractive index as a function of layer stoichiometry: n(x) is the formula in equation 31
proposed by Makino, and T(x) is the linear Taylor expansion around x = 1.

The linear dependence of refractive index on layer stoichiometry has been confirmed
experimentally using Rutherford back scattering (RBS) [30], X-ray photoelectron spectroscopy
(XPS) [13] and Fourier transform infrared (FTIR) spectroscopy [31]. Due to different deposition
methods and conditions, the hydrogen content is varying in the different studies, explaining
deviations in the coefficients of the linear trends. Lauinger et al., Lelievre et al. and De Wolf et
al. report that adjusting the gas flow ratio, SiH, / NH; , results in films of varying refractive
indices and stoichiometry [6, 13, 29].

Lauinger et al. have demonstrated a strong correlation between lifetime and refractive index,
where higher lifetimes are obtained for refractive indices larger than 2.3, for silicon nitride
films deposited in remote PECVD reactors [6]. This is confirmed by Mackel and Liidemann and
De Wolf et al. [29, 31], where a high refractive index is achieved by adjusting the composition
of the film towards high silicon content through adjustment of the gas flow ratios. However,
Schmidt and Kerr found the optimum surface passivation for films with near stoichiometric
composition, with a refractive index of 1.9 [7]. The results were explained by an additional flow
of nitrogen in the process chamber, and the use of a remote reactor system.

The optical properties of the a-SiN,:H thin film should be considered when designing the
combined passivation and anti-reflection coating. The wavelength dependent reflectance of
the finished solar cell should be as low as possible, and this is dependent of film thickness and
refractive index [32]. Additionally, the absorption in the a-SiN,:H layer should be minimized in
order to avoid reducing cell efficiency. Typical values for an optimized a-SiN,:H single layer ARC
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are refractive index in the range 1.9—2.1 and film thicknesses around 70—85 nm, depending
on surface texture and the refractive index of the surrounding media [32-34]. Hence there is a
tradeoff between low index a-SiN,:H with low absorption and high index a-SiN,:H with high
passivation quality.

Composition was also observed to affect the electric properties of a-SiN,:H MIS capacitors.
Beylier et al. reported decreasing hysteresis effects for increasing refractive indices from 1.95
to 2.8, as well as increased leakage currents [15]. This was explained by a reduced defect
quantity with higher silicon content, and increased conductivity due to band gap narrowing.
This is supported by the investigations of De Wolf et al., who found a decrease in hysteresis
effects and increase in leakage currents for refractive indices increasing from 2.0 to 3.0.
According to the observations of Lau et al., the width of the hysteresis loop for recorded C-V
curves increased with the silicon content, for samples with Si/N ratios 0.62 and 1.05 [35]. From
equation 31, this roughly corresponds to refractive indices of 1.7 and 2.2. The large hysteresis
effects of silicon rich films were related to the charging of a-SiN,:H, and were found to be
symmetric with respect to polarity. N-rich films showed an asymmetric behavior, where
positive charges were easier to induce than negative charges. Hezel and Schérner observed an
increase in the concentration of positive charges with increasing gas flow ratio for films with
low refractive index (1.8—1.9)[36]. De Wolf et al. reports increasing charge density for
refractive index in the interval 2.0—2.7, followed by a decrease for higher refractive indices
[29].

2.4.4  Stability under illumination

The thermal and UV stability of a-SiN,:H for photovoltaic applications should be high. Aberle
and Hezel found that a-SiN,:H thin films were stable under illumination of wavelengths larger
than 400 nm, and suffered from degradation when exposed to UV radiation below 400 nm
[37]. The surface recombination velocity increased with decreasing film thickness and films
deposited by remote PECVD were found to be more stable than films deposited by direct
PECVD.

2.4.5 Effect of heat treatment

Industrially, solar cells are often contacted using screen printing after nitride deposition. Metal
front contacts are formed by applying a metal paste through a patterned mask, and a heat
treatment allows the metal to etch through the silicon nitride layer. This process is rapid, and
temperatures of about 800 °C are reached. This heat treatment is often referred to as «firing»,
and it affects the properties of the a-SiN,:H passivation layer.

Lelievre et al. have investigated the effect of a rapid heat treatment up to 800 °C for 1 s,
corresponding to the screen printing firing process, on a-SiN,:H films deposited by low
frequency direct PECVD [13]. A deterioration of the surface passivation quality was observed
for Si-rich films (n>2.2) and lightly improved for N-rich films (n=2.0-2.1). The N-rich films were
found to be denser and more thermally stable. Additionally, the improvement in effective
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lifetime was explained by diffusion of atomic hydrogen into the silicon, passivating both
surface and bulk defects in a chemical manner.

C-V measurements indicated Qs values larger than 1x10" cm? for all samples [13]. After a
rapid thermal anneal, a decrease in Qs was observed. This was explained by the neutralization
of K* centers by diffusing hydrogen. The density of interface traps decreased after the heat
treatment, due to hydrogen passivation of dangling bonds.

Similarly, in a study of films prepared by remote PECVD, Lenkeit et al. found a deterioration of
the films with refractive index below 2.0 and above 2.2 after an 850 °C annealing step. For
films with refractive index between 2.0 and 2.1, an improvement of the SRV from 20 to 4 cm/s
was observed [14].

Aberle, however, states that the passivation quality degrades for both high and low frequency
direct and remote plasma techniques [4]. He claims the explanation is thermally activated loss
of hydrogen from the a-SiN,:H films, reducing the chemical passivation from hydrogen at the
interface. Degradation is strongly dependent on annealing time and temperature, and at
800 °C, degradation occurs after 1 min [4]. An exception of this general trend was observed for
low frequency direct plasma silicon nitride, where the lifetime increased for the first minutes
of the annealing time. The proposed explanation was that hydrogen passivates defects caused
by ion bombardment. Aberle claims this effect occurs for low frequency direct plasma
techniques only [4].

De Wolf et al. observed lower lifetimes after a firing treatment, and related the degradation to
blistering [29]. Further, a decrease in Qy after firing and no trend with respect to lifetime versus
stoichiometry after the firing step were reported [29].

Hong et al. studied the effect of firing on the film properties of industrial remote PECVD silicon
nitrides, and found that hydrogen was released by a high temperature treatment [38].
Depending on deposition conditions and film properties, the hydrogen can evaporate as H, or
NH; or diffuse into the silicon and passivate defects. The loss of hydrogen was found to be
larger for Si-rich films, and nearly absent for N-rich films.
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2.5 Carrier transport in insulators

Ideally, DC leakage currents are not present in insulating thin films. However, for real devices
carrier transport in the insulating layer is not negligible, and may complicate the electrical
characterization of dielectric materials. Leakage currents influence measurements, and can
make the data analysis more difficult. Thus, understanding the mechanisms behind the
phenomena is important for electrical characterization.

2.5.1 Transport mechanisms

There are several transport mechanisms for carriers through insulating films, which are used to
describe temperature dependent current—voltage (I-V) characteristics of MIS and MIM (metal-
insulator-metal) structures. Three basic mechanisms are discussed here: Schottky conduction,
the Poole-Frenkel effect and tunneling currents. lllustrations of the conduction processes with
and without an applied voltage are shown in Figure 16. In Table 2, expressions for current as a
function of applied electric field and temperature are given, together with mathematical
relations for linearization [39].

Schottky transport is characterized by carriers being thermally excited into the insulator
conduction band, and the barrier towards transport is reduced by an applied field [39]. The
barrier height is strongly dependent on the polarity of the applied field and the work functions
of the metal or semiconductor in the MIM or MIS [20, 40].

In Poole-Frenkel conduction, carriers are «hopping» between defect states in the insulator
band gap, and an applied bias will reduce the barriers towards hopping [39]. This is an
insulator bulk effect, and is symmetric with respect to direction of applied field and contact
work functions [20, 40].

Tunneling of carriers through the insulator can be enhanced by applied fields, as shown in
Figure 16, and the effect is independent of temperature [25, 39].
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Figure 16: Band diagrams illustrating Schottky, Poole-Frenkel and tunneling transport in insulators.
Electron transport paths from the metal Fermi level or semiconductor conduction band
through the insulator conduction band are shown, for no bias and negative bias applied to
the metal/semiconductor contact. The blue lines represent the effective barrier and the

transport path of electrons.
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Table 2: Carrier transport mechanisms in insulators [39], with mathematical relations for
linearization. J is current density, A is the effective Richerson constant, ¢z the barrier
height, E the electric field related to voltage by V = Ed where d is the insulator thickness. €;
is the insulator dynamic permittivity and m* the effective mass.

Transport . Linear plot Linear plot
. Expression J(E,T)
mechanism from |-V from I-T

—Q(Qi’s _ \/W)
kT

Schottky J = AT? exp In(h) | vv2| In/v) | 1T

Poole- —Q(Q.’)B — QE/TIZEL-)
~ F ex 1/2
Frenkel J p kT In(1/v) |V In(l) |1/T
4./2m* 3 /i
Tunneling J~E?exp|— 3(2;(;%) \ In(I/V?) | 1/V mde:fe?dent

2.5.2  Leakage currents in amorphous silicon nitride

The conduction mechanism in a-SiN,:H has been investigated by Sze [20], Maeda and Arita
[22], Lowe et al. [21], Sinha and Smith [19] and Jeon et al. [18]. They all find the leakage
current to be largely dependent on temperature, and suggest the Poole-Frenkel mechanism to
be dominating. However, Jeon et al. include contributions from tunneling for lower fields [18],
and Sinha and Smith report tunneling for temperatures over 60 °C [19]. Yeargan and Taylor
argue that the Schottky and Pool-Frenkel effects cannot be separated by the occurrence of
straight line plots as described in Table 2, because linearity is observed for both [40]. According
to Sze, the two mechanisms can be separated by looking at symmetry of the measurement
polarity, as the Poole-Frenkel mechanism is bulk limited and hence symmetric with respect to
measurement polarity, whereas the Schottky effect is an interface effect and strongly
influenced by the polarity of the applied bias [20]. Measurements on a-SiN,:H were observed
to be symmetric by Lowe and Arita [21], Yeargan and Taylor [40] and Sze [20], indicating
presence of the Poole-Frenkel effect. Barrier heights in the range 0.6 —1.7 eV were found [19-
22], and obtained values for the dynamic permittivity were in the range 1.8—6.5 [19, 20, 22].
The dynamic permittivity is approximately equal to the optical permittivity, which is given by
the refractive index squared [41].
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3.1 Device fabrication
3.1.1  Substrate preparation

Monocrystalline p and n-type Czochralski (CZ) and p-type float zone (FZ) silicon wafers were
used as substrates for film deposition. The wafers were boron or phosphorus doped and
double side polished. In Table 3, the wafer specifications are given.

Table 3: Specifications of CZ and FZ wafers used for device fabrication.

Czochralski p-type Czochralski n-type Float zone p-type
Supplier Siltronix Siltronix Topsil
Diameter 4 inches 4 inches 4 inches
Thickness 300 £ 25 um 300 £ 25 um 280 £ 25 um
Crystal
-rysta [100] [100] [100]
orientation
Resistivity 1-3 Qcm 1-3 Qcm 1-5 Qcm
Dopin
| P |g 4.5x10"°-1.5x10" cm 1.5x10"°—4.5x10" cm™ 2.5x10"-1.5x10" cm™
eve

All wafers were cleaned using standard RCA-1, RCA-2 and HF wet chemical cleaning. RCA-1
removes organic contaminants, RCA-2 removes metal contaminants and HF removes silicon
oxide at the wafer surface [42]. RCA-1 consists of 5 parts DI water, 1 part NH;OH (27 %) and 1
part H,0; (30 %), while RCA-2 consists of 6 parts DI water, 1 part HCI (27 %) and 1 part H,0, (30
%). The RCA-1 and RCA-2 baths were prepared by heating the NH,OH/HCl in DI water to 70 °C
before adding hydrogen peroxide. After mixing, the solution was allowed to settle for 2
minutes before use. The concentration of HF acid was 5 %. Between cleaning steps, the wafers
were rinsed in DI water. An overview of the cleaning procedure is given in Table 4.
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Table 4: Wafer cleaning procedure.

Step Bath Composition Temperature | Immersion time

NH,OH + H,0, + DI-water

1 RCA-1 70 °C 15 min
1:1:5

2 Dl-water rinse 1 25°C 30 sec

3 HF 5% 25 °C 30 sec

HCl + H,0, + DI-water

4 RCA-2 70 °C 10 min
1:1:6

5 Dl-water rinse 2 25 °C 30 sec

6 HF 5% 25°C 30 sec

7 Dl-water rinse 3 25 °C 30 sec

8 Dl-water rinse 4 25°C 30 sec

9 Blow dry with N,

3.1.2 Thin film deposition by plasma enhanced chemical vapor deposition
(PECVD)

a-SiN,:H was-deposited on the cleaned silicon wafers by direct plasma enhanced chemical
vapor deposition (PECVD), which is a common method for depositing passivation layers for
photovoltaic applications. Deposition is performed at low temperature and pressure, typically
below 500 °C and 1 Torr [4]. Plasma transforms precursor molecules into highly reactive
radicals, ions, neutral atoms, and molecules, and the excited gas species interact with the
sample forming the desired thin film.

The quality of passivation depends on film properties, such as thickness, chemical composition
and refractive index. Passivation properties are sensitive to the quality of the interface
between the dielectric film and the substrate, and on the concentration of fixed charges. The
growth rate is also dependent of deposition parameters. A high growth rate is desirable with
respect to mass production [6]. In the PECVD process, the deposition parameters can be
controlled in order to tailor thin film properties. Deposition parameters include the substrate
temperature, total pressure in the reactor, gas flows of different precursor gases, and the
plasma energy.

