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Abstract

This thesis explores the electronic structure, optical properties, and carrier lifetimes
in silicon that is doped with sulfur beyond the equilibrium solid solubility limit, with
a focus on applications as an absorber layer for an impurity-band photovoltaic de-
vice. The concept of an impurity-band material envisions the creation of a band of
electronic states by incorporating high concentrations of deep-level dopants, which
enable the generation of free carriers using photons with energy less than that of the
band gap of the host semiconductor. The investigations reported in this thesis pro-
vide a framework for the appropriate selection of impurity-band candidate materials.
The thesis is divided into three primary sections, one for each of three experimental
techniques, respectively.

First, the electronic band structure is studied using synchrotron-based x-ray emis-
sion spectroscopy. These spectra provide the first insights into how the electronic
structure changes as the sulfur concentration is increased across the metal-insulator
transition, and how the electronic structure is linked to the anomalously high sub-
band gap absorption. A discrete change in local electronic structure is seen that
corresponds to the macroscopic change in electronic behavior. Additionally, a direct
correlation is seen between sulfur-induced states and the sub-band gap absorption.

Next, the optical properties are studied using Fourier transform infrared spec-
troscopy. Extraction of the complex index of refraction is performed using numerical
models that simulate both the transmission and reflection measurements. Analysis of
the absorption coefficient determines the position of the sulfur-induced states within
the band gap and their optical cross section for different sulfur concentrations and
annealing conditions. At sulfur concentrations above the metal-insulator transition,
the sulfur states become degenerate or near-degenerate with the conduction band,
and such high concentrations are deemed to have an electronic structure unsuitable
for an impurity-band photovoltaic material.

Third, low-temperature photoconductivity experiments determine the mobility-
lifetime product for carriers generated via sub-band gap photons. Combining both
the FTIR optical results with the mobility-lifetime product measured from photocon-
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ductivity experiments provide the first empirical determination of the impurity-band
figure of merit for sulfur-doped silicon. The figure of merit is found to be over an
order of magnitude too low to be suitable as an impurity band absorber layer.

Finally, in the conclusion, future directions and a predictive methodology for
selecting new candidate impurity band materials that hold promise are discussed.
The predictive methodology describes a simple way to estimate the figure of merit for
super-saturated materials solely using literature values of the optical and electrical
capture cross sections at dilute concentrations.

Thesis Supervisor: Tonio Buonassisi
Title: Associate Professor
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Symbols

Below is a list of symbols used in this thesis and their physical meaning. If a standard

set of units is used throughout the thesis, they are reported in brackets.

Symbol Description

o absorption coefficient [cm™]

agp Bohr radius

€ dielectric constant of free space

e charge of an electron

Er trap energy [eV]

E, standard deviation of trap energies [eV]

G generation rate of carriers [(:m‘3 s_l]

hw photons energy [eV]

k complex component of index of refraction, often referred to as the ex-

tinction coeflicient

A wavelength of light

Keh mobility for electrons or holes [cm?/s]

i complex index of refraction (n + ik)

n real part of index of refraction

n,p free carriers in the conduction and valence bands, respectively

An, Ap excess carriers in conduction or valence band [cm ™3]

Oe,h electrical capture cross-section for electrons or holes

OO optical cross-section for generating electrons and holes via the impurity
band, respectively

o electrical conductivity

Teh effective or measured lifetime of carriers for either electrons or holes,
respectively [s]

Te0,h0 Shockley-Read-Hall recombination lifetime of electrons or holes when

all trap states are empty or filled, respectively



Acronyms

measured reflectance (total intensity of light reflected toward incident
light source off of sample)

sample resistance

sample resistance

measured transmission (total intensity of light transmitted toward in-

cident light source off of sample)

Below is a list of acronyms used in this thesis and their explanation.

Acronym
CB
DFT
DLTS
DOS
EBSD
FTIR
FCA
IB
IMT
PLM
RBS
RIXS
SEM
SIMS
SRH
TEM
UPS
VB

Description

conduction band

density functional theory

deep-level transient spectroscopy

density of states

electron backscatter diffraction

Fourier transform infrared spectroscopy

free-carrier absorption

impurity band (i.e. state introduced by deep levels with the band gap)
insulator to metal transition

pulse laser melting (a process used to make S-hyperdoped Si)
Rutherford backscattering

resonant x-ray emission spectroscopy

scanning electron microscope image

secondary ion mass spectroscopy

Shockley-Read-Hall recombination statistics

transmission electron microscope

ultra-violet photoemission spectroscopy

valence band



XAS x-ray absorption spectroscopy

XES X-ray emission spectroscopy using non-resonant excitation
XPS X-ray photoemission spectroscopy
xTEM cross-sectional transmission electron microscope
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Chapter 1

Introduction

1.1 Motivation

At the moment of writing this thesis, current CO2 concentrations in earth’s atmo-
sphere are at 395 ppm, up from the pre-industrial level of 270 ppm [145]. CO; levels
of 450 ppm are considered “dangerous” with respect to climate change [45]. One way
to reduce CO, emissions and prevent catastrophic climate change is to replace fossil
fuels with renewable sources. Solar is an attractive option because this renewable
resource is enormous (36,000 TW), especially when compared to wind energy (72
TW) [5]. Less than 0.1% of the solar resource is needed to meet global energy needs.
Currently, renewable energy only accounts for a very small fraction of total energy
consumption.

If solar is to scale up and provide TW /year levels of production, solar cells need
to be cheap, efficient, and made from elements that are earth-abundant. Karth-
abundance is a critical component of any solar technology, because scaling to manu-
facturing levels of TW/year requires that the elements that make up a solar cell must
exist in sufficient quantities. In this thesis, we’ll explore the material properties and
potential efficiency improvements that result from hyperdoping a Si solar cell with
S impurities. Incorporating S at supersaturated concentrations via hyperdoping can
potentially increase the efficiency of a Si solar cell because S enables the utilization

of the wider portion of the solar spectrum; this is achieved because S alters the elec-
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tronic band structure of Si and creates of an intermediate band within the Si band
gap. Hyperdoping Si with S (both Si and S are earth abundant elementsi) is done
using fabrication techniques currently used in the solar industry, thus keeping addi-
tional fabrication costs to a minimum. This material system has many characteristics
that make it a promising candidate for making solar cells that are cheap and can be

produced at TW /year.

1.2 Losses in a Solar Cell

The vast majority of solar cells made commercially are based on a p-n junction struc-
ture. This device structure consists of layers of two differently doped layers: a p-type
layer that is juxtaposed next to a n-type layer. Metal contacts on front and back allow
extraction and transport of collected charge. A schematic of the physical structure
of a standard p-n junction solar cells is produced in Figure 1-1.

The electronic band diagram of a the p-n junction shown in Figure 1-2, along with
several of the primary loss mechanisms present in a solar cell. In Figure 1-2, an electric
field exists between the p-type region on the left and the n-type region on the right.
This electric field, which arises from from the difference in Fermi energy between the
two differently doped regions, is what allows charge to be separated. This electric
field pushes photo-generated electrons and holes to the n-type and p-type layers,
respectively. While there are many losses in a solar cell, only the two largest losses
will be addressed in this introduction: non-absorption and thermalization. These two
loss-mechanisms are the two major losses that intermediate band solar cells aim to

reduce.

Non-Absorption Losses

The first step in creating solar electricity is absorbing light. Generally, for a photon
to be absorbed in a semiconductor, the photon needs to have an energy that is greater
than the band gap energy. In Figure 1-2, these losses are shown as a red photon (loss

mechanism #1) that does not get absorbed and is thus not utilized by the solar device
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Incident lllumination

‘ ; ‘ Front metal

contact grid

Rear metal contact

Figure 1-1: A cross-section of a typical p-n junction solar cell. Not shown are the
textured surfaces or the front optical coating, often referred to as an anti-reflection
coating.
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i = non-absorption

= thermalization

. =junction losses

m
BN e

= recombination

Figure 1-2: Band structure of a pn junction solar cell during operation and several
important loss mechanisms: (1) non-absorption of photon with energy less the band
gap energy, (2) thermalization of photo-excited carriers, (3) charge separation and
junction losses, and (4) recombination of excess carriers. The upper and lower bold
lines represent the conduction band minimum and valence band maximum, respec-
tively. The dotted lines represents both the Fermi energies and quasi-Fermi energies
in the region of high electric field (also known as the depletion region.)



to produce electricity. In contrast, both the green and blue photons are absorbed and
create both mobile electrons and holes. In a silicon solar cell, non-absorption losses
can be quite significant. In Figure 1-3 the solar spectrum (AMG1.5) that is incident on
the earth’s surface is reproduced. The photons that have an energy below the silicon
band gap energy (1.12 eV), are thus lost due to non-absorption are highlighted in
red. The area in red in Figure 1-3 accounts for over a third of all incident photons
from the sun. This thesis will focus on possible ways to capture this lost portion of
the solar spectrum for Si solar cells.

x 10"

w

'S

w

N

—_

photon flux [photons /s / eV / m2]

0

photon energy [eV]

Figure 1-3: The AM1.5G solar spectrum is plotted above with non-absorbed photons
in a silicon solar cell highlighted in red. These highlight losses account for over a
third of the entire spectrum.

Thermalization Losses

After a photon creates a mobile electron and hole, the two charge carriers have an
excess of kinetic energy. This excess energy is quickly lost to heat as the carrier
runs into other silicon atoms and loses a portion of this kinetic energy to the silicon
lattice as phonons. This process, known as thermalization, stops when the electron
or hole’s energy reaches the conduction band minimum or valence band maximum,
respectively. This loss mechanism is shown in Figure 1-2 as process # 2, and the
amount of energy lost per photon absorbed is approximated as the difference between

the photon energy and the band gap energy. These losses are quite dramatic for

19



blue light in a Si solar cell; a blue photon has an energy that is bout 3 times larger
than the silicon band gap, and thus only about two thirds of that photon’s energy
is lost to thermalization. For red light, only about a third of the energy is lost to
thermalization. If we look at the entire solar spectrum, on average about 60% of a

given photon’s energy is lost to thermalization in a Si solar cell.

1.3 High Efficiency Concept: Intermediate Band
Solar Cell

For the single junction device described in the previous section and displayed in Figure
1-2, the conversion efficiency of sunlight into electricity is limited primarily by the
two factors discussed in the previous section, thermalization and non-absorption. The
thermodynamic limit of a single junction photovoltaic device, the Shockley-Queisser
limit [129], takes into account these losses, as well as a few other loss mechanisms
that are not mentioned here (radiative recombination and junction losses). There
are many strategies to overcome this fundamental limit. One is to stack multiple
single junction devices with different band gaps on top of each other, often referred
to as a multi-junction solar cell. Each layer is made of a solar cell with a different
band gap; the largest band gap is used on the top layer and the bottom layer has
the smallest band gap. This strategy reduces the losses of both thermalization and
non-absorption. Non-absorption losses are reduced because below-band gap light that
passes the top layer can get absorbed by a subsequent layer with a smaller band gap.
Thermalization losses are reduced because different band gap materials are used to
capture different portions of the solar spectrum more effectively, the top layer which
has a large band gap converts blue light efficiently, while the bottom layer which has

a smaller band gap collects infrared light efficiently.

While multi-junction cells can achieve efficiencies (>40%) that exceed the Shockley-
Queisser efficiency limit, they are often made using very expensive growth process

and can be very complex to manufacture because the different absorber, window, and
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buffer layers that need to be grown. A similar idea to a multi-junction is the inter-
mediate band solar cell, which has a simpler device structure and consists of a single
junction. In an intermediate band solar cell, a band of electronic states are introduced
within the band gap of the material. This enables the generation of free-carriers using
two photons with energy below the band gap; the first photon promotes an electron
from the valence band to the intermediate band, then from the intermediate band to

the conduction band.

Figure 1-4: A p-IB-n planar device structure (shown above) and the corresponding
energy band diagram (shown below) for an intermediate band solar cell.

An intermediate band solar cell has the advantage that the physical structure is
simpler than a multi-junction device. Detailed balance calculations have revealed
that this idea can outperform a two-cell multi-junction, often referred to as a tandem
solar cell. Calculations by Luque estimate a 63% [73] maximum efficiency. With
concentration, Bremner and Honsberg predict similar theoretical efficiencies under

concentration: 65% [13].
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The challenge to making intermediate band solar cells has been creating a material
that has a band within it’s band gap, as shown in Figure 1-4. There have been several
proposed methods for creating an intermediate material. These methods include
using quantum dots, [80, 79] highly mis-matched alloys, [127, 153, 71] or creating an
impurity-band [63, 75, 74, 77].

This thesis will focus on impurity band materials, because they have the ability
to be manufactured in large quantities and scale to TW levels of production. Both
quantum-dot based devices and highly-mismatched alloys require special deposition
and growth methods. However, impurity band materials can be made using methods
and tools that are already used in the solar industry, such as ion implanters and
laser melting. Research on impurity band materials has focused on finding appro-
priate dopants that can be used to form a band of electronic states within the band
gap as well optimizing methods for incorporating these dopants at supersaturated

concentrations.

1.4 Impurity Band

Using deep-level impurities is one way that has been proposed to create an intermedi-
ate band material. In fact, it was one of the first proposed method of overcoming the
detailed balance limit of p-n junction solar cell, as it was mentioned in the original

paper by Shockley and Queisser [129]. Below is an excerpt from their original paper:

An example of a new area in which a detailed balance treatment is needed
is the proposal that a solar cell may be improved by adding traps to it to

absorb the longer wavelength radiation.

To create the band structure described in Figure 1-5 and reference [73], we can
introduce impurities with energy levels within the band gap. In normal silicon solar
cells, deep levels lead to increased recombination via Shockley-Read-Hall recombina-
tion (SRH) {130, 44], and thus a decreased efficiency. However, if the recombination

activity of these impurities is inherently low, or can be suppressed via a theoretical
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b) 000

N<N
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Figure 1-5: The band diagram for deep-level impurities in a semi conductor are shown
in (a) and (c) for concentrations below and above the IMT critical concentration. A
2-D representation of the silicon lattice is shown in (b) and (d). These deep level
donor or acceptor states have wave functions that have some finite radius, which is
represented by the orange circles of radius, ap. At concentrations above the IMT,
the radii overlap, as shown in (d). At concentrations below the IMT, these wave
functions do not overlap, and the donor/acceptor electrons/holes are strongly bound
to their impurity nucleus, as shown in (b). The IMT described in this figure is known
as a Mott transition.

mechanism called “lifetime recovery” [74, 77|, then a solar cell that utilizes an im-
purity band material can potentially break the thermodynamic efficiency limit for a

single band gap material[129].

Lifetime recovery is a theory that describes how to suppress the recombination
activity of these deep-level impurities. Lifetime recovery theorizes that SRH recom-
bination via deep-level impurities is suppressed when the impurity concentration ex-
ceeds the critical concentration for metallic impurity band formation [74]. On an

energy band diagram, deep-level impurities at dilute concentrations create energy
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states that are very localized in real space, as shown in Figure 1-5a. At very low
concentrations, electrons or holes that exist at these energy levels are trapped, or
immobile. A 2-D representation of the silicon lattice is shown in Figure 1-5b, where
the silicon atoms are represented by grey dots, and the impurity atoms by orange
dots. The deep-level electron or hole maintains a strong Coulombic attraction to the
impurity atom and is bound by a radius, ag. Alternatively ag can be thought of as
the acceptor/donor hole/electron’s wave function, which is localized to the impurity
atom. If these deep level impurities are incorporated at sufficiently high levels, these
donor /acceptor wave functions begin to overlap and become delocalized, as shown in
Figure 1-5d. This transition is known as an insulator to metal transition (IMT), where
the donor/acceptor electrons/holes are no longer bound to their impurity atom, and
a metallic impurity band forms (see Figure 1-5¢). It has been theorized that at im-
purity concentrations above the IMT, when a metallic impurity forms, non-radiative
recombination will be suppressed; this idea is often referred to as “lifetime recovery”
[74, 77]. However, this theory has not been successfully reduced to practice, and the

subsequent subsection discusses the empirical work to date on this theory.

One of difficulties in testing this hypothesis of lifetime recovery is physically in-
corporating impurities at concentrations high enough to drive an IMT. Generally,
this IMT critical concentration exceeds the equilibrium solid-solubility limit. One
type of IMT is known as a Mott transition, and is the transition described in the
previous paragraph and in Figure 1-5. As described previously, this type of transition
occurs when donor or acceptor wave functions begin to overlap, which occurs when

the impurity concentration reaches some critical threshold, Ne.

Nefsos = Co (1.1)

C

In equation 1.1, the value of Cy was predicted to be around 0.2 by Mott [84],
but has empirically been shown to be 0.26 [29]. For a hydrogen-like donor, the Bohr

radius, ag can be approximated by the donor binding energy by:
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an (12)

Both equations 1.1 and 1.2 are combined to yield an estimate of the Mott IMT
critical concentration, N . This theory works very well for shallow impurities and
has been demonstrated for a variety of semiconductor:impurity systems, such as Si:P,
Si:As, Ge:Sb, Ge:As, and Ge:P [3, 20]. Generally, this critical concentration exceeds
the equilibrium solid-solubility limit for deep-level impurities. This trend is shown in
figure 1-6, which plots the equilibrium solid-solubility for elements in Si as a function
of their donor or acceptor binding energy [64, 22, 52, 78]. Generally speaking, the
deeper the energy level that the impurity introduces in Si, the lower the solubility.
One of the ways to create super-saturated solutions is a process called hyperdoping
(which is explained in detail in chapter 2) and has been performed on a variety of
elements in silicon to create these meta-stable alloys that are super-saturated with

dopants [137, 101, 138, 110, 100, 109].