A variety of different PECVD systems exist. In this work, two different PECVD chambers were
used: A direct high frequency plasma reactor and a remote expanding thermal plasma (ETP)
system.
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Direct high frequency PECVD

For the direct high frequency plasma method, the process chamber is a parallel plate batch
reactor, where the samples are placed within the plasma [4]. A schematic of the direct PECVD
reactor is given in Figure 17. Samples are placed on the heated lower electrode, and precursor
gases flow into the chamber through the upper electrode, also referred to as the «shower
head». A radio frequency (RF) field with frequency 13.56 MHz is applied, generating plasma
between the electrodes, and a vacuum pump ensures low process pressure. Precursor gases
for silicon nitride deposition include silane (SiH,), ammonia (NH;) and nitrogen (N,).

13.56 MHz
Upper
electrode SiH«#/Nz + NH; SiH4/N, + NHz
N\ ] 1 1 1

-.\lf.-J/:«l/-:\Iz-.\lf.-\.lﬂ:*b-:\l./-:&-.\lf.-slr:-%l/-*

..................

S Plasma Cata T
Lttt S'a‘m'pl'e' )
//
Lower electrode
(heated)
Vacuum

Figure 17: Illlustration of the parallel plate direct PECVD reactor [8]. The wafer is placed on the lower
electrode, and precursor gases flow into the reactor through the upper electrode. An RF
signal of 13.56 MHz is applied to generate plasma.

In the direct PECVD process, ion bombardment can occur due to accelerated ions in the RF-
field hitting the sample [4]. This may give rise to an increased density of interface states,
leading to poorer passivation, or produce weaker bonds at the interface and within the
a-SiN,:H film, causing low UV stability. The impact of ion bombardment depends on plasma
frequency, and is highest using low frequencies, where acceleration periods are long enough
for ions to obtain the required energy [4]. At high frequencies, the problem with ion
bombardment is assumed to be less significant.

The direct PECVD reactor used was a Plasmalab System 133 from Oxford Instruments.
Specifications of the setup include pressures up to 2 Torr, temperatures up to 400 °C and RF
power up to 500 W with a fixed frequency of 13.56 MHz and circular electrodes with a
diameter of 33 cm.
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Four samples, a—d, of each parameter set were deposited. Samples a and b were made for
lifetime measurements; hence they had thin films deposited on both sides of the wafer.
Samples c and d were for CV measurements and had a thin film on one side only. For some
samples, the ¢ samples were split into two smaller samples, where one was fired, instead of
deposition on sample d. These samples are referred to as c-1 and c-2 for the as-deposited and
fired version, respectively. In order to minimize the effect of possible inhomogeneity in the
plasma chamber, samples were placed in the same manner for all depositions, as illustrated in
Figure 18. This way, measurements performed on different samples from the same ingot will
not be affected by quality differences within each wafer.

Figure 18: Sample arrangement during PECVD deposition. Samples a and b were placed closest to
the load lock, and samples c and d furthest into the chamber.

A total of 45 samples were fabricated using direct PECVD. Two sets of parameter variations
were performed, one varying the silane flow in order to adjust film composition and one
varying the deposition time to obtain films of different thickness. For Set 1, the silane flow was
varied while keeping all other deposition parameters constant, and the deposition time was
adjusted to achieve uniform film thickness. A thickness variation (Set 2) was obtained by
varying the deposition time while keeping all other parameters fixed. An overview of the
deposition parameters is given in Table 5 and the deposition parameters for all samples are
summarized in Appendix A.

An a-SiN,:H/a-SiN,:H stack was-deposited by adding an extra step with different gas
composition to the normal deposition recipe. The stack consisted of approximately 47 nm of a
high-silane-flow nitride with 43 nm of a low-silane-flow nitride on top, as described in
Table 6. The approximate film thicknesses were obtained by adjusting deposition time to
previously measured deposition rates.
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3.1 Device fabrication

Table 5: Overview of deposition parameters for direct PECVD a-SiN,:H, Set 1: Silane variation and

Set 2: Time variation.

Parameter Set1 Set 2
Temperature 400 °C 400 °C
Plasma power 40w 40w

Pressure 800 mTorr 800 mTorr

Silane flow 5—50 sccm 20 sccm
Ammonia flow 20 sccm 20 sccm
Nitrogen flow 980 sccm 980 sccm
Deposition time 5—7 min 3—11 min

Table 6: Overview of deposition parameters for a-SiN,:H /a-SiN,:H stack.

Layer 1 Layer 2
Temperature 400 °C 400 °C
Plasma power 40 W 40 W
Pressure 800 mTorr 800 mTorr
Silane flow 50 sccm 10 sccm
Ammonia flow 20 sccm 20 sccm
Nitrogen flow 980 sccm 980 sccm
Deposition time 2.7 min 3.4 min

Some extra samples were deposited in addition to the samples in Set 1 and Set 2, and the

deposition parameters for these are given in Appendix A. These include

e Sample 26d and sample 33c from the specialization project work [43]
e Sample 31d, which was used in the laser-contact experiment

e Sample 28c, deposited on n-type silicon

e Sample 45c—d, deposited on FZ silicon
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Remote expanding thermal plasma (ETP) PECVD

The remote ETP system used in this work is an industrial in-line system, designed for high
deposition rates and high throughput. Being a remote type reactor, the main difference from
the direct reactor is that the plasma is located distant to the wafers. The three DC powered
ETP plasma sources ionize argon atoms outside the deposition chamber, and process gases are
added to the expanding plasma at the top of the chamber. A schematic of the operation
principle of the remote ETP system is given in Figure 19. The samples are heated prior to
deposition, and the system is operated under vacuum. Silane (SiH,;) and ammonia (NH;) are the
precursor gases for silicon nitride deposition in this system.

\ M Electrode

Plasma

Anode \\ Nozzle, NH;inlet
Heater / Heater

SiHy4
Load lock Heater injection
ring

Sample

o > mE—

Deposition | chamber

\

Carrier -

Vacuum

Figure 19: Schematic of the remote expanding thermal plasma (ETP) deposition system, designed for
industrial in-line processing, with a load lock, heating section and the deposition chamber.
The plasma is generated outside the deposition chamber, where argon is ionized by the
electrode. NH; is injected through a nozzle, and the plasma expands. SiH, is added
through an injection ring near the top of the chamber. For simplicity, only one of the three
ETP sources is included in the schematic.

The remote PECVD reactor used was an OTB DEPx 2400 system with a vacuum carrier
transport system for in-line processing. Deposition rates >6 nm/s can be obtained. Wafers
were heated using IR lamps, and temperatures above 500 °C can be reached. The deposition
chamber had three plasma sources with their own gas supplies. Each plasma source was an Ar-
NH;-SiH, system, with argon inlet pressure 200—500 mbar, arc current 40—100 A, arc voltage
40—60 V, ionization efficiency 10—40 %, ion energy 0.5 eV and electron energy 0.2 eV.
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3.1 Device fabrication

A total of 12 samples were fabricated using remote PECVD. A third set of parameter variations
was deposited, where the gas flow ratio was varied in order to adjust the film composition. An
overview of the deposition parameters is given in Table 5, and here the range of gas flows are
the total range of the three different plasma sources in the system. For detailed deposition
conditions for each sample, and gas flows of all three plasma sources, see Appendix A.

Table 7: Overview of deposition parameters for a-SiN,:H, Set 3: Gas flow ratio variation in remote
PECVD.
Parameter Set3
Average temperature 407 £7 °C
Arc current 80 A
Arc voltage 44.2V
Pressure 185 mTorr
Silane flow 0.047—0.147 slm
Ammonia flow 0.25—0.68 slm
Argon flow 2 slm
Deposition time 29.7 s
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3.1.3 Heat treatment

In order to investigate the effect of a heat treatment corresponding to that used in industrial
screen printing, samples b and d received a rapid anneal. A Radiant Technology corporation
LA-309 belt furnace was used. In Figure 20, the temperature profile of the process is given. The
total annealing time was less than 1 minute and the maximum temperature was ~780 °C.
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Figure 20: Temperature profile for post deposition heat treatment carried out in a belt furnace.
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3.1 Device fabrication

3.1.4 Contact metallization

For electrical characterization of the a-SiN,:H thin films, aluminium top electrodes were
thermally evaporated onto the samples in order to create MIS structures. A square lattice of
circular electrodes with thickness ~200 nm and diameter ~1 mm was obtained using a shadow
mask. The electrode spacing was ~1 mm.

A Nano36 thermal evaporator system from Kurt J. Lesker Company was used to make the
contacts, and a schematic of the technique is given in Figure 21. The process takes place in a
vacuum chamber with a rotating sample holder. Aluminium pellets are placed in a crucible,
which is heated using electricity. A thin metallic film is formed as metal atoms evaporate and
deposit on the sample, and the film thickness is controlled by a quartz crystal detector.

Substrate holder
Process chamber CID i
_——I:—/_
Sample
I I I .
Shadow mask/- A
Quartz crystal
detector
Crucible Aluminium pellets
Heater

(V)
&9

Power

Vacuum
supply

system

Figure 21: Schematic of the thermal evaporator system with aluminium pellets placed in a crucible, a
heater powered by electricity, a rotating substrate holder, a quartz crystal detector
measuring film thickness, and a vacuum pump system.
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3.1.5 Laser treatment of contacts

Isolated MIS structures were made by removing silicon nitride around metal contacts using a
laser, as illustrated in Figure 22. A J-1030-515-343 FS industrial system from Oxford Lasers with
a s-Pulse HP laser from Amplitude Systems was used. The laser beam had a pulse length of 4 ps
and a wavelength of 1030 nm. The spot size was 40 um, referring to the full width in the
intensity distribution, where the intensity is reduced to 1/e” of the peak intensity. Processing
was performed using a power of ~40 mW and a pulse repetition frequency of 10 kHz. A groove
around the contact was made by sweeping the laser beam in concentric circles, using a scan
speed of 5 mm/s and an increase in the circle radius of 5 um for each circular sweep. 4
repetitions were performed in order to make a groove deep enough to remove all silicon
nitride and some of the silicon underneath. In order to ensure no silicon nitride was left
outside the contact area, the inner circle was smaller than the original electrode, reducing the
diameter of the aluminium electrode from ~1 mm to 0.8 mm. The outer circle had a diameter
of 2.5 mm, giving a groove width of approximately 0.85 mm.

a-SiNcH

Si

Figure 22: Original MIS structure to the left and a laser isolated MIS structure to the right.
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3.2 Characterization

3.2  Characterization
3.2.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry was used to measure the film thickness and optical properties of
the thin films. Ellipsometry is a technique where polarized light interacts with the dielectric
film, and the change in polarization is measured. The name ellipsometry originates from the
fact that reflected light often becomes elliptically polarized, which is the most general form of
polarization [44], and the experimental setup is sketched in Figure 23. In spectroscopic
ellipsometry, electromagnetic radiation of different wavelengths is generated in the light
source and sent through a polarizer, giving linearly polarized waves. The light then irradiates
the sample at an angle @, and the reflected beam goes through the analyzer, which is another
polarizer. Finally, the detector measures the change in polarization in the reflected beam.

Light source Detector

Monochromator

Analyzer

Polarizer

Sample

Figure 23: Schematic of the ellipsometry setup.

Polarization of the electromagnetic waves is described by two components, relative to the
plane of the incident and reflected beam and to the plane of the sample. Waves polarized
parallel to the plane of incident and reflected beams are p-polarized. s-polarization is parallel
to the sample plane and orthogonal to the light beam plane. The complex reflectance ratio p is
measured. p is the ratio of the normalized amplitudes of the two components of the reflected
beam, R, and R:

R ,
P — tan(p) e

.0=R—S

(32)

where W is the amplitude ratio of the reflected beam and 4 is the phase shift [44]. Ellipsometry
is an indirect method. A spectroscopic scan results in graphs of ¥ and A as functions of
wavelength. These have to be fitted to a model in order to calculate the thickness, refractive
index and absorption coefficients.

41



3 Experimental

The tool used was a Variable Angle Spectroscopic Ellipsometer (VASE) instrument from J. A.
Woollam Co. Inc. with a VB-400 Control Module and an HS-190 Monochromator.

Measurements were performed using spectroscopic scans with wavelengths ranging from 300
to 1000 nm and incident angles of 65°, 70°, and 75°. The results were fitted to a model
consisting of a 300 um thick silicon substrate with a transparent Cauchy layer on top,
representing the a-SiN,:H film. The optical properties of matter are described by the complex
refractive index, given by

n=n-+IkK (33)

where n is the real part of the refractive index, and « is the extinction coefficient. « is a
measure of the absorption in the material, and is neglected in the Cauchy model. By fitting the
measured ellipsometry data to the model, the film thickness and the real part of the refractive
index as a function of wavelength were extracted. An example of experimental data for ¥ and
4, and resulting fits to the model are given in Figure 24. For simplicity, the refractive index at
630 nm is used as a representative value of the refractive index in the rest of this work.
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Figure 24: Example of experimental data and model fit for ellipsometry analysis of a-SiN,:H thin
films: Experimental data for a) W and b) A at angles of 65°, 70°, and 75° combined with the
resulting fit to the model for sample 52a.
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3.2.2  Quasi-steady-state photoconductance

Lifetime measurements were carried out using the quasi-steady-state photoconductance
(QSSPC) method, giving the effective minority carrier lifetime as a function of injection level.
The photoconductance is measured under steady-state illumination, and the increase in wafer
conductivity is given by [45]

g, = qAn(un + :up)W ’ (34)

where W is the wafer thickness and p,and pu, are the hole and electron mobilities, respectively.
Assuming steady state conditions, the photogeneration and recombination rates are equal.
The rates can be expressed as current densities depending effective minority carrier lifetime,

AngW

]ph = Jrecomb =

Combining equations (34) and (35) give an expression for the effective lifetime:

gy,

ST oGt + ) (36)

The conductance is measured using an inductive coil connected to an RF bridge and the
photogeneration is measured relative to a calibrated photo diode [45]. In this work, a WCT-120
Photoconductance Lifetime Tester from Sinton Instruments was used. The experimental setup
is sketched in Figure 25.