One of the major motivations for using hyper-doping is the ability to reach concen-
trations high enough to drive an IMT in hopes to test this lifetime recovery hypothesis.
It is important to note that the Mott transition is not the only form of IMT, and
may not describe materials described in this thesis, as will be discussed in subsequent
chapters. Additionally, the estimate of ag in equation 1.2, while quite accurate for
shallow impurities, is currently untested for deep-level impurities. The plot shown in
1-6 is meant to show the trend that increased concentrations are necessary to drive
an IMT for dopants with deeper levels. In fact, the IMT for both S and Se is consid-
erably lower than the Mott critical concentration [147, 31]; however the IMT seen in
chalcogen-doped Si may not be Mott-like, and the estimate of ag may be inaccurate.
From Figure 1-6, we can see that hyperdoping allows the incorporation of dopants at

orders of magnitude above the equilibrium solid solubility limit.

Most of the work on impurity band materials has focused on characterizing the
electronic, structural, and optical properties of hyperdoped materials. Almost all the

work to date has been performed on Si:Ti [99, 4, 96, 122, 37, 100, 97, 98, 95, 35, 58,
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Figure 1-6: Equilibrium Solid solubility limits of different elements in silicon. Hy-
perdoping allows incorporation of dopants at beyond the equilibrium concentrations,
resulting in meta-stable alloys. Thin dotted black line is the estimate for the Mott
critical concentration using Equations 1.1 and 1.2.
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102, 19] and Si:S [60, 105, 112, 111, 31, 135, 101, 106, 147, 32, 10]. The work has
focused on identifying the electronic transport mechanisms at low temperatures to
determine the critical concentration for an IMT [147, 31, 102], quantifying the sub-
band gap absorption [35, 60, 135, 101, 10}, measuring photo-conductance or photo-
resonse of a diode [120, 112, 111, 105], or investigating the electronic band structure
using fluorescence techniques [135, 105]. The only group to demonstrate the two-
photon process in an impurity-band material was in a ZnTe:O-based device {144, 143];
however the effect was very small.

Despite this large body of literature, there has been no definitive confirmation of
lifetime recovery and no high-efficiency solar cell devices have been fabricated. The

next section discusses the current state of the literature surrounding lifetime recovery.

1.4.1 Lifetime Recovery

Empirical work on verifying the lifetime recovery theory has focused on the Si:Ti sys-
tem. Lifetime measurements performed on wafers which had a thin (<200nm) layer
of Si:Ti on its surface have shown an increasing measured lifetime with increasing Ti
concentration [4]. However, these lifetime measurements did not directly measure the
lifetime of the Si:Ti layer (the majority of photo-excitation was in the substrate), and
only demonstrated an increasing lifetime with increased Ti concentration, and did not
show the “recovery” when Ti concentrations exceeded the Mott limit [84]. Proper
demonstration of lifetime recovery should be able to show two distinct impurity con-
centration ranges with two different trends in lifetime: (1) a concentration range
described by Shockley-Read-Hall (SRH) recombination where lifetime decreases with
increased impurity concentration and (2) a range of impurity concentration above a
critical threshold where lifetime has improved with increased concentration (i.e. the
recovery). The trend for lifetime in the low-concentration range is shown schemati-
cally in left of Figure 1-7; at concentrations below the IMT, defect states are isolated
and lifetime decreases with increased impurity concentrations, as described by SRH
recombination statistics [129]. At concentrations above the IMT, the trend with life-

time is currently unknown, as shown in the right of Figure 1-7. At concentrations
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above the IMT, a steady increase or a discontinuous increase in lifetime would sug-
gest that lifetime recovery is real, while the continued decrease in lifetime would
demonstrate that lifetime recovery is not real.

Additionally, a critique has been published [58] that suggests these results from
reference [4] may be misinterpreted and other unexplored effects may be affecting the
lifetime measurements. More recent work on Si:Ti has made lifetime recovery claims
similar to Reference [4] using low-temperature capacitive techniques [19]. However in
Reference [19], no confirmation that the samples were single-crystal was presented;
in previous publications by the same group, samples with high Ti concentrations
produced in an identical manner were micro-crystalline [100, 95], and the electronic
properties of these materials may have been dominated by these structural defects or
metal precipitates that segregated into the crystal grain boundaries.

While there has been no definitive experimental work that has demonstrated life-
time recovery, recent theoretical work suggests that lifetime recovery is impossible
and that even at dopant concentrations above the IMT lifetime will "not be signif-
icantly reduced from the independent dopant limit” [63]. Whether or not lifetime
recovery exists, a photovoltaic device that incorporates an absorber layer with deep-
level dopants can have an enhanced efficiency as long as the figure of merit of the
impurity-band layer is sufficiently high. In the next sub-section, the figure of merit,
which describes the efficacy for an impurity-band material, will be discussed and

explained.

1.5 Figure of Merit for an IBPV Absorber Layer

Reference {63] describes in detail a figure of merit for an impurity-band (IB) photo-
voltaic absorber layer, but a brief description is reproduced here. This figure of merit
is a dimensionless parameter that describes whether an IB materials can provide an
efficiency boost over a conventional p-n junction solar cell when incorporated into
a standard cell to form a p-IB-n device structure (see Figure 1-4). For an IB layer

to be effective, it needs to generate both free electrons and holes from photons with
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Figure 1-7: A schematic of how lifetime scales at different concentrations of deep-
level impurities. At concentrations below the IMT, lifetime decreases according to
SRH recombination. It is currently unexplored how lifetime scales at concentrations
above the IMT; a steady or discontinuous increase in lifetime would be indicative
of lifetime recovery (blue lines), while a continual decrease would indicate that SRH
recombination still describes the recombination statistics (grey line).
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energy below the band gap energy of the host semiconductor; these photo-generated
electrons and holes then need to traverse the IB layer to their respective neighboring
n or p regions prior to recombining. The figure of merit, v, j, describes the effective-
ness of an IB material té generate and then transport electrons or holes into the n or
p regions, respectively. The value of v, must be calculated for both electrons and

holes, according to equation 1.3.

1
Veh = C—QVbiue,hTe,hOég,h (1.3)

The non-dimensional figure of merit, v, ;, describes the ratio of the recombination
lifetime for electrons and holes, 7 n, to the transit time, t.,, of electrons or holes to
exit the IB layer. A successful IB material must have a carrier lifetimes, 7., that are

longer than ¢, .

The power of this parameter is that it can be calculated from measured quantities
for both types of carriers; this consists of electron or hole lifetimes (7.), electron or
hole mobilities (uep), and the absorption coefficient for the generation of holes via
VB-IB transitions (ay) or electrons via IB-CB transitions (a,). For a planar p-IB-n
device structure, it is assumed that the built-in voltage, Vi; is providing an electric
field across the IB that is sweeping electrons or holes that are photo-generated from
sub-band gap light to neighboring n or p layers, respectively. The transit time for an
electron or hole to escape the IB layer, t.y, is therefore related to the mobility, g,
built-in voltage, Vi, and IB layer thickness, w, by t = w?/(uV4;). The IB layer needs
to absorb the majority of the incident sub-band gap light, so it should be several
absorption lengths thick, thus w = ¢/aen, where ¢ defines the IB layer thickness in

number of absorption lengths.

Note that this figure of merit describes a drift-driven device; in a diffusion limited
device the value of W could simply be the thermal voltage, kT/q. Reference [63]
suggests that a value of ¢=2-3 makes the IB layer sufficiently thick and that for
the IB photovoltaic (IBPV) device to have a higher efficiency than a single junction

device, it must have v >> 1. The majority of this thesis will focus on evaluating
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v for the Si:S system from experimental measurements. When incorporating an IB
materials into a photovoltaic device, it must have a sufficiently high figure of merit;
however this is not the only requirement, and further criteria are described in the

next section.

1.6 Requirements for an Impurity Band PV Ma-

terial

The requirements for a impurity band material to provide a boost in efliciency when
incorporated into a p-n junction device, the material must have the following prop-

erties:
1 An impurity band must be separate in energy from either the VB or CB [76].

2 Low energy photons must be able to promote both from the VB to the IB, and
from the IB into the CB in order to create both electrons and holes in the CB
and VB, respectively [68].