Due to different surface reflectance of the samples, the value of the photogenerated current
had to be adjusted relative to the current induced in the reference photo diode (38 mA/cm? at
1 sun). The optical constant in the lifetime spreadsheet was adjusted for different film
thicknesses, and values in the range 0.85—1.05 were used [46].

In order to map the lifetime over the largest possible range of injection levels, measurements
were performed using two different diffusers. Using the diffuser with the largest reduction of
light intensity resulted in low injection curves. Correspondingly, the curves obtained at the
highest light intensity are referred to as high injection curves.
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Figure 25:

Schematic of the QSSPC setup [47]. The flash generates minority charge carriers in the
wafer and the photo diode. Typical output graphs of the measured photoconductance and
light intensity are shown in the bottom left corner. A typical calculated lifetime vs.
injection level curve calculated by the software is given in the top left corner.
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3.2.3 Stability measurements

The stability of the passivation layers with respect to solar irradiation was investigated by
illuminating the samples in a solar simulator for a controlled period of time, and measuring
lifetime using QSSPC between the exposures to solar irradiation. A total exposure time of 1
hour was conducted during one day, followed by a 2 weeks pause (where the samples were
stored in the dark) and the final exposure up to 2 hours. Illumination was performed in a
Wacon WXS-150S5-10,AMO solar simulator with a Wacon Xenon short arc lamp KXL-1000F. The
irradiance spectrum of the system is given in Figure 26. A Julabo F12 cooling system with
temperature control was used to maintain a constant temperature of 30 °C during

illumination.
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Figure 26: Spectrum of the Wacon WXS-150S-10,AMO solar simulator used.
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3.2.4 Electrical characterization

Capacitance-voltage (C-V), conductance-voltage (G-V), conductance-frequency (G-f), current-
voltage (I-V) and current-time (I-t) measurements were performed in order to investigate the
electric properties of the silicon nitride film.

All electrical characterization measurements were performed using a Keithley 4200-SCS
semiconductor characterization system, shown in Figure 27a. The samples were mounted to a
Signatone S-1060R QuieTemp Hot Chuck System, as shown in Figure 27b, using vacuum. High
frequency capacitance and conductance measurements were performed using a 4210-CVU
Capacitance Voltage Measure Unit. AC signal frequencies were in the range 1 kHz — 10 MHz.
Quasi-static C-V and current measurements were performed using two 4200 Medium Power
source measure units (SMU).

High frequency C-V and G-V measurements were performed in the dark at room temperature,
with voltage sweeps from inversion via accumulation, and back into inversion, for voltages in
the range + 30 V. The step increment was in the range 0.1 — 0.2 V, with a sweep delay of 0.5 s.
The applied AC signal had frequencies 10 kHz, 100 kHz and 1 MHz, with 30 mV amplitude.

Quasi-static C-V measurements, as well as |-V and |-t measurements, were performed in the

dark at room temperature. The |-V measurements were also carried out at temperatures up to
200 °C. Voltages in the range + 10 V were applied.
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Figure 27: a) Keithley 4200-SCS semiconductor characterization system used for electrical
characterization. b) Close-up of Signatone probe station.
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3.2.5 Determination of electrode area

In the specialization project, uncertainties in the electrode areas showed a large impact on
measurement results [43]. In order to reduce this uncertainty, the electrode areas were
estimated using optical microscopy and image processing. An Axioskop 2 MAT optical
microscope from Zeiss, with an Alicona ALC13 camera was used. Images were captured at 2.5x
magnification, and further manipulated using the image processing software ImageJ.

A typical microscopy image of a sample with contacts is given in Figure 28 a. The «Set scale»
function was used to set the scale bar. Adjusting contrast and using the «Make binary»
function resulted in the black-and-white image shown in Figure 28b. The built in «Analyze
particles» function was used to determine the number of particles and their individual size. An
illustration of the result of the particle analysis is shown in Figure 28 c, with outlines of the
electrodes.

3.2.6 3D optical microscopy imaging

3D images mapping surface structure were captured using an optical microscope with a 3D
mapping function. An Axioskop 2 MAT optical microscope from Zeiss was used, equipped with
an Alicona ALC13 camera and dedicated 3D mapping software. Images were captured using a
lens with 50x magnification.
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b)
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Figure 28: Illlustration of procedure for measuring electrode area: a) Microscopy image of aluminium
contacts on a-SiN,:H, the scale bar is 500 um, b) Image after contrast adjustment and
binary conversion, c) outlines of contacts found by the «Analyze particles» function.
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4 Results and discussion

In this chapter, the results of this work are presented and discussed, and the chapter is divided
into subchapters according to topic. A general description of the prepared samples is given in
Section 4.1, along with an analysis of the sample uniformity. In Section 4.2, some aspects
regarding electrical characterization of a-SiN,:H thin films are presented. The results from the
investigations of the properties of a-SiN,:H films deposited by the two different reactor
systems are given and discussed in Section 1.1 (direct PECVD) and Section 1.1 (remote PECVD).

Finally, carrier transport and charging phenomena in a-SiN,:H are studied in more detail in
Section 1.1.

4.1 General examination of samples

Visual inspection showed that the manufactured samples in this work were uniform and
without visible defects. The a-SiN,:H thin films had different colors, depending on film
thickness and refractive index, and the surface had a higher specular reflectivity than
conventional silicon nitride covered solar cells. This is due to the lack of texturing, as the films
are deposited on polished wafers. The color of the samples did not change during heat
treatment, light exposure or storage, and blistering was not observed. A typical sample for

lifetime measurements is given in Figure 29a, and the corresponding sample with contacts for
electrical characterization is given in Figure 29b.

An ellipsometry analysis of 9 points on sample 52a was performed in order to investigate the
uniformity of the thin film. The resulting film thickness of 92.62 £ 0.09 nm and refractive index

of 1.8854 + 0.0003 at wavelength 630 nm confirm the homogeneity of the a-SiN,:H film with
respect to film thickness and refractive index.

a)

Figure 29: Typical a-SiN,:H samples: a) Sample 52a for lifetime measurements, with refractive index

1.88 and film thickness 93 nm giving blue color, b) Sample 52c with contacts for electrical
characterization.
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4 Results and discussion

4.2  Electrical characterization of a-SiNx:H thin films

In this section, methodology and general results from electrical characterization of
a-SiN,:H MIS structures are presented and discussed, with emphasis on high frequency C-V
measurements, the conductance method and quasi-static C-V measurements. The parts
concerning hysteresis effects and positive charges are summaries of the results obtained in the
specialization project conducted during fall 2010 [43].

4.2.1 High frequency C-V measurements
The high frequency C-V curve for sample 52c-2 is given in Figure 30. A frequency of 1 MHz for

the applied AC signal was used, and similar behavior is observed for all a-SiN,:H films on p-type
substrate in this work. The C-V curve shows the expected transition between low capacitance
in the inversion region and high capacitance in accumulation, and the shape of the curve
corresponds well to previously reported results for a-SiN,:H MIS capacitors [16, 24, 29].
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Figure 30: C-V curve at 1 MHz for sample 52c-2, showing a curve shape typical for samples of
a-SiN,:H capacitors. The voltage sweep started in inversion, and the sweep direction is
indicated by the arrows. In the graph, the accumulation, depletion and inversion regions
are indicated.

The high frequency C-V behavior of the a-SiN,:H capacitors in this work show some deviations
from the ideal MIS capacitor. In Figure 31, the C-V characteristic of sample 33c is shown for
sweeps at 1 MHz, 100 kHz and 10 kHz. The following features are characteristic for all a-SiN,:H
thin films on p-type substrate investigated in this work:
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4.2 Electrical characterization of a-SiN,:H thin films

e Positive charges: The curve is shifted towards negative voltages compared to the ideal
MIS characteristic, indicating the presence of fixed positive charges in the a-SiN,:H film

e Hysteresis effects: A significantly lower flat band voltage is measured when sweeping
from accumulation to inversion than for the opposite direction

e Inversion region capacitance: Increasing capacitance with decreasing frequency in the
inversion region is measured
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Figure 31: C-V curve for sample 33c, showing a curve shape typical for samples of a-SiN,:H
capacitors. The voltage sweep started in inversion, and the sweep direction is indicated by
the small arrows. In the graph, the accumulation, depletion and inversion regions for
forward sweeps are indicated.

Positive charges

Analysis of the C-V curves indicate a presence of positive charge in the a-SiN,:H thin films, due
to the shift of the C-V curve towards negative voltages. Using equations 13—17, the flat band
voltage and the fixed charge density were estimated, and the resulting values obtained were
typically in the range from =3 to —6 V for the flat band voltage and 1-9x10" cm™ for the fixed
charge density. The values for Q; correspond well to those found by Aberle [4] and the flat
band voltage was observed at approximately 0.8 C..

For a positively charged passivation layer on p-type silicon, the surface should be in inversion
in order to get a large enough difference in carrier concentrations to reduce the surface
recombination rate. As described in Section 2.3.1, the work function difference between
silicon and aluminium is approximately —0.87 eV. According to Elmiger and Kunst [28], the
positive charges are distributed 20 nm into the silicon nitride layer. This gives a minimum Q
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4 Results and discussion

value of ~10" cm™ required for inversion conditions at the interface. Hence the films
deposited in this work should contain large enough quantities of charges for field effect
passivation to be present.

Hysteresis effects

Hysteresis effects were observed for all a-SiN,:H samples, with the transition from low to high
capacitance occurring at lower voltages for the reverse voltage sweep from accumulation to
inversion.

The width of the hysteresis loop varies as a function of the number of measurements
performed, and with the starting and ending point of the voltage sweep. Figure 32 illustrates
the change in hysteresis for consecutive measurements. For this particular sample, the width
of the hysteresis loop was reduced from 5 V to 2 V through 5 measurement cycles. The largest
reduction in the hysteresis loop is generally observed for the second measurement, and
saturation is observed for repeated cycles.

The origin of these hysteresis effects is not well understood. As mentioned in Section 1.1.1,
Aberle states that C-V measurements are inaccurate due to the fact that the samples are not
independent of measurement history. The applied bias will cause trapping and emission of
carriers in K centers, interface states and other defects.
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Figure 32: Change in hysteresis for successive measurements on sample 26¢c. The voltage sweep
started in inversion, and the sweep direction is indicated by the arrows. A large hysteresis
loop is observed in the first measurement, and the width of the hysteresis loop decreased
as measurements proceeded, reaching saturation.
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When attempting to analyze the hysteresis effects observed on a-SiN,:H MIS capacitors, it is
useful to divide the observed behavior in two:

1. Hysteresis is observed as the voltage is swept from inversion to accumulation and
back again.

2. The width of the hysteresis loop decreases towards a saturation value for repeated
measurements, giving shifts in flat band voltage for sweeps from inversion to
accumulation. The flat band voltages for sweeps in the opposite direction are less
affected.

The first effect could be caused by an activation barrier for carriers to go into the accumulation
region when the voltage is swept from positive to negative bias. When the direction of the
sweep is reversed, the voltage is already supplying an energy that exceeds this barrier. Hence
the transition from accumulation to depletion occurs at a lower voltage in this direction, giving
rise to a hysteresis loop.

The second effect is probably caused by measurements affecting the sample. A shift in flat
band voltage towards more negative values indicates an increase in the positive capacitor
charge density. High voltages could inject charges from the metal contact into the nitride layer,
or from the semiconductor material outside the MIS capacitor region, since the MIS structure
is not confined laterally. Equivalently, charges could be extracted from the MIS structure.
Trapping and emission of charge carriers under applied voltage do indeed change the initial
charge distribution in a-SiN,:H, and hence affects the field effect passivation. Relaxation was
observed when samples were kept at zero bias for a period of time.

For sample 26d, the impact of these two hysteresis effects on flat band voltage and fixed
charge density were calculated. The results are summarized in Table 8. Both effects decrease
the flat band voltage towards a more negative value, and increase the fixed charge density.
The hysteresis in saturation caused the fixed charge density to increase with 60 % when the
sweep direction was changed from starting in inversion to starting in accumulation.
Additionally, the repeated measurements give a shift in flat band voltage of 1V, resulting in a
20 % increase in Qf for measurement number 2 compared to the first sweep.

Table 8: Effect of sweep direction and consecutive measurements on flat band voltage and fixed
charge density for sample 26d.

Effect Measurement Voltage sweep Ves (V) Qs (cm™?)
o 12

Direction of Saturation 8V—>-8V -45 1.0x10
sweep Saturation -8V->8V 6.6 1.6x10"
st 12

Repeated 1" sweep oOvV->-8V 4.4 1.0x10
measurements 2" sweep ov->-8V -5.4 1.2x10%
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4 Results and discussion

Inversion region capacitance

The increase in inversion capacitance observed for decreasing frequencies, shown in Figure 31,
corresponds well to the behaviour found by Beylier et al [15]. Their hypothesis explains the
increasing inversion region capacitance by electrons in the inversion layer outside the MIS
contact area influencing measurements, as illustrated in Figure 33a. In order to test this
hypothesis, the a-SiN,:H outside the contact area was removed using a laser, thereby
eliminating the positive charges in the silicon nitride creating the inversion layer in the silicon.
The resulting structure is shown in Figure 33b, and a photography of the laser treated sample
is given in Figure 34. 3D optical microscopy imaging was used to map the surface structure in
the region between the contact and laser groove, as shown in Figure 35. Due to the large
difference in reflectance, the metal contact is not visible in the 3D plot, but an outline of the
circular contact can be seen. The laser groove has a height difference of ~4 um, which is much
larger than the thickness of the a-SiN,:H film (~100 nm) and the metal contact (~200 nm). This
confirms that the laser treatment has removed all silicon nitride and created an isolated MIS
structure.

Al

& + 4+ + + + a-SiNy:H + 4+ + + +
e e g, @ % o ©

p-Si p-Si

a) b)
Figure 33: a) MIS structure where electrons from the inversion region outside the MIS can

compensate for applied voltages, b) isolated MIS structure where the inversion layer is
removed. The figure is not drawn to scale.
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4.2 Electrical characterization of a-SiN,:H thin films

Figure 34:

Photography of laser isolated contacts. The bright spots are the metal contacts, the dark
rings are laser grooves into the silicon and the light blue background is the silicon nitride.
In the picture, dimensions of the sample are indicated: The diameter of the laser treated
area is 2.5 mm, and the electrode size is reduced from 1 mm to 0.8 mm.

Figure 35:

210 pm

3D image captured by optical microscopy showing the groove created by the laser around
the circular metal contact. The large difference in reflectance of the materials causes the
metal contact to appear invisible due to saturation. Due to the 4 pm height variation , the
complete removal of a-SiN,:H is confirmed.
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4 Results and discussion

C-V measurements were conducted on a standard contact and a laser isolated contact on
sample 31d, with measurement frequencies 1 MHz and 100 kHz. In Figure 36, the resulting C-V
curves are shown. The frequency dependence of the inversion region capacitance was not
observed for the laser isolated contact. Instead of the increasing capacitance, the laser isolated
contact showed decreasing capacitance for positive voltages, with a break in the curve around
zero volts. Furthermore, a shift towards smaller capacitances was also observed.

In order to investigate the inversion region capacitance effect further, C-V measurements were
performed on n-type a-SiN,:H MIS structure as well. The C-V characteristics of an n-type MIS at
frequencies 1 MHz and 100 kHz are given in Figure 37. Due to the change in polarity, the C-V
curve is inverted: At zero and positive biases, the semiconductor is in accumulation, and for
large negative biases it is in inversion. The increase of capacitance in the inversion regime is
not observed for n-type MIS structures. However, a decrease in capacitance and a break in the
curve were observed, in a similar manner as for the laser isolated MIS structures.

The fact that the inversion region capacitance effect disappears for isolated MIS structures on
p-type substrate, and is absent for n-type MIS structures indicate that the effect is caused by
the electron inversion layer outside the MIS area (Figure 33a). Hence the investigations in this
work support the hypothesis of Beylier et al. This effect is not observed for the hole inversion
layer in the n-type MIS structure, which can be explained by the lower mobility of holes,
preventing them from responding to frequencies in the kHz range. The decreased insulator
capacitance in the laser isolated MIS can be related to the reduction in electrode area after the
laser treatment. Some of the contact area was removed in order to be certain that no nitride
was left outside the MIS structure. A reduction in the capacitor area of 36 % should decrease
the insulator capacitance with ~85 pF, which agrees well with the experimental data. The
breaks in the curves in the inversion region could be caused by DC leakage currents through
the insulator, as suggested by Hielscher and Preier [17].
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Figure 36: C-V curves for a standard and laser isolated contact, at frequencies 1 MHz and 100 kHz.
The measurements were conducted on sample 31d, and the approximate positions of the
inversion, depletion and accumulation regions are indicated.
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Figure 37: C-V measurement on n-type a-SiN,:H MIS structure, sample 28c, with frequencies 1 MHz
and 100 kHz. The sweep started in inversion and the approximate positions of the
inversion, depletion and accumulation regions for the forward sweep are indicated.
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4.2.2 The conductance method
Conductance-voltage (G-V) measurements were performed in order to estimate the density of

interface traps D;. The approach is outlined in Section 2.3.2.

A combined C-V and G-V curve for a measurement for sample 29d at 10 kHz is given in
Figure 38. The minor conductance peak in the depletion region represents the increase in
conductance due to the capture and emission of carriers by interface traps, and the major
peak is most likely related to the inversion region capacitance effect.
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Figure 38: Combined C-V and G-V curve at 10 kHz for sample 29d. The minor peak is related to D;
and the major peak is most likely caused by the inversion region capacitance effect.

Two approaches were used in order to eliminate the contribution from series resistance and
extract the peak magnitude: The analytical method and the linear interpolation method, both
described in Section 2.3.2. Using the analytical approach resulted in fits of varying quality, as
illustrated in Figure 39. For sample 51c-1 in Figure 39a, the estimated series resistance
contribution to the conductance (blue curve) fitted well to the bottom of the measured
conductance (black curve), giving a corrected curve that approaches zero on both tails (red
curve). This is an example of a good fit, where the magnitude of the peak can easily be
extracted. In Figure 39b, the fit is poor, because there is an offset between the estimated and
measured curve on both sides of the conduction peak. The resulting red curve falls below zero,
and hence the maximum value of the corrected peak does not represent the original peak
magnitude.
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Figure 39: G-V curve showing the result of the analytical method for series resistance correction. G,
is the measured conductance, Gg is the contribution from series resistance and G¢ is the
corrected conductance. a) sample 51c-1 showing a good fit to the model, and b) sample
54c-2 showing a poor fit to the model.
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Due to the insufficient accuracy of the analytical method, the simple linear interpolation was
used to determine D;. Uncertainty in the obtained values was determined by detecting
maximum and minimum values for the peak magnitude, as illustrated in Figure 40. As can be
seen in Figure 38 and Figure 39, for which conductance curves were measured at 10 kHz and 1
MHz, respectively, the measurement frequency influences the shape of the conductance
curve. The contribution from series resistance in the accumulation region increases with
increasing measurement frequency. When using the linear interpolation method, it is
advantageous to have a curve shape similar to the one in Figure 38, because the lower
conductance in accumulation makes extraction of the peak magnitude easier. Hence
conductance measurements were performed using a frequency of 10 kHz.

For the samples in this work, typical D; values were in the range 1-4x10"° eV cm™. Compared
to the values reported by Aberle, our results are one order of magnitude lower than expected.
The values of D; found here suggest an underestimation of the carrier lifetime and a high
quality surface. A more probable interpretation is that the conduction method gives
underestimated absolute values for D;, but still relative trends should be detectable.

Figure 40: Uncertainty analysis in the linear interpolation method. The green line is the intermediate
value and the blue line intersects the conductance curve where the slope is 45°, giving the
lower estimate of the peak conductance. Equivalently, the red line intersects where the
conductance curve is flat, giving a higher estimate.
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4.2.3 Quasi-static C-V measurements
Quasi-static C-V measurements were attempted. However, for our samples the recorded

curves proved to be difficult to interpret. Measurement noise was a problem for most of the
samples, and the shape of the obtained curves did not resemble the expected MIS behavior.
However, sample 51c-1 showed some similarity to the idealized case. A combined quasi-static
and high frequency C-V plot is given in Figure 41. Although the shape of the quasi-static curve
is as expected, some aspects make interpretation and determination of D; difficult. Firstly, the
insulator capacitances of the two curves are not identical. The quasi-static curve has
C; ~ 550 pF and the high frequency curve has C; ~ 350 pF. Secondly, the minimum of the curves
are not in the same voltage region. Due to the positive charges in a-SiN,:H, the minimum is
expected to be observed for negative voltages, which is the case for the high frequency curve.
The quasi-static curve, however, has the minimum at +2.5 V. Hence the curves need to be
shifted in both the capacitance and voltage direction for the procedure for determining D;;
described in Section 2.3.1 to be applicable. Naturally, this would not give accurate estimates of
D;;, and hence the conductance method is preferred in this work. This offset for the quasi-static
C-V measurements compared to the high frequency C-V measurements could be related to
errors in the measurement setup or noise.
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Figure 41: Combined high frequency and quasi-static C-V curve for sample 52c-1. Both sweeps were
conducted from positive to negative voltages. The quasi-static curve is averaged in order
to reduce noise.
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4.3 Properties of a-SiNx:H by direct PECVD

4.3.1 Optical properties
a-SiN,:H was-deposited on samples 51-57, with varying silane flow, in order to change the gas

composition ratio, R = SiH, / (NH3 + N,). A photography of the resulting thin films on samples

52-57 is given in Figure 42, showing a shift in color from dark blue via turquoise to green with
increasing gas flow ratio.
Sample number

>

Increasing gas flow ratio

Figure 42: Photography of a-SiN,:H thin films deposited with varying gas flow ratio, showing a color
shift.

Film thickness and refractive index were obtained from spectroscopic ellipsometry
measurements, and the results are summarized in Table 9. A relatively narrow distribution of
film thicknesses in the range 82—98 nm was obtained, by choosing deposition times in
accordance with previously measured deposition rates [48]. The films had refractive indices in
the range 1.8 to 2.5 at wavelength 630 nm. In Figure 43, the refractive indices are plotted
against silane flow and gas flow ratio. Linear regression revealed a linear dependence with a
coefficient of determination of 0.998, relating the refractive index n and the gas flow ratio R by
the expression

n(R) = 1.55x10° xR+ 1.73 .

Table 9: Overview of film properties for a-SiN,:H films deposited with varying gas flow ra(t?i’Z.)
Sample Silane flow Gas flow ratio Film thickness L.
number (scem) SiHy / (NH, + Ny) (nm) Refractive index

51 5 0.005 82 1.83
52 10 0.010 93 1.88
53 15 0.015 96 1.95
54 20 0.020 98 2.04
55 30 0.030 95 2.21
56 40 0.040 95 2.36
57 50 0.050 94 2.51
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Figure 43: Refractive index as a function of silane flow and gas flow ratio for a-SiN,:H thin films
deposited by direct PECVD. The data are fitted by linear regression.

The linear dependence of refractive index on gas flow ratio observed here corresponds well to
previously obtained results, confirming that refractive index and layer stoichiometry can be
controlled by adjusting the gas flows [6, 13, 29-31]. In the rest of this work, refractive index is
used as an indication of the layer stoichiometry, and refractive indices in the interval 1.8-1.9
are referred to as N-rich low index films, whereas indices larger than 2.3 are referred to as
Si-rich high index films. When depositing a-SiN,:H films of approximately equal thickness, the
color of the sample is an indication of its refractive index.

4.3.2 Lifetime measurements
Carrier lifetime measurements conducted by QSSPC resulted in lifetime versus injection level

curves, and for simplicity the lifetime extracted at injection level 1x10™ cm™ is used as the
measure of the effective lifetime. Obtained values for the effective lifetime were in the range
70—350 ps. A previous investigation performed by Haug suggested a bulk lifetime of
approximately 800 us for the silicon wafers used [48]. Calculating the corresponding surface
recombination velocities using equation 9 gives estimates of the surface recombination
velocity in the range 25—200 cm/s. Since unpassivated silicon has a measured lifetime of
~3 us, the measured lifetimes of our samples show that the surfaces are well passivated.
Comparing the result with the simulated curves in Figure 3, the level of the passivation is very
good, corresponding to high cell efficiencies around 22-24 %. The best films deposited here
would give a significant improvement in today’s industrial solar cells. Still, there is room for
further improvements of the passivation properties of the a-SiNx:H deposited in the parallel
plate reactor [4].
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Figure 44: Lifetime versus injection level curves from QSSPC measurement for samples 52 (n = 1.88)
and 57 (n = 2.51), as-deposited and after firing.

In Figure 44, the lifetime versus injection level curves of samples 52 (n = 1.88) and 57 (n = 2.51)
are given, for both as-deposited and fired samples. Sample 52 had a lower lifetime than
sample 57, and the firing process improved the lifetime of both samples. Extracting the

lifetimes at injection level 1x10* cm™

in the high injection curves of samples 52—57 and
plotting them against refractive index, reveals a trend where the lifetime increases with
refractive index, as shown in Figure 45. For all samples, the lifetime increased after the firing

step.