3 The figure of merit, v, = %Vbipe,h're,hagyh, which describes an IB material’s
ability to both generate carriers via sub-band gap photons and transport these
carriers out of the IB before recombining, must be sufficiently high. The material
must possess a v >> 1 for both electrons and holes generated via IB—CB and

VB—IB transition, respectively.

If any one of these requirements is not met, then the material is not a candidate
IBPV material. It is important to note that this list is not exhaustive, and even
if a material system passes each all of the above requirements, this is not sufficient
to claim that will enhance the conversion efficiency when implemented into a p-n
junction solar cell, and demonstration in a full working device is the only way to

demonstrate an efficiency enhancement.
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1.7 S-doped Si as a candidate Impurity Band Ma-

terial

S-doped Si at supersaturated concentrations has been studied extensively for over a
decade, and one of its potential applications has been IBPV. While the properties
and background of this material system will be given a more thorough treatment in

the next chapter, a brief introduction with it’s relevance to IBPV will be given here.

S is known to exhibit deep levels within the band gap [53], and based on optical
absorption and low-temperature transport data is a candidate for an IB absorber
layer. Using hypderdoping, supersaturated concentrations of 0.5% atomic S have
been attained in single-crystal Si [137]. At these hyperdoped concentrations, samples
exhibit strong sub-band-gap absorption where over half of the incident light below
band gap light (0.5-1 eV photons) are absorbed in a layer that is less than 350 nm
thick [25, 60, 148, 135]. In one instance (although this result has not been repro-
duced), photodiodes made from S-doped Si exhibit strong detectivity at photon en-
ergies below the band gap of Si [16]. Additionally, metallic conductivity at very high
S concentrations is observed, [147] which is a promising indication of the formation
of a dopant-induced metallic band. However, the IMT seen in Si:S may be attributed
to a degeneracy of the IB and CB at high concentration instead of the formation of a
metallic impurity band within the gap, and this will be further discussed in Section
2.6.

In this thesis, the list in Section 1.6 will be used to evaluate the Si:S and it’s
potential to create an IB PV device. Experimental techniques described in this the-
sis will be used primarily to evaluate both criteria #1 and #3 for Si:S. In chapter
3, x-ray emission spectroscopy will be used to study the band structure of Si:S at
different doping concentrations and annealing temperatures. In chapter 4, we’ll use
optical spectroscopy to determine the position and bandwidth of the S-induced IB
as a function of S concentration. Finally, transport measurements in chapter 5, and
the optical measurements in chapter 4 allow estimation of v, for IB—CB transitions

in Si:S. The measured value of v, for Si:S is deemed to low for IBPV applications.
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Chapter 6 presents a new methodology for choosing candidate IB to study materials
using information known about the semiconductor:impurity system at dilute concen-

trations.
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Chapter 2

Previous Work on S-doped Si

In this chapter, we’ll discuss the past work done on S-doped Si. A lot of early
work focused on doping Si with S using thermal processes, which meant that the
maximum attainable S concentrations was limited by the equilibrium solid solubility
limit of 5 x 10'® em~2 [131]. Recent work has focused on using a process known
as hyperdoping, which allows for the creation of meta-stable alloys that are super-

saturated with S dopants.

2.1 S-doping at Dilute Concentrations

Some of the earliest electrical and optical work was done by Carlson [17] on samples
which were annealed for several days at 1200°C in the presence of S in an evacuated
glass tube, thus saturating the samples with S. Carlson identified deep levels intro-
duced by S in Si using both Hall measurements and spectrally-resolved photoconduc-
tivity measurements. Carlson confirmed that S acts as a donor in Si and found trap
energies in the ranges of 0.2-0.4 eV. Further optical characterization by Krag done
at low temperature identified both ground and excited state energies of both neutral
and singly ionized S atoms [62]. Once models were developed for the photoioniza-
tion optical cross-section for deep levels in a semiconductor, the most cited being the
Lucovsky’s formula [72], past research focused on fitting spectrally resolved photo-

conductivity data to trap energies [116, 92, 126, 30, 107]. Utilizing photoionization of
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deep-level impurities, many researchers focused on making photodetectors that were
responsive to sub-band gap light, but were unsuccessful at getting photoresponse for

temperatures above 95K [126, 82, 46].

The most definitive work to date on S-doped Si was performed by Grimmeiss
and Janzén [41, 40, 53], who used deep-level transient spectroscopy (DLTS), low-
temperature optical absorption measurements, and low-temperature photoconduc-
tivity. Grimmeiss and Janzén compiled these results to empirically determine and
categorize all the ground and excited electronic states of sulfur for different atomic
configurations in a Si lattice. Low temperature photoconductivity and DLTS deter-
mined the energy difference between the ground state of a S donor and the conduction
band minimum. A figure from Reference [53] is re-produced in Figure 2-1. S, which
is a double-donor in silicon, has different binding energies for both neutral (S°) and
singly-ionized (S') single-substitutional defect states, as shown in Figure 2-1. Note
that the ionized donor site has a larger binding energy which is a result of increased
Coloumbic attraction between the ionized core and the second donor electron. Similar
trends are found for the S dimer (S3 and SJ) and various other complexes of S in Si
(S2(z;) and SE(z:)). Many of the excited states related to these S-centers were mea-
sured using optical spectroscopy (mainly Fourier transform infrared spectroscopy).
Most of these excited state transitions were found to be less than 50 meV [53] from
the conduction band for S°. Many of these methods employed to understand the
optoelectronic properties from of S in Si at dilute concentrations will be used in this

thesis, mainly photoconductivity and FTIR optical absorption measurements.

2.2 S-hyperdoping of Si: Survey of Fabrication
Methods

Two methods have been developed to hyperdope Si with S and create supersaturated
solid solutions. Both involve using very short pulses of laser light to melt the surface;

after melting, the rapid cooling of the Si surface is able to outpace kinetics of segre-
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Figure 2-1: The different binding energies relative to the CB minimum for different
S donor complexes in meV. Figure reproduced from Reference [53].

gation and yield a supersaturated solid solution. The first method involves rastering
femtosecond-laser pulses over a silicon surface in the presence of SFg that results in
a surface that is made up of conical spikes [48, 148, 128]. The resultant physical
structure of this surface layer is a mix of amorphous pockets and small crystalline
grains [25]. Infrared photodiodes made using this method of S-hyperdoping have re-
sulted in devices that possess detectivities comparable to commercially available Ge

photodiodes [16].

The second method uses S ion implantation followed by a nanosecond-laser pulse.
The laser pulse consists of a large, homogenized beam that melts the surface that then
recrystallizes into a smooth, specular surface that is supersaturated with S dopants.
This method of ion implantation followed by pulsed laser melting (PLM) will be the
only hyper-doping method used to fabricate samples in this thesis. Because PLM
material is single crystal and free of extended defects, it makes accurate electronic
and optical characterization possible, which is why it was studied in this thesis. The
PLM fabrication method is capable of making surface layers that are supersaturated
with dopants at concentrations well above the equilibrium solid-solubility limit be-

cause the resolidification speed is much faster than the kinetics of segregation and
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the resolidification front can effectively “trap” solutes at high concentrations in the
solid solution. An excellent overview of the kinetics of this process can be found in
Reference [6]. Additionally, References [109, 113, 61, 151] provide a nice overview of

experimental results that verify the kinetic model.

2.3 Sample Fabrication Employed in this Thesis

Hyperdoping with S is performed as a multi-step process, outlined figure 2-2. First
S ions (32S™) are implanted into the surface of a silicon wafer. If the S dose is below
3x 10" cm™2, then Si* is implanted at 85 keV at a dose of 3 x 10*® cm™~2 to amorphize
the surface prior to S implantation. This is done to ensure that the subsequent
laser processing is always performed on an amorphous surface, regardless of starting
S concentration. Additionally, because the stopping depth of S ions in silicon is
different for amorphous and crystalline Si, pre-amorphizing also ensures that the S
concentration depth profile has the same shape for all samples of different S implant
doses. Si substrates used in this thesis are p-type (10-20 Q2—cm, double-side polished,
700 pm thick, Czochralski-grown, and <100> orientation). The implantation of 325+
is done at 95 keV, which results in an implant depth of around 100nm. The implanter
ion gun is angled at 7° off normal incidence to prevent channeling. This implantation
creates an amorphous, S-rich surface layer.