Sample 55 with a refractive index of 2.21 showed a deviation from the trend, with a
considerably higher lifetime of 350 us after firing. Excluding this sample from the linear
regression analysis reveals a near linear dependence of lifetime versus refractive index for the
other samples, as summarized in Table 10. The observed trend with increasing lifetime with
increasing refractive index is in accordance with previous studies of Lauinger et al., Mackel and
Lidemann and De Wolf et al. [6, 29, 31]. Optimal passivation is achieved for Si-rich films, which
is inconsistent with the results of Schmidt and Kerr, who found the optimum surface
passivation for films with near stoichiometric composition, with a refractive index of 1.9 [7].
Differences in reactor configuration might be the explanation for this deviation, as Schmidt
and Kerr used a remote reactor system.
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4.3 Properties of a-SiN,:H by direct PECVD

The increase in lifetime after the heat treatment is in accordance with the observations of
Lelievre et al. [13], except the improvement was observed for all samples in our study,
regardless of refractive index. This effect is probably caused by hydrogen passivating dangling
bonds, as suggested by Lelieévre et al. [13]. According to Aberle, hydrogen passivation should
not be significant in films deposited by high frequency direct PECVD, due to the absence of ion
bombardment [4]. The results of this work clearly suggest that both hydrogen passivation and
ion bombardment are significant effects for the a-SiNx:H films deposited in our PECVD reactor.
A possible explanation of the deterioration of the passivation observed by Aberle, De Wolf et
al. and Lenkeit et al. might be that process parameters during deposition or firing inhibit the
diffusion of hydrogen to the Si/a-SiN,:H interface and into the Si substrate, and instead cause
hydrogen to evaporate [4, 14, 29]. This indicates the importance of optimizing the fabrication
process to achieve good passivation. Hong et al. observed a larger improvement in passivation
for silicon rich samples [38], whereas our experiments showed equally large increases in
lifetime for all refractive indices. The data presented here do indeed display a slightly higher
slope for the linear fit of the fired samples, approximately 3 % larger than for as-deposited
samples. However, this difference is too small to conclude in accordance with the observations
of Hong et al.
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Figure 45: Lifetime at injection level 1x10" ecm™ for high injection measurement versus refractive
index for samples 52—57 for as-deposited and fired samples. Sample 55 (n = 2.21, open
symbols) showed a deviation from the linear trend observed for the other samples, and is
not included in the linear fit.
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Table 10: Result from linear regression of lifetime versus refractive index for samples 52-54 and
56-57, y=ax+b.

Slope, Intercept, Coefficient of
a (ps) b (ps) determination, r*
As-deposited 234 -381 0.923
After firing 242 -297 0.972

In order to investigate whether the high lifetime of sample 55 was due to the wafer or an
actual improvement in the passivating layer, the same recipe was repeated two weeks later on
the same wafer (sample 55d) and a control wafer (sample 56d) simultaneously. These had
been cleaned with RCA-1 and RCA-2 two weeks before, and received a HF dip prior to
deposition. The measured lifetimes at injection level 1x10™ cm™ are given in Table 11. The
lifetime of both sample 55d and 56d was lower than the original (Sample 55a), which indicates
that the cleaned surfaces degrade after cleaning when stored. Still, the lifetime of sample 56d
was 11 ps lower than for sample 55d. Because the films were deposited simultaneously, they
should be identical, and the experiment indicates a higher quality of the 55 substrate
compared to 56. Originating from the same batch of wafers, it is more likely that the difference
in substrate quality is caused by variances in the substrate preparation than material quality.
One possible explanation of the higher quality of sample 55 is the stacking of wafers in the
cleaning cassette. If wafer 55 was placed at the edge of the cassette, it would be exposed to
larger volumes of chemicals during cleaning than the wafers stacked in the middle of the
cassette.

Table 11: Lifetimes of as-deposited a-SiN,:H samples with gas flow ratio 0.030, repeated on
different wafers.

Deposition Sample number Lifetime (us)
Original sample 55a 183
Repeated at the same wafer 55d 101
Repeated at control wafer 56d 90
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4.3.3 Fixed charge densities
Capacitance-voltage curves at 1 MHz were recorded in order to estimate fixed charge density

of the a-SiN,:H films with different refractive indices. However, the differences in film
composition were reflected in C-V curves, showing several deviations from the idealized MIS
capacitor characteristics. 3 voltage sweeps were performed on each sample. Sweep 1 started
at zero in order to estimate the initial charge distribution in the film, and sweep 2 was done to
check the effect of the previous sweep on the sample. Sweep 3 was conducted to investigate
whether soaking had an effect on the measurement.

C-V curves of samples with three different refractive indices are given in Figure 46a-c. The C-V
curve for the as-deposited version of sample 51 with a refractive index of 1.83 is given in
Figure 46a. Similar behavior was observed for the other samples with low refractive indices, in
the range 1.83—1.95, for both as-deposited and fired films. Experiments showed that
measurement history had little effect on capacitance, as only a very small shift in the curve
was observed for the different sweeps. In Figure 46b the C-V characteristic of sample 55 after
firing (n = 2.21) is given. A shift in the curve is observed for consecutive measurements, as well
as for the measurement starting with a soaking at 8 V. This effect was observed for samples
with intermediate to high refractive index, both as-deposited and after firing. Figure 46¢c shows
the C-V curve of the as-deposited version of sample 57 (n = 2.51) exhibiting a slightly smaller
capacitance shift, in addition to a tilt which indicates leakage currents preventing capacitance
saturation.
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Figure 46: C-V curves at 1 MHz for samples with increasing refractive index and silicon content: a) as-
deposited version of sample 51 with n = 1.83, b) Fired version of sample 55 with n = 2.21
and c) as-deposited version of sample 57 with n = 2.51. Sweep 1 and Sweep 2 were from 0
Vto-10V, and Sweep 3 was from 8 Vto -10 V.
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Further analysis of the C-V curves gives estimates of flat band voltage and fixed charge density,
using equations 13—17. The non-ideal effects complicate the determination of these
parameters, as flat band voltage is shifted with the C-V curve, and the insulator capacitance is
difficult to determine in presence of large leakage currents. Calculating the shifts in flat band
voltage for samples of varying refractive index gives an indication of the impact of
measurement history on the C-V characteristic of the sample. Shifts in flat band voltage are
interpreted as changes in the fixed charge distribution in the film, caused by charging of K-
centers. In Figure 47, the absolute values of the shifts in flat band voltage obtained by C-V
measurements on samples 51-57 are given, averaged over both as-deposited and fired
samples. Experiments show that the samples with intermediate refractive index show the
largest dependence of measurement history. Hence the concentration of chargeable K-centers
is larger in these a-SiN,:H films. A summary of the non-ideal effects observed in C-V
measurements for samples with different refractive indices, and their impact on further
analysis is given in Table 12.
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Figure 47: Absolute value of the shift in flat band voltage, representing the shifts in the C-V curve
with measurement history, as a function of refractive index. The obtained values are
averaged over one fired and one as-deposited sample.

Compared to the observations of Beylier et al. and De Wolf et al., our observations are in
accordance with the observed decrease of hysteresis effects and voltage shifts with increasing
refractive index in the intermediate to high refractive index region [15, 29]. Additionally, the
decrease in flat band voltage shifts observed for lower refractive indices is in accordance with
the observations of Lau et al.[35]. This emphasizes that the nature of hysteresis effects and

curve shifts greatly depend on Si/N stoichiometry, hydrogen content and refractive index,
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which again vary with deposition method. Nevertheless, our experiments suggest that it is
probable that hysteresis effects and measurement history dependence are more dominating
for intermediate refractive index and stoichiometry.

The leakage currents observed for higher refractive indices correspond well to the effects
reported by of Beylier and De Wolf [15, 29]. This is as expected, because the band gap
decreases as the nitrogen content decreases, from stoichiometric silicon nitride to amorphous
silicon. As the refractive index increases, the band gap decreases, and hence the leakage
current increases.

Table 12: Overview of non-ideal effects in C-V measurements on Al/a-SiN,:H/Si structures

Effect Observed for Affects determination of
Shifts in C-V curve with measurement
. 2.0<n<23 Flat band voltage
history
Insulator capacitance in
Leakage currents n>2.3

accumulation

A plot of the obtained values for Qy as a function of refractive index, for the three different
sweeps is given in Figure 48. The obtained values for Q; are in the range
1-9x10™ cm™, which is high compared to literature [4]. This can be explained by the fact that
the obtained values are not only from the first sweeps, and as measurements proceed, the flat
band voltage is shifted towards more negative values resulting in higher values of Q;. No trend
with respect to refractive index, firing treatment or sweep number is observed, due to the
non-ideal effects. Hence using C-V measurements on a series of samples with such different
electric properties to determine the fixed charge density is difficult.

In order to explore the origin of the non-ideal response in the C-V measurements on nitrides
with intermediate to high refractive index, a stack of high index — low index silicon nitride was-
deposited using high (0.050) and low (0.010) gas flow ratio. According to the results presented
in Figure 43, the stack should consist of high index a-SiN,:H (n ~2.5, thickness ~50 nm) bottom
layer and low index a-SiN,:H (n ~1.9, thickness ~50 nm) top layer. A C-V curve from this sample
is given in Figure 49, where the shift with measurement history is still observed and the
leakage current is eliminated. This indicates that the origin of the shifts is connected to
charging in the interface between silicon and a-SiN,:H, and confirms that leakage current is a
feature of Si-rich films.
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Figure 48: Fixed charge density versus refractive index for samples 51-57, showing data from three
voltage sweeps: Sweep 1 from 0V to -10 V, Sweep 2 from 0 V to -10 V and Sweep 3 from 8
V to -10 V. Data for both as-deposited and fired samples are included.
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Figure 49: C-V curve of a-SiN,:H /a-SiN,:H stack with refractive indices 2.5 and 1.9 at the bottom and
top layer, respectively. The shift with measurement history is still present, but the leakage
current tilt is not observed in the C-V characteristics.
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4 Results and discussion

4.3.4 Density of interface traps
Two methods were attempted in order to determine the density of interface traps of the

a-SiN,:H samples: Conductance-voltage (G-V) and conductance-frequency (G-f) measurements.

G-V measurements were performed successfully on all samples in the silane variation series
(Set 1), both as-deposited and fired. The magnitude of the conductance peak was found by the
linear interpolation method, and the obtained values were in the range 1—4x10"° eV'cm™. In
Figure 50, the obtained values are plotted against refractive index. Error bars were obtained by
performing 3 linear interpolations per curve, as described in Section 4.2.2. A decrease in D;
with increasing refractive index is observed, which indicates that the chemical passivation is
better for silicon rich films. This could be caused by a higher concentration of hydrogen which
saturates dangling bonds. Additionally, D; decreases after firing, which supports the
hypothesis that diffusing hydrogen passivates recombination centers during firing.
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Figure 50: D; for different refractive indices, for as-deposited and fired films. The conductance

method with linear interpolation is used, and the error bars are obtained by the approach
outlined in Figure 40.

G-f measurements were successfully performed on samples 51-53, with low refractive indices.
For the samples with higher refractive indices, the position of the depletion region was difficult
to locate due to shifting of the curve with measurement history, and hence measurement
attempts were unsuccessful. Graphs showing the obtained curves for as-deposited versions of
sample 51-53 are given in Figure 51. The peak conductance was used to determine D;, using
equation 23. In Table 13, the applied voltages and calculated densities of interface states are
summarized, together with the corresponding values from the G-V analysis. D;; values in the
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4.3 Properties of a-SiN,:H by direct PECVD

range 3.9—4.8x10" eV'cm™ were found, which is slightly higher than the values found by G-V
measurements. This is caused by the fact that the chosen frequency for the G-V measurements
was 10 kHz, whereas the peak conductance is found in the interval 20—50 kHz, as shown in

Figure 51.
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Figure 51: Normalized conductance versus frequency for as-deposited samples 51-53 with low
refractive indices. The green line at 10 kHz indicates the chosen frequency for G-V
measurements.

Table 13: Values for refractive index, depletion voltage and density of interface traps for as-

deposited samples 51-53.

Sample Refractive Voltage D; from G-f D; from G-V
index (V) (ev'cm?) (ev'cm?)
51 1.83 -3.0 4.8x10" 3.2x10"
52 1.88 -3.5 3.9x10% 2.3x10"
53 1.95 -4.0 4.4x10" 2.4x10%
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4 Results and discussion

4.3.6  Stability
Degradation of a-SiNx:H deposited on float zone silicon substrate

The stability of the a-SiN,:H thin films towards solar irradiation was tested by illuminating
samples using a solar simulator. Float zone silicon is known to be stable towards illumination,
and hence any degradation observed would be related to degradation of the a-SiNx:H
passivation layer. The stability test was conducted on sample 45 (n = 2.04 and d = 98 nm), both
for the as-deposited thin film and after firing. Lifetimes at injection level 1x10* cm™ from high
injection curves are plotted against illumination time in Figure 52.
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Figure 52: Lifetime at injection level 1x10" em versus illumination time for sample 45 on FZ silicon
(n =2.04 and d = 98 nm), both for the as-deposited thin film and after firing.

Lifetime degradation was observed, and the reduction in lifetime was larger after firing. The
trend is less distinct for the as-deposited sample, as the measurement uncertainties become
more significant with lower lifetime.

The data were fitted to an exponential decay model on the form
T(t) = To, + AT
(38)

where T (t) is the illumination time dependent lifetime, A is a constant, T represent the decay
rate and T.. is the saturation lifetime. The initial effective measured lifetime, 1, is given by

Tg=Ten + 4
(39)
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4.3 Properties of a-SiN,:H by direct PECVD

The coefficients are given in Table 14, and the obtained functions are plotted along with the
experimental data in Figure 52. The model fits well with the data obtained for the fired sample
and is affected by measurement uncertainties for the as-deposited sample with lower lifetime,
giving a time constant approaching infinity.

Table 14: Coefficients from exponential decay data fit of lifetime versus illumination time data for
a-SiN,:H deposited on FZ substrate (sample 45). A is a constant, T is the decay rate and t..
is the saturation lifetime.

As-deposited After firing
Teo A T Tes A T
(Hs) (us) | (min™) | (us) (us) | (min™)
51 0.85 oo 166 23 73

In order to estimate the degree of degradation in the passivation layer, the fired sample is
used. From equation 9, the initial effective measured lifetime is given by the contributions
from bulk and surface recombination according to
1 1 25
+ 220

p—
=~

o Tphux W (40)

where S, is the initial SRV. By assuming a bulk lifetime of 2 ms and using the coefficients in
Table 14, S, = 72 cm/s is found. Since there is negligible lifetime degradation for FZ silicon, the
bulk lifetime is constant and the relative degradation of the passivation properties is given by
the increase in SRV, x. Hence, the saturation lifetime and degradation is described by the
relation

1 1 2xS,

_—
=~

+ .
Too Thulk w (41)

For sample 45 after firing, an x-value of 1.15 is found, representing an increase in the SRV of
15 % for the a-SiN,:H film after illumination. This corresponds to a relative decrease in the
effective measured lifetime of 12 %.
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4 Results and discussion

Degradation of a-SiNx:H deposited on Czochralski silicon substrate

Samples 52-57 with varying refractive index were deposited on Czochralski (Cz) material, and
when performing stability experiments on these samples, bulk degradation must also be taken
into account. Light induced degradation is a known phenomenon in boron doped Czochralski
silicon, where the bulk lifetime is reduced when the material is exposed to radiation [49].