Next, the laser melting is performed using a XeCl excimer laser, which delivers
short pulses (25 ns at full width at half maximum, 50 ns total duration) of 308 nm
light to the surface of the sample. The light pulse is homogenized so that the intensity
of the light pulse is spatially uniform over a 2 x 2 mm? area.! This laser pulse melts
the surface of the sample to a depth that is below the region that is damaged by the
sulfur implant (around 350-400 nm.) This molten region then epitaxially re-solidifies
at rate between 1-10 m/s. This rapid re-solidification is fast enough that it is able

to outpace segregation kinetics and trap S atoms at concentrations that exceed the

1Less than a 5% root-mean square intensity variation is measured using a CCD camera that
images the beam intensity of the XeCl laser.
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Figure 2-2: A schematic of the pulsed laser melting (PLM) method used to hyperdope
Si with S.

equilibrium solid solubility limit; additionally, it is also slow enough to allow epitaxial
solidification. Four consecutive laser pulses (fluences of 1.7, 1.7, 1.7, and 1.8 J/cm?)
are used to create a S profile that is relatively uniform for the first 200 nm from the
surface, and then the next 150 nm contains a smoothly decrease in S concentration.
Secondary ion mass spectrometry reveals the S concentration as a function of depth
in Figure 2-3 for different S implant doses. More information and details on the

fabrication procedure of these materials can be found in Reference [137].

2.4 Physical Structure

S-hyperdoped Si fabricated using PLM is single crystal, optically flat, and free of
extended defects [7, 113]. Lattice resolution cross-sectional transmission electron
micrographs (xTEM) revealed that the S-hyperdoped surface layer is single-crystal
[137, 60]. An xTEM image from [137] is reproduced in Figure 2-4. The PLM technique
has a history of producing crystalline materials that are supersaturated with dopants.
For a damaged amorphous surface layer, when the laser pulse is sufficiently short

and the melt is sufficiently deep so as to melt down to the crystalline, un-altered
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Figure 2-3: S concentration as a function of depth for different S implant doses into
Si.

substrate, the resulting structure is single crystal and free of extended defects [88, 89,
151, 152]. The only observed extended structural defects in PLM materials results
from a process called cellular breakdown. Cellular breakdown is characterized by the
formation of large precipitates and formation of a high density of structural defects,
and is easily detected using electron backscatter diffraction (EBSD) and happens
when the liquid/solid interface becomes unstable during the re-solidification process.
Cellular breakdown can occur when dopant concentrations get too high. The samples
prepared in this thesis via PLM have been fabricated using identical methods found
in previous literature [101, 137]; this past work [101, 137] used EBSD and xTEM to

verify that samples were single crystal and had not undergone cellular breakdown.

The one type of defect that may be present in these samples are interstitial point
defects or vacancies. Both xTEM and EBSD would not spot these. Point defects were
studied using Rutherford bascattering in channeling mode (c-RBS). During these mea-
surements, minimum backscattered yield from c-RBS measurements demonstrated
that the ratio of random atoms to aligned was 4%, compared to 2.5% for a non-
implanted sample [137, 60]. The backscatter yields could be reduced to that of a

non-implanted sample if annealed at 550° C, which indicates that there is likely a
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Figure 2-4: An xTEM image from Reference [137| that displays the S-implanted
region after PLM and confirms single-crystallinity of samples after PLM processing.
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presence of point defects (possibly interstitials) that exist after PLM.

2.5 Optical Absorption

One of the first measured properties of S-hyperedoped silicon was the optical absorp-
tion, and emphasis was given to photon energies below that of the silicon band gap.
Measurements of both reflection, R,,, and transmission, Ty,, down to photon energies
of 0.5 eV demonstrated anomalously high absorption for photons with sub-band gap
energies, as shown in Figure 2-5. At the highest S implantation dose (1 x 10'® cm™2,)
over a third of the incident photons with energies measured below the band of silicon
gets absorbed in a layer that is less than 350 nm thick [10, 60]. The sub-band gap

absorption roughly scales linearly with S concentration [10].
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Figure 2-5: Strong sub-band gap absorption is deactivated with annealing. Note that
bumps in data are an artifact of the measurement. Figure reproduced from Reference
(60].
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Because these S-hyperdoped Si samples are super-saturated, they are meta-stable.
Annealing deactivates the sub-band gap absorption, and it has been speculated that
this is due to precipitate formation [142]. In figure 2-5, the absorptance, A = 1 —
Ry, — Ty, is plotted as a function wavelength for S-hyperdoped samples that have
been annealed at different temperatures. Note that the data in 2-5 has some features
at 1450 and 1900 nm, which are due to a failure to normalize the data with an
appropriate baseline reflectance standard. This has been corrected in subsequent
publications [135].

The sub-band gap absorption seen in S-hyperdoped Si is attributed to a transition
of a S-donor electron being promoted to the CB [123]. Because S is a double donor
in Si, each S atom introduces two electronic states (a spin-up and spin-down state,)
which are both occupied by the two donor electrons. This means that it is likely that
there are few unoccupied states in the S-induced impurity band? (IB) that would allow
a VB to IB transition. This has been studied theoretically using density-functional
theory (DFT) [123], which enables calculation of the absorption strength of different
optical transitions involving a S-induced impurity band (IB). The DFT study also
looked at counter-doping (adding B or Al) to partially deplete the S-induced IB. At
a 1:1 ratio of S:B and S:Al, the VB to IB transition was negligible, but the strength
of the IB-CB transition was significantly reduced. The relevant data from reference

[123] is reproduced in figure 2-6.

2.6 Electrical Transport and Doping

Temperature-dependent Hall measurements performed by Winkler yielded the mobil-
ity and sheet carrier concentration of the electron majority carriers as a function of S
implantation dose [146]. The data from Winkler’s thesis are reproduced in figure 2-7.
These transport measurements indicate that PLM treatment of a Si surface that has

received a S implantation dose of 1 x 10'® cm~2 (and has a peak S concentration of

?Note that impurity band here does not necessarily mean a metallic band where electrons and
holes are mobile at zero temperature. An impurity band here is defined as a range of electronic
energy levels that are introduced by a deep-level impurity (such as S.)
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Figure 2-6: DFT-calculated absorption strengths of VB—IB and IB—CB transitions
for Si that is both doped with equal amounts of S and B. Figure reproduced from
[123].

3.8 x 102 S cm™? yields a doped region that is metallic (i.e. conducts at zero tem-
perature). This is best understood upon inspection of the temperature dependence
of the sheet resistance in figure 2-7, where at low temperature only the 1 x 10'® ¢cm—2
dose sample maintains a constant resistance with decreased temperature. Sheet car-
rier concentration measurements from Hall effect also indicate that there is no carrier
freeze-out for the metallic sample which received a 1 x 106 cm~2 dose. While these
measurements are only performed down to a temperature of 22K, additional sheet
resistance measurements taken down to below 2K indicate that an implantation dose

1 x 10'® em~2 does create a metallic layer [147].

The 3 x 10 cm ™2 dose sample does not exhibit a carrier freeze-out at tempera-
tures below 50K as measured by Hall effect; however, despite this fact, the sample is

indeed an insulator as its conductivity trends toward zero at zero temperature. At
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Figure 2-7: Temperature dependence of the electronic transport properties for Si
doped with S at different implantation doses. The sample geometry used for Hall
measurement is shown in the bottom right. Figure is reproduced from Reference

[146).
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low temperature, the transport in the 3 x 10 cm™2

sample is dominated by hop-
ping conduction [85, 49, 103, 86] and explains the seemingly anomalous temperature
dependence of sheet carrier concentration and mobility from the Hall measurements.
Hopping conduction describes the process of charge transfer between localized energy
regions that are within the band gap, and has also been referred to as “impurity
band conduction” [23]. The probability of hopping, or moving from one localized
energy trap state to another neighboring one, is a function of several things, but the
most relevant parameters are the distance between localized trap states, temperature,
and the availability of empty traps. As localized trap states get closer together, the
probability of hopping to an adjacent state increases, which is why this behavior is
only seen in the insulating sample with the highest concentrations . The process is
often described as a thermally-activated tunneling, which is why the mobility of the
3 x 10 ecm™2 sample decreases with decreasing temperature in the low-temperature
regime where hopping conduction dominates.

While this transport data is a promising indication that a metallic S-induced 1B
has formed within the band gap of silicon at a dose of 1 x 10 cm™2, the IMT seen
may be due to a band crossing (i.e. a merging of IB and the CB). DFT predicts that
the IMT seen in Se-doped Si is indeed a band crossing [31], as seen in figure 2-8.
The exact mechanism of the IMT is only important when discussing the prospects
of achieving hfetime recovery. If the IMT is due to a band crossing, then the band
structure becomes unsuitable for IBPV, and lifetime recovery is not possible in these

materials.

2.7 Photoexcitation and Carrier Recombination

A lot of work has tried to create IR photodiodes on Si hyperdoped with S using the
PLM process to replicate the detectivity reported by Carey et al. [16]. Thus far,
no significant sub-band gap photo-response has been seen in these materials. Mea-
surements on photodetectors [120] and photoconductivity measurements [111, 105

have not seen sub-band gap response that is above the noise floor of these measure-
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Figure 2-8: The energetic position and width of the impurity band as a function of
Se content in Si as calculated by DFT [31].

ments. Photoconductivity measurements performed on silicon on insulator wafers for
S-hyperdoped material did not yield a response at photon energies below the band
gap of silicon [106]; based on the noise floor of this measurement, an upper bound on
the mobility lifetime (ue7.) product of electrons promoted from S-donor states into
the conduction band was estimated to be < 1 x 1077 em?/V. Chapter 5 of this thesis
will focus on the methods and strategies for measuring the photo-excited transport

properties of these S-doped PLM materials.

2.8 Conclusion

S donors in Si at dilute concentrations are very well characterized and understood; the
chemical state of donors, the binding energy of donor electrons, the photoionization
cross-section are all well known for S in Si at low concentrations. However, when re-
search in preparation for this thesis began, very little was understood about how these
different properties would change at supersaturated, or hyperdoped concentrations.

This thesis aims to explore these changes and relate them to photovoltaics.
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Chapter 3

Band Structure Studied by X-Ray

Emission Spectroscopy

While the electronic structure of Si:S was well understood at dilute concentrations,
the electronic structure at hyperdoped concentrations was not well understood. To
study the electronic structure of S-hyperdoped Si and understand how it changes with
S concentration and annealing temperature, X-ray emission spectroscopy (XES) was
used to study the electronic structure of S-hyperdoped Si.

XES is a synchrotron-based method that effectively images the partial occupied
density of states (DOS) of a material. The technique was used to look at the S-
induced donor electronic states within the band gap of Si. Emission features above
the VB maximum are seen and their relation to the presence of the S dopants is
established. These spectra also show a discrete change in the electronic structure of
the material when the S concentration exceeds the critical concentration for the IMT,

and are correlated with the strength of the sub-band gap absorption.

3.1 Introduction to XES

One of the advantages of this technique is that it is a photon-in, photon-out process;
this means that it is much less surface sensitive than techniques that are photon-in,

electron-out such as x-ray photoemission spectroscopy (XPS) and ultra-violet photoe-
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mission spectroscopy (UPS). In these XES measurements, the combined attenuation
length of the incoming and outgoing photons is 30 nm at 45° incidence [47]. In
comparison, the inelastic mean free path of electrons detected in XPS or UPS mea-
surements would be less than 1nm [108]. Traditional XPS and UPS experiments on
these materials have not been able to probe beneath the surface oxide, which is why

XES was used.

During an XES measurement, soft x-rays from a synchrotron source irradiate the
sample. The incident x-ray energy is high enough to either promote an electron from
a core level into an unoccupied electronic state or eject it from the material (excite
into the continuum), as shown in figure 3-1a. This photonic promotion of a core
electron leaves behind a core hole, and the subsequent relaxation of a VB electron
into that core hole releases a photon, as shown in figure 3-1b. The spectral intensity

of the emitted photons is related to the partial occupied DOS.

XES measurements can take the form of non-resonant (XES) or resonant inelastic
x-ray emission spectroscopy (RIXS). In a non-resonant measurement, the excitation
source energy is able to eject core electrons into the continuum. During a RIXS mea-
surement, the excitation source is controlled and swept over different energies that
promotes electrons from a core state into the conduction band. Additionally, inte-
grating the entire emission spectrum as a function of excitation energy, is a technique
called x-ray absorption spectroscopy (XAS), and is a way of probing the unoccupied
density of states (i.e. the CB). Essentially, each XAS data point is the integration

along a slice of a RIXS map taken at a specific excitation energy.

In these measurements, the core levels of interest are the 2p 1 and 2p 3 electrons,
which have binding energies between 99-100 eV [141]. The 2p; core level has a binding
energy that is 0.6eV larger than the 2p g level [69]. This effect is known as “spin orbit
coupling”. The fact that these core levels are split, means that “echoes” will appear
in the emitted spectrum; an electron of a given energy in the valence band can either
fluoresce to the 2p% core hole, or it can fluoresce to the 2p 1 core hole and emit a
photon that is 0.6 eV higher in energy. The emission from the occupied VB states

into the 2p1 and 2ps holes are known as “Si Ly3” emission.
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Figure 3-1: An overview of the absorption, then fluorescence processes involved in
XES are shown above. First, soft x-rays promote an electron from the core state into
an unoccupied state (a). In this excited state, a valence band electron recombines
with the core hole and releases a photon (b). The spectra of the emitted photons
yields information about the occupied partial DOS of the sample.

3.2 Sample and Experimental Details

Samples are prepared using the methodology described in section 2.2. The ion im-
plantation doses used for sample fabrication are listed in table 3.1. The sample which
did not receive a S implant will be referred to as the “Si reference” sample. The Si
reference sample was taken from a wafer that matched the specifications of the sub-
strates of all samples (full description of substrate specifications is given in section
2.2). Two samples with the highest (1 x 10'® cm™2) S dose were annealed for 30 min

in an N2 atmosphere at 400° C and 900° C, respectively. The S concentration depth
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profiles for two highest doses (3 x 10'® and 1 x 10'® cm~2) were measured using SIMS.
The peak S concentrations of the lowest two doses (3 x 10! and 1 x 10'® cm™2) were
estimated using linear extrapolation from the highest two doses. Samples which have
not been annealed will be referred to by their peak concentration and samples which

have been annealed will be referred by their annealing temperature.

S Implant Dose | Peak S Concentration Annealing Temperature
[em 2] [em ™3] No Anneal 400° C 900° C
- - X
3 x 1014 1.4 x 1019 x
1 x 10° 4.0 x 10% X
3 x 1015 1.2 x 10%0* X
1 x 10 3.8 x 1020% X X X

Table 3.1: Enumeration of the samples that are reported in this chapter. Peak S
concentrations measured by SIMS are marked with an *.

The optical properties of all samples were measured using a spectrophotometer
equipped an integrating sphere for wavelengths out to 2.5 um. Both transmission, Ty,,
and reflection, Ry, were measured of each sample listed in table 3.1. For reflectance

measurements, a silver mirror was used as reference standard.

XES measurements were performed at the Advanced Light Source, Lawrence
Berkeley National Laboratory, using the soft x-ray fluorescence spectrometer at Beam-
line 8.0.1 [56]. The energy scale was calibrated by measuring elastically scattered
Rayleigh lines at five energies across the measurement window. The excitation en-

ergy was calibrated by measuring the x-ray absorption spectrum of a Si reference.

Non-resonant XES measurements used an excitation source of x-rays with energy
of 120 eV, which is enough energy to promote electrons from the silicon Qp% or Qp%
core levels into the continuum. XES spectra were normalized by the integrated area
of the spectra from 80-102 eV and setting the integral intensity to unity. To subtract
noise from the detector, a linear background was fit to the high energy region where

no emission should occur (> 102 eV) and then subtracted from each spectrum.
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3.3 Results and Discussion from Non-resonant XES

measurements on Si:S

The spectral normalized absorptance, A = (1— Ry, —Tw)/(1— R,,), of all the samples
are shown in figure 3-2. Spectra for non-annealed samples (see Figure 3-2a) show
that sub-band gap absorption increases with increased S concentration, which agrees
with previous measurements [10]. Spectra for annealed samples which had received
the highest sulfur dose (see Figure 3-2b) show that increasing annealing temperature

decreases sub-band gap absorption, which is consistent with previous work [60].
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Figure 3-2: (a) Normalized absorptance for different peak S concentration and (b) for
samples with the highest S concentration that are annealed at different temperatures.
(c) The normalized absorptance is averaged over the wavelength range 1500-2500nm
and plotted for all samples as a function of S concentration. Figure is reproduced
from Reference [135].

Figure 3-3a shows the Si L, 3 XES spectra of the Si reference sample and the 3.8 x
10%° S em 2 sample over the entire energy range measured. The two VB spectra reveal
that the high S-doping does not significantly affect the overall electronic structure
below emission energies ca. 99eV. The peaks seen in the VB emission spectra for Si
at ca. 89, 92 and 95 eV are generally attributed to valence bands having an s, s-p,
and p symmetry, respectively [117]. However, major changes are seen in the emission
spectra at energies above 99 eV. The region highlighted by the gray box in figure

3-3a is magnified in figures 3-3b and 3-3c which shows the emission originating from
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states above the VB as a function of S concentrations and annealing temperature,
respectively. The appearance of two sets of peaks above the VB edge is due to the
Si 2p spin-orbit splitting of 0.62 eV [69]. The spectra in Figure 3-3b were measured
at a shallower detector angle than those in 3-3c, resulting in an enhanced energy

resolution for the former set.
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Figure 3-3: (a) Si Ly 3 XES spectra of the Si reference and a Si sample doped with S
at a peak concentration of 3.8 x 102 cm 3. Magnified view of the emission seen above
the VB maximum for samples of (b) varying concentration (in cm~3) and (c) 3.8 x 10%
cm ™3 S samples annealed at varying temperatures. Y-axes tick marks denote equal
value changes. Figure is reproduced from Reference [135].