For samples 52-57, both as-deposited and fired, the stability towards solar irradiation was
tested. Lifetimes at injection level 1x10™ cm™ from high injection curves are plotted against
illumination time for as-deposited and fired samples of different refractive indices in Figure 53.
In Figure 54, lifetime versus refractive index is plotted for illumination times of 0 and 120
minutes. Some degradation was observed for all samples, and the degradation increased with
increasing refractive index and after firing. The degradation trends showed a rapid decrease in
lifetime from 0 to 30 minutes, and saturation was observed after 2 hours. The trends were less
distinct for samples with low refractive index, as the measurement uncertainties become more
significant with lower degradation. From Figure 54 it can be seen that the trend of linearly
increasing lifetime with refractive index is still valid after 2 hours illumination.
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Figure 53: Lifetime at injection level 1x10" ecm™ versus illumination time for a) as-deposited and b)

fired samples of varying refractive index. The lines are obtained by fitting the data to an
exponential decay model.
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4.3 Properties of a-SiN,:H by direct PECVD

The data were fitted to the exponential decay model, and the resulting coefficients are given in
Table 15. In Figure 53, the obtained functions are plotted together with the experimental data.
The model fits well with the high refractive index samples, and is affected by uncertainties of
the measurements for low refractive index samples with lower lifetimes. Especially sample 54
shows an improbable improvement in lifetime for the as-deposited film due to scattered data.

Table 15: Coefficients from exponential decay data fit of lifetime versus illumination time data. A

represents the decay size, T is the decay rate and .. is the saturation lifetime.

Figure 54: Lifetimes at injection level 1x10" cm™ versus refractive index for as-deposited and fired
samples before illumination and after 2 hours under the solar simulator. The lines
represent linear fits, and the data points for n = 2.2, marked by crossed and half-filled
symbols, are left out from the determination of the linear trend.

Refractive index
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4 Results and discussion

Experiments showed that even though Si-rich samples have the best passivation properties,
they also have a larger reduction in lifetime when exposed to light. A smaller time constant
observed for Si-rich films demonstrates a more rapid degradation as well. Furthermore, the
increased lifetime gained by firing is to some extent lost again when the sample is exposed to
light. Even though heat treated Si-rich films have the largest loss in lifetime, their passivation
properties are still better than for N-rich films, as can be seen in Figure 54.

In order to interpret these results, it is necessary to separate the degradation of the
passivation layer from degradation in bulk silicon. Samples 54 and 45 have the same
deposition parameters, and hence the passivation film should be identical for the two samples.
By assuming an identical increase in the SRV for the two samples, an estimate of the bulk
degradation in CZ silicon can be made. The initial surface recombination velocity of sample 54
of Sy = 49 cm/s is found using equations 39—40, the coefficients from the fitted data and a
bulk lifetime of 800 ps [48]. Modifying equation 41 by including a relative bulk degradation, y,
gives an expression for the saturation lifetime in Cz samples:

1 1 2xS,

_—

~ + .
Towo  YTlpuk W (42)

A bulk degradation of 0.55 is found, indicating a reduction of 45 % of the bulk lifetime in the
Czochralski substrate, which is equivalent to a reduction in bulk lifetime from 800 ps to 440 ps.

By using this value for the bulk degradation, and assuming an equal degradation for all CZ
samples, the relative increase in SRV can be found. For samples 52-57, both as-deposited and
fired, the degradation in the passivation layer is given in Figure 55a. The resulting values give a
change in SRV in the interval from -8 % to +17 %. It is clear that these results are non-physical,
as an improvement in the passivation properties, reflected in a decrease in SRV, is not likely.

One possible explanation is an underestimation of the bulk lifetime in the CZ material. As an
upper limit, an initial bulk lifetime of 2 ms and a degraded lifetime of 1.1 ms are assumed. The
resulting values for the degradation in the passivation layer are given in Figure 55, and a
change in SRV ranging from -0.4 % to +25 % is found. If the degradation stabilizes after 2 hours
of illumination, the quality of the passivation layer still is satisfactory for use in solar cells.

A larger degradation for films with intermediate to high refractive index is observed from the
plots in Figure 55b, and the fired films appear to be more stable than the as-deposited films.
The as-deposited version of sample 54 (n = 2.04) did not fit well to the exponential decay
model, explaining the negative value of the change in SRV in Figure 53.
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Figure 55: Change in SRV (in %) after 2 hours of illumination for Cz samples with bulk lifetimes of a)

800 ps and b) 2 ms.
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4 Results and discussion

4.3.7 Summary direct PECVD a-SiNx:H
Experiments revealed some trends with respect to the properties of a-SiN,:H layers of varying

stoichiometry, and the key properties of samples 51-57 are summarized in Table 16.

Adjusting gas flow ratios proved to be an effective way of controlling layer stoichiometry. The
refractive index of the film and hence the silicon content increased linearly with increasing gas
flow of silane. Increasing effective measured lifetimes with increasing refractive index
indicated that the overall passivation properties were best for Si-rich films. Firing improved the
lifetime of all samples, and the increase in lifetime after firing was largest for Si-rich films.

Electrical characterization of the samples was attempted in order to separate the contributions
from chemical and field-effect passivation on the lifetime trends. A decrease in D; with
increasing refractive index, as well as a significant reduction in D; after firing show that the
degree of chemical passivation is highest for Si-rich films, and that firing caused an
improvement in the chemical passivation for all samples. These observations can be related to
the diffusion of hydrogen, saturating dangling bonds and decreasing D;;, and suggest a larger
hydrogen concentration in Si-rich films. Large quantities of positive fixed charges in the a-
SiN,:H films were detected by C-V measurements. However, estimating the contribution from
field-effect passivation on the films of varying stoichiometry, proved to be difficult due to non-
ideal effects in C-V characteristics. Leakage currents were most pronounced for Si-rich films.
Shifts in the C-V characteristics, indicating charging of K-centers in the film, were most
dominating for films of intermediate composition (2.0 < n < 2.3).

Based on the results of these investigations, Si-rich films should be used for surface passivation
due to their superior passivation properties. For use as front side passivation in a solar cell, the
layer also has to function as an effective anti-reflection coating. Hence there is a trade-off
between excellent surface passivation and an optimum anti-reflection coating with low
absorption and reflection. Additionally, our experiments suggest that the Si-rich films are more
unstable towards illumination, and accordingly, some of the passivation properties will
degrade with time.
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4.3 Properties of a-SiN,:H by direct PECVD

Table 16: Summary of properties of a-SiN,:H deposited by direct PECVD. d is the film thickness, n is
the refractive index, t. is the effective measured lifetime, Qs the fixed charge density, D;;
the density of interface traps, and x,,, the maximum increase in SRV after light exposure.
The films are categorized by composition according to refractive index.

(ks) o
Tefr \KLS 10 1 -2
Sample d Qs (<107 eV7cm”) Xmax
n Comp. 1 -2
number | (nm) As- . (x10"" cm™) ) (%)
Fired As-dep. Fired
dep.
51 82 1.83 — — 6.8—8.2 3.5—3.8 3.0—3.3 —
52 93 1.88 N-rich 74 147 6.7—8.6 3.7—4.1 2.1—-23 9
53 96 1.95 82 184 5.0—6.8 3.3—3.6 21—-2.4 15
54 98 2.04 Inter- 74 200 -4.3—10 35—4.0 | 1.9—-23 7
55 95 2.21 | mediate g3 350 -1.1—9.2 3.0—3.1 | 2.7—29 26
56 95 2.36 162 283 7.1—-9.1 2.4—-2.9 2.2—2.6 26
Si-rich
57 94 2.51 219 303 3.7—9.1 1.8—2.1 1.2—15 23
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4.4  Properties of a-SiNx:H by remote PECVD

44.1 Optical properties
a-SiN,:H was-deposited on samples 1-4, using a remote expanding thermal plasma system. The

gas composition ratio, R = SiH,/NH; was varied in order to obtain films of different
composition. A picture of the resulting thin films is given in Figure 56, showing a shift in color
from purple via blue to brown as the gas flow ratio increased.

>

Increasing gas flow ratio (SiH,/NH,)

Figure 56: Photography of a-SiN,:H thin films deposited with varying gas flow ratio, showing a color
shift.

In Table 17, the gas flow ratio (averaged over the three plasma sources), measured refractive
indices, film thicknesses and calculated deposition rates are summarized. The films had
refractive indices in the range 1.9—2.5 at wavelength 630 nm, and the refractive indices are
plotted against gas flow ratio in Figure 43. Linear regression revealed a linear dependence with
a coefficient of determination of 0.942, relating the refractive index n and the gas flow ratio R
according to

n(R) =1.96x R +1.66 .
(43)

Table 17: Overview of film properties for a-SiN,:H films deposited by remote PECVD with varying
gas flow ratio.

Sample Gas flow ratio Film thickness Deposition rate L
. Refractive index
number (SiHs/NH;) (nm) (nm/s)
1 0.108 68 2.30 1.92
2 0.181 85 2.86 1.98
3 0.301 89 2.99 2.19
4 0.421 135 4.53 2.53
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4.4 Properties of a-SiN,:H by remote PECVD

The linear dependence of refractive index on gas flow ratio observed here corresponds well to
the findings in Section 4.4.1 for direct PECVD and results reported in literature [6, 13, 29-31].
Hence adjusting the gas flow ratio in remote PECVD is a method for controlling the layer
stoichiometry.
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Refractive index

2,1 4
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19 | .
1 . 1 . 1 . 1
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Gas flow ratio (SiH,/NH,)

Figure 57: Refractive index as a function of gas flow ratio for a-SiN,:H thin films deposited by remote
PECVD. The data are fitted by linear regression.

In Figure 58, the film thicknesses and corresponding deposition rates are given, and
thicknesses ranging from 68 to 135 nm were found. In the deposition system used, adjusting
the deposition time is not possible, and adjusting the gas flow ratio will affect the deposition
rate. Hence, more work is needed in order to investigate the effect of individual gas flows and
total pressure, in order to control film composition and deposition rates in the system.
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Figure 58: Film thickness and corresponding deposition rate for different gas flow ratios in the
remote PECVD system used.

The highest deposition rate, 4.5 nm/s for sample 4, is slightly lower than the deposition rates
>6 nm/s given in the OTB DEPx 2400 system specifications. In the specialization project,
deposition rates for films deposited by the Plasmalab System 133 from Oxford Instruments
were estimated, and the obtained values are in the range 0.25—0.35 nm/s [43]. Hence the
films deposited by remote PECVD have a considerably larger deposition rate than films
deposited by direct PECVD, emphasizing the advantage of using remote systems industrially.
However, more work is needed in order to optimize the process for higher deposition rate.

4.4.2 Lifetime measurements
Lifetime measurements by QSSPC were conducted for as-deposited and fired samples, and the

lifetime at injection level 1x10™ cm™ is plotted against gas flow ratio in Figure 59. The
measured lifetimes were in the range 12—67 ps, corresponding to SVRs in the range 205—
1230 cm/s. Compared to the results reported in literature [4] and the lifetimes measured for
the direct PECVD samples, the measured values for remote PECVD are much lower. This is as
expected, because the deposition process in the remote PECVD system has not yet been
optimized for surface passivation. For the as-deposited samples, an increase in lifetime with
refractive index is observed, resembling the trend found in Section 4.3.2 for the thin films
deposited by direct PECVD.
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Figure 59: Lifetime at injection level 1x10" cm™ versus refractive index for as-deposited and fired
versions of sample 1—4, deposited using remote PECVD.

Firing did not consistently affect the lifetime of the samples, indicating an absence of hydrogen
diffusing into the silicon. Several explanations for this observation are possible [4, 38]:

e The hydrogen concentration in the film is low
e The hydrogen in the film is loosely bound, and evaporates during firing
e The hydrogen in the film is tightly bound and does not diffuse during firing

Further investigations are needed to determine the cause of the poor passivation properties
and improve the effect of firing, and accordingly a detailed analysis of the chemical
composition and bond densities would be useful.

4.4.3 Fixed charge densities
In order to estimate fixed charge density and investigate charging and leakage currents, C-V

measurements were conducted at the a-SiN,:H films deposited by remote PECVD. 3 voltage
sweeps at 1 MHz were performed on each sample. Sweep 1 started at 0 V in order to estimate
the initial charge distribution in the film, and sweep 2 was done to check the effect of the
previous sweep on the sample. Sweep 3 was conducted to investigate whether soaking had an
effect on the measurement.

C-V curves of samples with three different refractive indices are given in Figure 60a-c. The C-V
curve for sample 2 (n = 1.98, d = 85 nm) is given in Figure 60a. Similar behavior was observed
for Sample 1 (n = 1.92, d = 68 nm). Experiments showed that measurement history had little
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effect on capacitance, as only a very small shift in the curve was observed for the different
sweeps. In Figure 60b the C-V characteristic of sample 3 (n =2.19, d = 89 nm) is given. A shift in
the curve is observed for consecutive measurements, as well as for the measurement starting
with a soaking at 8 V. Figure 60c shows the C-V curve of sample 4 (n = 2.53, d = 135 nm), and
here the size of the capacitance shift has decreased. No leakage currents were observed for
samples 1-4.