Voigt functions were fit to the XES spectra to quantify the independent contri-
butions of the Si VB and the above-edge portions of the spectra, as shown in Fig.
3-4. Two Voigt functions (centered at 98.3 eV and 99.1 eV) were used to approxi-
mate the shape of the VB emission. Pairs of Voigt functions with a constant shape
- FWHM of 0.27 eV, spin-orbit splitting of 0.62 eV - were used to approximate the
above-VB emission features. The spectral energy width of the Voigt functions rep-
resent a convolution of the energy resolution of the detector, and the bandwidth of
the 2p core levels. Excellent agreement of the fit can be achieved, suggesting that

the spectra indeed only require one pair of Voigt peaks for satisfactory description,
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with the exception of the highest concentration sample, which requires two pairs of

spin-orbit-split Voigt peaks, with the second set centered 0.2 eV below the main

peaks.
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Figure 3-4: Si Lg3 XES spectra from Figure 3-3b, along with Voigt-lineshape fits
(black crosses). The VB emission fit is shown as a thin black line, and the S-induced
emission features are shown as filled light and dark curves, representing Ly and Ls
contributions, respectively. Peak S concentration is reported in the top right of each
graph. The sample with S concentration above the critical insulator-to-metal concen-
tration [147] is labeled “metal,” while those below are labeled “insulator.” Figure is
reproduced from Reference [135].

Figure 3-5 shows that the area of the above-VB XES features increases linearly
with S concentration. This trend indicates that the XES emission features are a
. result of the presence of S atoms in the Si samples. Additionally, XES measurements
performed on a control sample (PLM-processed Si-implanted Si wafer) produced a

spectrum that was indistinguishable from the Si ref., which is shown in figure 3-6.
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Thus, we conclude that the emission features are not related to PLM-induced defects,

but are a result of the S dopants.
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Figure 3-5: Area of the above-VB XES emission feature, plotted against (a) peak S
concentration for samples of varying dose and (b) average normalized absorptance in
the region from 1500 to 2500 nm. Figure is reproduced from Reference [135].

As the S concentration surpasses the critical value (3.1 £ 1.3 x 10%® cm~3) for the
insulator-to-metal transition [147], the shape of the S-induced Si Ly 3 emission features
changes. The spectra in figure 3-4 are labeled metal or insulator depending on whether
their S concentrations lies above or below this critical value [147], respectively. The
insulating samples (1.4 x 10'?, 4.0 x 10'?, and 1.2 x 10%® ¢cm ™3 peak S concentrations)
all exhibit an Lz XES peak centered around 99.7 eV that grows in amplitude, but not
in width. However, the expected metallic sample (3.8 x 10%° cm™2) exhibits an XES
emission feature with a different spectral shape, and fitting requires a second pair of
Voigt functions, as mentioned.

The intensity of the S-induced XES features not only correlates with the sulfur
concentration, but also with sub-band gap optical absorption, as shown in Figure 3-5a.
Previous work [137] demonstrated that thermal annealing deactivates sub-band gap
optical absorption. Figure 3-3c shows a decrease in S-induced XES emission intensity
with increasing annealing temperature, suggesting the features are related to sub-band
gap absorptance. In Figure 3-5b, the relationship between absorptance and S-induced

XES emission feature area is quantified for un-annealed and annealed 3.8 x10%° S cm—3
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Figure 3-6: Si L 3 XES spectra of a Si-implanted Si sample and the Si Reference sam-
ple. The Si-implanted Si sample received an implant dose above the amorphization
threshold and was subsequently re-crystallized using PLM.

samples. Figure 3-5b demonstrates that strong sub-band gap absorption correlates
with strong above-VB XES emission features, with slight differences between the
annealed and un-annealed samples.

SIMS data [110] indicate that anneals performed at similar temperatures and
times do not change the S distribution at length scales greater than the SIMS depth
resolution. Thus, the intensity decrease of the S-induced XES feature (see Figure 3-3c)
is not due to S evaporation from the surface or diffusion into the substrate. Instead,
it is suggestive of an annealing-induced chemical state change of S, which results in
an electronic structure change. This is consistent with extended x-ray absorption fine
structure studies of chalcogen-doped Si [91]. This theory will be explored further in
Section 4.6.

3.4 Similarities in Electronic Structure of Si:S to

Si:Se and Si:Te

Similar above-VB emission features are seen in samples that are doped with other

chalcogens, as shown in Figure 3-7. The spectra shown in figure 3-7 are for samples
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Figure 3-7: XES spectra of samples containing S, Se, and Te which all received the
2

same atomic implant dose of the respective chalcogen atom at 1 x 10'® em™2.
which received implant doses of 1 x 10'® em~2. The Se and Te samples were implanted
at energies of 176 and 245 keV, respectively. The Se concentration of the sample
measured is known to be above that of the IMT critical concentration [31], which
may explain the fact that the spectral shape is similar to that of the S sample, which
is also at a concentration above the IMT. This is an indication that the electronic
structures of the Se and S doped samples are similar. Currently the IMT critical

concentration for Si:Te is unknown.

3.5 DPossible Origins on Emission Features

While it is clear that the emission features seen are related to the presence of S, the
exact excitation-relaxation process during XES measurement is unknown for these
materials. There are a couple theories, described below, that can explain the presence
of these emission features. The theories described below are not mutually exclusive
and could both be at play during the excitation-relaxation process. The fact that two
competing processes may result in these emission features complicates the analysis

and prevents any direct relation between the S-induced DOS and the emission features
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seen in XES.

3.5.1 Origin I: XES Images Occupied DOS

The first theory is the most obvious one: the emission features reflect the ground
electronic state of the Si:S system. These feature intensities scale linearly with S
concentration, indicating that they are induced by the S dopants. This linear scaling
is also consistent with the theory that the emission is representative of the occupied
DOS. We also see that sub-band gap optical absorption correlates with the above-
VB emission under varying dopant dose and sample annealing conditions, as shown in
Figure 3-5. The scaling of sub-band gap absorption with above-VB emission intensity
is consistent with the idea that absorption is tied to deep levels introduced by S atoms.

The transition in spectral shape seen across the IMT is also consistent with this
theory and can be explained by the IMT seen in this system, which results in the
lonization of many S donors. Work done by Winkler [147, 146] indicate that the
donor ionization ratio increases dramatically across the critical concentration for the
IMT. Studies done at dilute S concentrations show that ionized S atoms introduce
electronic states farther from the conduction band than those of neutral S (see Ref.
[563] or Figure 2-1) and may thus result in lower-energy emission when probed via Si
L, s XES. Alternatively, the spectral-shape change could reflect a broader distribution
of impurity states: as the inter-atomic distance between S-donors decreases, overlap
of the S-donor electron wave functions increases. Increased wave function overlap may
increase the bandwidth of electronic energy levels introduced by S dopants and could
lead to a comparable broadening of the XES emission features. While both these
theories are plausible, the latter is unlikely to be true. In the next chapter, we’ll use
optical measurements and see that there is indeed broadening of S-induced states at
concentrations near the IMT, but these states move closer to the CB; in XES, a shift
toward the CB would exhibit a peak shift toward higher energy, which contradicts
the trend seen XES in Figures 3-3 and 3-4. Thus, the more likely explanation is
that the emission of the sample with concentration above the IMT is that emission

is occurring from ionized S atoms, which exhibit deeper binding energies [53].
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Figure 3-8: The measured L3 XAS spectrum (solid line) is compared to a joint
density of state calculation of the 2p core and the unoccupied DOS (dashed line).
Figure is reproduced from Reference [15]. The sharp onset of the measured XAS
spectrum is attributed to the presence of a core-exciton.

3.5.2 Origin 2: Dopant-enhanced Exciton Emission

Similar but weak emission features above the VB edge at similar energy have been
observed previously in crystalline Si and were solely attributed to emission from a
core-exciton [18, 132, 28]. In fact, the sharp onset of the Si Los XAS spectrum is
attributed to an exciton and explains why XAS onset occurs at lower energy than is
explained by the partial DOS of the CB. A figure from an article by Brown [15] which
is reproduced in 3-8, highlights this discrepancy between theory and measurement;
a comparison of the XAS spectrum of Si to the CB DOS concludes that the XAS
edge rises much faster than the CB DOS. Essentially, the core-exciton is an emission
feature that is not representative of the ground joint DOS of Si, but is merely an

electronic energy state that exists in the presence of a core hole. These exciton
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Figure 3-9: The XES and XAS spectra are shown for a Si sample with a peak S
concentration 3.8 x 10%° S em 3.

emission features are considered to be intrinsic (i.e. are independent both of the
excitation beam energy and intensity [18]). This intrinsic nature of the core-exciton

makes it difficult to determine the root cause of the emission features seen in Si:S.