Further analysis of the C-V curves gives estimates of flat band voltage and fixed charge density,
using equations 13—17. The resulting estimates for fixed charge density are given in Figure 61,
together with the absolute value of the shifts in flat band voltage. The obtained values for Q
are in the range 2.1-3.2x10" cm™ and the larges shift in flat band voltage is found for sample 3
with refractive index 2.19. These results agree with the observations in Section 4.3.3 for
a-SiN,:H deposited by direct PECVD, where the estimated values for Q; were in the range
1—9x10™ cm™ and the maximum shift in flat band voltage of ~3.5 V was observed at n = 2.2.
However, for the remote PECVD films the fixed charge density is slightly higher and the effect
of charging was smaller and limited to the sample with refractive index 2.19. No charging was
observed for sample 2 with n = 1.97. This observation combined with the absence of leakage
currents, suggest stronger bonds for a-SiN,:H deposited by remote PECVD compared to direct
PECVD. Electrons and holes cannot travel as easily in the insulating thin film, and hence the
effect of charging and leakage currents is reduced. The absence of leakage currents observed
for sample 4, with the highest refractive index, can be explained by the large film thickness
counteracting the effect of band gap narrowing.
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Figure 60: C-V curves at 1 MHz for samples with increasing refractive index and silicon content: a)

sample 2 with n = 1.98 and d = 85 nm b) sample 3 with n = 2.19 and d = 89 nm c) sample 4
with n = 2.53 and d = 135 nm. Sweep 1 and Sweep 2 were from 0 V to -10 V, and Sweep 3
was from8Vto-10V.
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Figure 61: Fixed charge density versus refractive index for samples 1-4, showing data from three
voltage sweeps: Sweep 1 from 0V to -10 V, Sweep 2 from 0 V to -10 V and Sweep 3 from 8
V to -10 V. The blue curve is the absolute value of the shift in flat band voltage,
representing the shifts in the C-V curve with measurement history.

4.4.4 Density of interface traps
The conductance method with G-V and G-f measurements was used to determine D;. Due to

measurement noise, G-V measurements were performed at 30 kHz instead of 10 kHz. The
analytical method was preferred for determining the peak magnitude because of a relatively
large contribution from series resistance in accumulation, and resulted in fits of good quality
for all samples. In Figure 62, the measured G-V curve for sample 2 is given, together with the
calculated contributions from series resistance and the corrected curve. Normalized G-f curves
for samples 1-4 are given in Figure 63.
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20 || Sample 2 4

Conductance (US)

Voltage (V)

Figure 62: G-V curve for sample 2 showing the result of the analytical method for series resistance
correction. G, is the measured conductance, Gg is the contribution from series resistance
and G is the corrected conductance.
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Figure 63: Normalized conductance versus frequency for as-deposited samples 1-4 deposited by
remote PECVD.
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4 Results and discussion

Obtained values for the density of interface traps were in the range 4.2x10'°—1.07x10™
eV'cm™ for both methods and Dy is plotted against refractive index in Figure 64. G-f and G-V
measurements resulted in similar values for D;, with a small deviation for sample 3. A trend
with decreasing D;; for increasing refractive index is observed. The investigations of samples
51-57 deposited by direct PECVD, resulted in D;; values in the range 1—4x10" eV'em™ from
G-V and 3.9—4.8x10" eV'cm? from G-f measurements. Comparing the obtained values for
sample 1-4 to these results, shows that the films deposited by remote PECVD have a higher
density of interface traps. This corresponds well to the low measured lifetimes, indicating that
the poor surface passivation is caused by a large density of interface traps and a low degree of
chemical passivation. The decreasing density of interface traps with increasing refractive index
agrees with the trend with increasing lifetime with increasing refractive index shown in
Figure 59.
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Figure 64: D, for different refractive indices, for films deposited by remote PECVD. Two methods for
extracting D;; were performed: G-f and G-V measurements. The analytical approach to
series resistance correction was used to determine D; from G-V measurements at 30 kHz.
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4.4.5 Summary remote PECVD a-SiN:H
Results from characterization of samples 1-4 with a-SiN,:H films deposited by remote PECVD

are summarized in Table 18.

Adjusting gas flow ratio in the remote PECVD system resulted in films of varying stoichiometry
and the refractive index of the film, and hence the silicon content, increased linearly with
increasing gas flow ratio. However, changing the gas flows also affected the deposition rate.
As the deposition time is constant, more work is needed in order to control film thickness.

A low measured lifetime and high density of interface traps revealed poor passivation
properties, and firing had no effect on the measured lifetime. A slight increase in lifetime with
increasing refractive index is explained by an improvement in the chemical passivation due to
a decreasing D;.. No trend with respect to fixed charge density was observed, even though the
non-ideal effects in the C-V characteristics were less pronounced than for samples deposited
by direct PECVD. Charging, reflected in shifts in flat band voltage, was observed for sample 3
only, and leakage currents were not detected for any of the samples deposited by remote
PECVD.

For the present, the a-SiN,:H films deposited by the OTB DEPx 2400 system can serve as decent
anti-reflection coatings, as the refractive index and thickness can be controlled. Particularly
sample 2 has the optical properties required for an ARC on a solar cell [32-34]. However, the
investigations performed here strongly suggest that optimization of the deposition process is
needed in order to achieve good surface passivation properties, and for the a-SiN,:H film to
function as a combined ARC and surface passivation layer.

Table 18: Summary of properties of a-SiN,:H deposited by remote PECVD. d is the film thickness, n is
the refractive index, t.4 is the effective measured lifetime, Qy the fixed charge density, and
D;; the density of interface traps. The films are categorized by composition according to
refractive index.

Tesr (1)
Sample d p i Qs D;;
n omposition . a .
number | (nm) P As- ] (><1012 cm 2) (><101° eV'iem 2)
Fired
dep.
1 68 1.92 17 13 2.9—-3.0 10.6—10.7
N-rich

2 85 1.98 18 23 3.0—3.1 9.2—9.7

3 89 2.19 Intermediate 22 22 2.2—3.2 8.1—10.0

4 135 2.53 Si-rich 66 25 2.1—-2.2 4.2—4.8
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4 Results and discussion

4.5 Carrier transport and charging in a-SiNx:H

4.5.1 Investigation of leakage currents by I-V measurements
Current-voltage measurements were performed on samples with varying silicon content, and

the resulting curves for refractive indices 2.04, 2.36 and 2.51 are given in Figure 65. As
expected, the leakage currents increase with increasing refractive index, due to band gap
narrowing with increasing silicon content.
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Figure 65: -V characteristics of samples 54c-1, 56¢-1 and 57c-1, with refractive indices 2.04, 2.36 and
2.51, respectively.

Further investigations were carried out on sample 57 with n = 2.51, and I-V characteristics for
temperatures from room temperature to 200 °C are given in Figure 66a-b. The shape of the I-V
curve resemble previously reported |-V characteristics for PECVD a-SiN,:H [10]. Due to the
increase in leakage currents with increasing temperature, tunneling can be eliminated as the
dominating transport mechanism. From the logarithmic plot in Figure 66b, it is clear that the
I-V curve is not symmetric, as the current is almost a decade larger for positive biases than for
negative. This favors a Schottky type of conduction [20, 40].
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Figure 66: I-V characteristics for sample 57c-1 with refractive index 2.51 at temperatures in the
interval 295—473 K: a) normal I-V curve, b) I-V curve with logarithmic current axis.

In order to investigate the linearity of the experimental data with respect to Schottky and
Poole-Frenkel models, In (1) vs. V2 and In (I/V) vs. V*? plots were made for different
temperatures, and the resulting graphs are given for positive and negative biases in Figure
67a-d. Similarly, In (I/T?) vs. T "2 and In (/) vs. T ~* plots for different applied biases are given in
Figure 68. The average coefficients of determination (r’) for the linear fits are given in Table 19.

Table 19: Coefficients of determination from linear fits to Schottky and Poole-Frenkel models.
Current-voltage values are averaged over measurements on 5 different temperatures, and
current-temperature values are averaged over measurements on 4 different biases.

Model Bias Current-voltage Current-temperature
Positive 0.973 0.998
Schottky
Negative 0.978 0.991
Positive 0.982 0.998
Poole-Frenkel
Negative 0.898 0.994
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Figure 67: Plots of I-V data with linear fits to Schottky and Poole-Frenkel models for different

temperatures: a) Schottky model In (/) vs. v for a) positive and b) negative biases, Poole-
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Near linear behavior was observed for both models, however it is not possible to distinguish
between the Schottky and Poole-Frenkel models with respect the coefficients of
determination. This is as expected, and in accordance with the observations of Yeargan and
Taylor [40]. Additionally some aspects of the linearized plots are worth noting:

e The I-T plots were more linear than the I-V plots
e Positive biases showed higher linearity than negative biases
e The I-V plots were more linear for larger voltages

Higher degree of linearity for I-T plots could be caused by the smaller amount of data points,
or the small temperature interval used. The lower degree of linearity observed for negative
bias and the poorer fits for lower applied voltages suggest a more complex conduction
mechanism in the region with lower currents. These observations combined with the smaller
temperature dependence in this region shows a contribution from tunneling to be probable, as
observed by Jeon et al. and Sinha and [18, 19]. Alternatively, the deviations from the linear
trends at lower applied fields could be explained by the voltage drop over the depletion region
in the silicon. Hence, the assumption that the applied electric field is given by the applied
voltage and the insulator thickness, E = V/d, is not valid.

Estimates of the dynamic permittivity and barrier height were extracted from the slopes of the
graphs in Figure 67 and Figure 68 according to the equations in Table 2, and are summarized in
Table 20. Both the Schottky and Poole-Frenkel models give larger permittivities for negative
bias. And over all, the Poole-Frenkel model results in values for the permittivity one order of
magnitude higher than the Schottky model. Compared to the values found in literature, for a
permittivity in the range 1.8—6.5 [19, 20, 22], the Poole-Frenkel model gives the closest values
for positive bias, and the Schottky model gives the best fit for negative bias. Since the
refractive index of the sample is 2.51, a dynamic permittivity €;= n’ = 6.3 is expected, indicating
a Poole-Frenkel mechanism. The obtained values for the barrier height correspond well to the
values reported in literature, around 0.6 —1.7 eV [19-22], and do not favor either conduction
mechanism.

Table 20: Estimated dynamic permittivities and barrier heights from linear fits to Schottky and
Poole-Frenkel models. The obtained permittivities are average values with standard
deviations from |-V measurements on 5 different temperatures, and barrier heights are
average values with standard deviations from I-T plots on 4 different biases.

Model Bias & @z (eV)
Positive 0.74 £0.10 0.67 £0.02
Schottky
Negative 1.35+0.07 0.63+0.03
Positive 79+0.7 1.01 £ 0.09
Poole-Frenkel
Negative 26+11 0.60 £ 0.06
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4.5 Carrier transport and charging in a-SiN,:H

Results from literature show a general agreement that the Poole-Frenkel mechanism is
dominating. From our experiments, however, it is not possible to conclude with one
conduction mechanism for the leakage currents in our a-SiN,:H thin films. The analysis of |-V
and I-T plots do show that tunneling is unlikely, but further analysis do not succeed in
distinguishing between Schottky and Poole-Frenkel transport. However, the asymmetry in the
measurements with respect to measurement polarity does indicate that a Schottky type of
transport is present. Additionally, the poorer fits to Schottky and Poole-Frenkel models for
smaller currents suggest a contribution from another mechanism, for instance tunneling, at
lower applied bias.

Another reason as to why no model fits the data perfectly is that the I-V measurements were
not performed in steady state. The current is time dependent, as shown in a current-time
measurement performed at sample 57c-1 in Figure 69. Charging in the insulator could explain
this effect, as trapping and detrapping of electrons or holes in the a-SiN,:H thin film would
contribute to the leakage current.
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Figure 69: Leakage current as a function of time, for an applied bias of 10 V. The measurement is
performed on sample 57c-1.
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4.5.2 Investigation of charging by C-V measurements
In order to investigate the nature of the non-ideal dependence of V}, and Qs on measurement

history, C-V measurements were performed on a series of samples with varying thickness.
a-SiN,:H was-deposited on samples 32a-h with varying deposition times, in order to create
films of different thicknesses. From previously determined deposition rates, the thicknesses of
the samples were calculated, and the values are summarized in Table 21.

Table 21: Overview of estimated film thicknesses for a-SiN,:H films deposited with varying
deposition time.

Sample number 32a 32b 32c 32d 32e 32f 32g 32h

Film thickness

43 59 75 91 107 123 139 155
(nm)

As described in Section 4.2.1 and Section 4.4.3, shifts in flat band voltage with measurement
history is interpreted as changes in the fixed charge distribution Qs caused by charging and
decharging of K-centers. Samples 32a-h were exposed to a series of measurements to study
the maximum amount of both positive and negative charging in the a-SiNx:H capacitors. A total
of 15 sweeps were performed on each sample, and the full C-V measurement procedure is
given in Appendix B. Sweep 1 is the initial sweep, and should give the initial charge distribution
in the film. Sweeps 2-10 were performed to obtain a shift in the C-V curve towards negative
voltages, and sweep 10 gives the largest shift and the most negative flat band voltage. Sweeps
11-15 were performed to obtain a shift towards positive voltages, and sweep 15 gives the
largest shift in the positive direction. In Figure 70, the C-V curves of sample 32c are given for
sweeps 1, 10 and 15, together with the obtained initial, most positive and most negative flat
band voltages.
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Figure 70: C-V curves for sweeps 1, 10 and 15, showing shifts in the curve depending on
measurement history. Sweep directions are indicated, together with the flat band
capacitance and — voltages. VFBO is the initial flat band voltage, Vi~ the most negative and
Vis' the most positive flat band voltage observed during the measurement procedure.
These measurements were performed on sample 32c, and the data from the reverse
sweep of sweeps 1 and 15 are left out for clarity.

The resulting C-V curves were analyzed, extracting V, and Qy for sweeps 1, 10 and 15. For
samples 32a-b, the structure did not sustain the positive bias, and suffered from break down.
The obtained values were taken from sweep 13 for sample 32a and 12 for sample 32b, before
break down of the structure. In Figure 71a, Vj, is plotted against film thickness. For sweep 1,
the flat band voltage is decreasing towards more negative values for increasing thickness. The
negative soak causes a larger and more rapid decrease in Vp. Reversing the soak direction
causes Vj, to increase to positive values. In Figure 71b, the corresponding values for Q; are
shown. The initial concentration of positive charges in the films were in the interval 0.2—
0.8x10™ cm™, whereas for sweep 10 the concentrations had increased to 1.8—5.0x10” cm™.
Positive soaking of the samples effectively removed the large amount of positive charge, and
resulted in negatively charged films for the films thicker than 50 nm. For sweep 15, Qs values
from +0.1x10" cm™ to —1.7x10" cm™® were found.

Saturation of flat band voltage and fixed charge density for increasing film thicknesses was not
observed. This suggests that the most common model for a-SiN,:H thin films on silicon
substrates, with the fixed charges distributed ~20 nm into the a-SiN,:H film, is incorrect.
According to the model, the initial charge distribution should be independent of film thickness.
Additionally, the amount of introduced charges should saturate for higher film thickness when
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exposed to the positive and negative soak indicating that all available defects are charged. Our
observations, on the other hand, strongly suggest an increasing initial charge distribution with
increasing film thickness (black squares in Figure 71) and a strong increase in |Qs| with
increasing film thickness when exposed to positive and negative soaking (red circles and blue
triangles). These experiments show that the formation of positive or negative charges in
a-SiN,:H is not limited to the 20 nm interface region towards silicon, on the contrary they seem
to be distributed through the entire film and the applied bias determines the formation of
fixed charges. Because the increase in Qy is larger for negative soaking, the formation of
positive charges appear to have a smaller activation energy than the formation of negative
charges. The observed formation of positive and negative charges in the a-SiN,:H films can be
related to the charging and decharging of K-centers, and our experiments show that the
concentration of available K-centers depends on the film thickness and on the applied bias.
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Figure 71: a) Flat band voltage and b) fixed charge density versus film thickness for Sweep 1 from
0V, Sweep 10 from -30 V and Sweep 15 from 30 V. The line in a) at -0.87 V represents a
system with zero fixed charge.
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5 Conclusion
In this work, the passivation properties of amorphous silicon nitride thin films for crystalline

silicon solar cell applications were investigated, with emphasis on electrical characterization.
Based on the findings from the experimental investigations, the following is concluded:

e Electrical characterization can be used to determine the density of interface traps and
fixed charge density in the interface region between silicon nitride and silicon
o Values for the fixed charge density were estimated in the range 0.1-3.0x10"
cm?as derived from by C-V measurements in the dark at room temperature
o Values for the density of interface states were estimated in the range
0.1-1.1x10" eV cm™ as derived from G-V and G-f measurements in the dark
at room temperature
e Chemical passivation was successfully linked to the measured effective lifetime
through the density of interface traps, as high values of D; were found for samples
with low effective lifetime, and vice versa
e Field-effect passivation was not successfully linked to the measured effective lifetime,
mainly because the fixed charge density proved to be difficult to determine due to
charging and leakage currents
e Increasing inversion region capacitance with decreasing measurement frequency was
related to the contribution from inversion layer electrons outside the MIS area
e Electrical characterization, in addition to lifetime measurements and spectroscopic
ellipsometry, was used to determine the film properties of a-SiN,:H deposited by two
different PECVD systems
o Varying the gas flow ratio resulted in films of varying stoichiometry for both
deposition methods
o A heat treatment corresponding to the screen printing firing process was
found to have a positive effect on the passivation properties of films
deposited by direct PECVD, but did not consistently affect films deposited by
remote PECVD
o For thin films deposited by direct PECVD, lifetimes of 300 ps, corresponding to
surface recombination velocities of 30 cm/s were obtained for Si-rich films
after the heat treatment
o For thin films deposited by remote PECVD, lifetimes of 70 us, corresponding
to surface recombination velocities of 210 cm/s were obtained for Si-rich films
o A maximum increase of 25 % in the surface recombination velocity after
illumination was found for films deposited by direct PECVD, and light induced
degradation of the Czochralski substrate made interpretation of data
challenging
o Leakage currents were observed for films deposited by direct PECVD only, and
were most pronounced for Si-rich films.
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5 Conclusion

5.1

Charging caused by trapping and detrapping of carriers at K-centers was found to be
most dominating for a-SiN,:H films with refractive index ~2.2

The fixed charge density increased with increasing film thickness, proving that the
present model, with fixed charges located ~20 nm into the a-SiN,:H layer, is an
oversimplification

The transport mechanism for leakage currents through the insulating a-SiN,:H layer
was found to be asymmetric, favoring a Schottky mechanism

Further work

Additional improvement of the passivation properties of a-SiN,:H thin films may be obtained
by further investigations of the relation between process parameters and material properties.
The electrical characterization techniques adopted in this work are well suited to investigation

of the interface properties. Suggestions for further work may include:

Testing the influence of other deposition parameters, such as pressure, deposition rate
and plasma power on electrical interface properties for both deposition systems
Optimizing the deposition parameters for the OTB DEPx 2400 system, in order to
improve the passivation quality

Investigate the degradation of passivation layers deposited on float zone substrate, in
order to avoid contributions from light induced degradation

Investigate the effects of charging on leakage currents by applying voltage pulses to
current-time measurements

Investigate the effect of temperature on the thin film electrical properties like
capacitance and conductance

Implementing the deposition recipes giving the best passivation properties to
crystalline silicon solar cells in order to investigate the effect of the a-SiN,:H layer on
the cell efficiency and stability
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Appendix A: Deposition parameters

Set 1: Silane flow variation

Overview of deposition parameters for a-SiN,:H on p-type Czochralski (CZ) silicon, Set 1: Silane

flow variation. Deposited using Oxford Plasmalab System 133.

Sample Temp. Power | SiH,flow | NHiflow [ N,flow | Pressure | Time | Double Heat
number (°c) (W) (sccm) (sccm) (sccm) (mTorr) (min) sided treat.

a 400 40 5 20 980 800 7.30 X

b 400 40 5 20 980 800 7.30 X X
>t c-1 400 40 5 20 980 800 7.30

c-2 400 40 5 20 980 800 7.30 X

a 400 40 10 20 980 800 7.21 X

b 400 40 10 20 980 800 7.21 X X
>2 c-1 400 40 10 20 980 800 7.21

c-2 400 40 10 20 980 800 7.21 X

a 400 40 15 20 980 800 7.14 X

b 400 40 15 20 980 800 7.14 X X
>3 c-1 400 40 15 20 980 800 7.14

c-2 400 40 15 20 980 800 7.14 X

a 400 40 20 20 980 800 7.06 X

b 400 40 20 20 980 800 7.06 X X
> c-1 400 40 20 20 980 800 7.06

c-2 400 40 20 20 980 800 7.06 X

a 400 40 30 20 980 800 6.30 X

b 400 40 30 20 980 800 6.30 X X
55 | c-1 400 40 30 20 980 800 6.30

c-2 400 40 30 20 980 800 6.30 X

d 400 40 30 20 980 800 6.30 X
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Appendix A: Deposition parameters

Sample Temp. Power | SiH;flow [ NH;flow | N,flow | Pressure Time Double Heat
number (°C) (w) (sccm) (sccm) (sccm) (mTorr) (min) sided treat.
a 400 40 40 20 980 800 5.88 X
b 400 40 40 20 980 800 5.88 X
56 | c-1 400 40 40 20 980 800 5.88 X
c-2 400 40 40 20 980 800 5.88 X
d 400 40 30 20 980 800 6.30 X
a 400 40 50 20 980 800 5.53 X
b 400 40 50 20 980 800 5.53 X
>’ c-1 400 40 50 20 980 800 5.53 X
c-2 400 40 50 20 980 800 5.53 X
Set 2: Time variation
Overview of deposition parameters for a-SiN,:H on p-type Czochralski (CZ) silicon, Set 2: Time
variation. Deposited using Oxford Plasmalab System 133.
Sample Temp. Power | SiH,flow [ NH;flow | N,flow | Pressure Time Double Heat
number (°C) (w) (sccm) (sccm) (scecm) (mTorr) (min:sec) sided treat.
a 400 40 20 20 980 800 03:00
b 400 40 20 20 980 800 04:08
c 400 40 20 20 980 800 05:15
d 400 40 20 20 980 800 06:23
> e 400 40 20 20 980 800 07:30
f 400 40 20 20 980 800 08:38
g 400 40 20 20 980 800 09:45
h 400 40 20 20 980 800 10:53
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Appendix A: Deposition parameters

Set 3: Gas flow ratio variation in remote PECVD

Overview of deposition parameters for a-SiN,:H on p-type Czochralski (CZ) silicon, Set 3: Gas
flow ratio variation in remote PECVD. Deposition is performed in the OTB DEPx 2400 system.
Details on the SiH, and NH; gas flows for the three plasma sources are given in a separate table

below.

Sample Temp. | Current | Voltage | Averagegas [ Arflow Pressure Time | Double Heat

number (°c) (A) (v) flow ratio (sIm) (mTorr) (s) sided treat.
a 407+7 80 44.2 0.108 2 185 29.7 X

1 |b 40747 80 44.2 0.108 2 185 29.7 X X
c 407+7 80 44.2 0.108 2 185 29.7
a 40747 80 44.2 0.181 2 185 29.7 X

2 |B 407+7 80 44.2 0.181 2 185 29.7 X X
c 40717 80 44.2 0.181 2 185 29.7
a 407+7 80 44.2 0.301 2 185 29.7 X

3 [b 40717 80 44.2 0.301 2 185 29.7 X X
c 407+7 80 44.2 0.301 2 185 29.7
a 407+7 80 44.2 0.421 2 185 29.7 X

4 | b 407+7 80 44.2 0.421 2 185 29.7 X X
o 407+7 80 44.2 0.421 2 185 29.7

Details on the SiH, and NH; gas flows in Set 3: Gas flow ratio variation in remote PECVD.

Source 1 Source 2 Source 3
Sample —F- SiH, | Gas flow NHs SiH, Gasflow | NHs | SiH, | Gas flow
(slm) (slm) ratio (slm) (slm) ratio (slm) (slm) ratio
1 0.35 0.155 0.44 0.3 0.147 0.49 0.53 | 0.175 0.33
2 0.3 0.095 0.32 0.25 0.087 0.35 0.48 | 0.115 0.24
3 0.4 0.075 0.19 0.35 0.067 0.19 0.58 | 0.095 0.16
4 0.5 0.055 0.11 0.45 0.047 0.10 0.68 | 0.075 0.11
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Appendix A: Deposition parameters

a-SiN.:H /a-SiN.:H stack

Overview of deposition parameters for the a-SiN,:H/a-SiN,:H stack deposited on p-type
Czochralski (Cz) silicon. Deposited using Oxford Plasmalab System 133.

Sample/layer Temp. Power | SiH, flow NH; flow N, flow Pressure Time Double Heat
(°C) (W) (sccm) (sccm) (sccm) (mTorr) (min) sided treat.
1 400 40 50 20 980 800 6
60d
2 400 40 10 20 980 800 6

Films on various substrates
Overview of deposition parameters for various a-SiN,:H films:

e Sample 26d and sample 33c from the specialization project work [43]
e Sample 31d, which was used in the laser-contact experiment

e Sample 28c, deposited on n-type silicon

e Sample 45c—d, deposited on FZ silicon

Deposited using Oxford Plasmalab System 133.

Sample Temp. Power | SiH flow | NHiflow | N,flow | Pressure | Time | Double Heat
number (°C) (W) (sccm) (sccm) (scem) | (mTorr) (min) sided treat.
26d 400 40 20 20 980 800 6 X
33c 400 60 20 20 980 800 6
31d 400 40 20 20 980 800 8 X
28c 400 40 20 20 980 800 6
c 400 40 20 20 980 800 6 X
- d 400 40 20 20 980 800 6 X X
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Appendix B: CV measurement procedure
Overview of measurement procedure for CV measurements on samples 32a-h with varying

thicknesses. Sweeps 2-10 were performed to obtain a shift in the CV curve towards negative
voltages, and sweeps 11-15 a shift towards positive voltages. The results obtained are
described in Section 4.5.2.

Sweep number | Start voltage (V) | End voltage (V) | Soak time (s) Z‘:”:;;e
1 0 -10 0 Yes
2 0 -10 0 Yes
3 o -10 0 Yes
4 0 -10 0 Yes
> 0 -20 0 Yes
6 0 -20 0 Yes
7 0 -30 0 Yes
8 0 -30 0 Yes
9 30 0 20 5

10 -30 0 20 o
11 oY -15 30 Yes
12 10 15 30 Vos
13 20 15 30 Vos
14 20 15 30 Yes
15 30 -15 30 No
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