Measured XAS spectra for a Si sample containing 3.8 x 102 S ¢~ show that
the absorption onset of XAS occurs at a similar energy to the above-VB emission
feature, as shown in figure 3-9. While the linear scaling between emission intensity
and S concentration seen in figure 3-5a demonstrate the emission features are S in-
duced, the influence of the core-exciton is something that cannot be excluded from
the interpretation and may certainly have a large influence on the overall shape and

intensity of these emission features.
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3.6 Conclusions

While we can’t extract an exact binding energy or image the occupied DOS from
these measurements, they do indicate the presence of deep level states! introduced by
S and that these states are indeed correlated with the sub-band gap absorption. We
also see a discrete change in the electronic structure that is consistent with the IMT.
Also, these measurements show that the overall VB structure was not substantially
perturbed by the presence of S atoms at hyperdoped concentrations and provides

further confirmation that these samples are indeed crystalline.

There are many difficulties in using XES to understand the band structure of this
material and trying to extract binding energies or a DOS of the S-induced electronic
levels. This is primarily because of the presence of a exciton in both the emission
and absorption spectra, and the spin-orbit coupling. Due to the excitonic nature of
the XAS absorption edge and it’s enhanced onset to lower energy, it is difficult to
determine the energy of the CB edge from an XAS spectra. Additionally, locating
the position of the VB edge is difficult because of the spin orbit coupling that yields
emission the superposition of the Lz and Lo spectra. The energy resolution of the
technique is rather limited, and at its best is around 150 meV (due to a combination
of the detector energy resolution and the emission bandwidth due to lifetime broad-
ening). This energy resolution is on the order of the binding energies expected for S
in Si, which means that no meaningful binding energies can be extracted. Addition-
ally, the excitation-relaxation process in the Si Lo emission may be influenced by
the presence of a core-exciton, and work continues by my colleagues (acknowledged
below) who are trying to determine the role excitons play in these emission features

using hard X-ray photoemission spectroscopy and RIXS.

1This statement is confirmed by recent, unpublished hard X-ray photoemission spectroscopy
studies and the optical measurements performed in the next chapter.
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Chapter 4

Understanding Band Structure
Through Optical Measurements

4.1 Motivation

In this chapter, optical spectroscopy methods will be used to determine absorption co-
efficient, «, for Si:S and understand the position and bandwidth of the IB at different
S concentrations and annealing conditions. Fourier Transform Infrared spectroscopy
(FTIR) is used to measure both the reflection and transmission of light through vari-
ous samples, and the optical parameters are extracted using a thin film optical model.
In these experiments sub-band gap light promotes electrons from the IB to CB (see
figure 4-1b), and analyzing the strength of that transition for different photon en-
ergies can tell us both the position and width of the IB. The latter information is
relevant because increased S concentrations can lead to IB broadening, as depicted in
figure 4-1a, and discussed in section 2.6. If there is too much broadening, then the IB
merges with the CB, and the material is no longer useful as an IBPV absorber layer.

The results from this chapter will serve two purposes. First it will determine « as
a function of photon energy, which we can use to understand the band structure and
width of the IB as a function of doping concentration. Based on this information,
we can choose the S concentration range which still maintains a separation between

the IB and CB. Second, these measured values for o will be used to estimate v,
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Figure 4-1: (a) A schematic of the energy band diagram illustrating the broadening
of energy levels introduced by the S atoms at increasing S concentration, and (b) the
transition excited during FTIR measurements shown on an E vs. k diagram.

(see section 1.5 and equation 1.3) and determine the future potential of this material

system for IB PV applications.

4.2 Experimental Methods

Samples were made in the manner described in Section 2.2. A sample consisting of the
same silicon wafer but without the S implanted layer is used as an optical reference
to determine the complex index of refraction of the substrate, and will be referred to
as the “Si substrate” sample. This sample was fabricated by taking a S-implanted
wafer and etching off more than 1 yum to remove the implanted sulfur region using a
reactive ion etcher; after etching, the surface remained optically smooth and remained
a specular reflector.

A set of samples which received S implantation dose of 1 x 10'® em™2 and had

3

a peak S concentration of 3.8 x 10% ¢cm™> were reserved and annealed at different

temperatures. They were annealed in a rapid-thermal annealer for 100 seconds in an
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Figure 4-2: A schematic of the measurement setup for FTIR in both transmission
and reflection modes are shown on the left and right, respectively. Mirrors are used
to direct the beam in reflection mode. The angle of incident light is 12° in reflection
mode. In the samples above, the thin hyperdoped layer is shown in grey, and the
substrate is shown in blue.

Ar atmosphere at temperatures of varying from 500-900 K.

The measurements performed in this chapter utilized a Perkin Elmer Lamda 950
FTIR, and were performed in both transmission and reflection mode. During trans-
mission measurements, the S-rich surface was facing toward the source at a normal
angle. During reflection measurements the samples were measured at 12° incident
angle from the incoming beam. See figure 4-2 for a schematic of the measurement.
Both reflection and transmission measurements represented here are the result of 50

consecutive scans averaged together (both the sample scan and the background scan.)

The beam from the IR source in the FTIR is greater than 2 cm in diameter.

2 area, apertures were used to ap-

Because the S-doped region is only a 2 X 2 mm
propriately measure the S region. For the transmission measurements, a thin piece
of Al sheet metal with a 1.5 x 1.5 mm? square removed was used as an aperture.

For reflectivity measurements, the aperture (which was supplied by the OEM) was a
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diffusely reflecting plastic disk. During a reflectivity measurement, any light that gets
reflected off the aperture and into the detector distorts the measurement and falsely
increases the measured reflectivity from the true reflectivity; thus the aperture disk
is designed to be diffuse to limit the amount of spurious light that gets reflected off

the aperture into the detector.

A piece of polished Si with 100 nm of e-beam evaporated Au was used as a re-
flectance standard. While silver can make an excellent standard, deposited silver
without a protective coating can tarnish over time, which reduces the mirror’s re-
flectivity at low photon energies. Protected mirrors have a protective coating that
reduces reflectivity at long wavelengths and are unsuitable for FTIR measurements.
While Au is not a suitable standard for optical measurements in the visible spectrum,
it is suitable for the measurements presented here, where wavelengths of 1400 nm and

above are used.

Samples were thoroughly cleaned before measurements to ensure that no organic
residues were affecting the measurement. First samples went through a Piranha etch
(3:1 solution of sulfuric acid and hydrogen peroxide) to remove any organics. Then
samples were placed in 10% HF solution to remove the oxide formed during the
previous acidic etch. The samples were then rinsed in DI water and thoroughly dried -
using a Nj gun. This cleaning process was found to be necessary to get repeatable

results.

Only samples without any surface damage were used for these measurements. If
scratches were found on a sample, an alternate was acquired. Because these measure-
ments were not performed with an integrating sphere, the samples must be completely
specular reflectors to accurately measure all reflected and transmitted light. Any dif-
fuse component of the reflectivity or transmissivity would not be captured in the

measurement. The same standards were applied to the Au reflectance standards.
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4.3 Extracting n + ik from Measured Values

To extract the optical constants for this material, an optical model for the sample is
developed. The models presented in this section simulate the FTIR measurements
and extract the complex index of the hyper-doped Si layer from the measured values
of Ry and T,,. The models account for reflections from the front and back surfaces
of the sample, absorption in the Si substrate, and utilizes thin film Fresnel equations
to describe the optical interaction in the hyperdoped layer. The front surface is
modeled as a multi-layer stack of graded index to account for the S concentration
variation. To obtain the optical properties of the hyperdoped surface region, two sets
of transmission and reflection measurements are required; one set is performed on a
Si substrate without any S on the surface to determine the optical properties of the
underlying substrate, and the second set of measurements is performed on a sample
with the hyperdoped surface region present. Figure 4-3 and 4-4 provides a schematic
of the optical interactions that are accounted for in the model. The complex index
(i = n+1ik) of air, the hyper-doped layer at peak S concentration, and the substrate
are denoted 71, Mg, and fg, respectively. Air is assumed to be a conspant index of
unity, and non-absorbing, thus we set 77; = 1. However, for completeness of the
equations, the index of air is still referenced in its complex form, 71, in the following
equations.

Additional background is given in this chapter to aid any future researchers who
wish to perform this analysis. An excellent reference on modeling thin film optical
measurements is provided in Orad Stenzel’'s The Physics of Thin Film Optical Spectra
(2005).

4.3.1 Thick Absorbing Slab

In this sub-section we will derive the equations that describe the measured quantities
of transmission, T,,, and reflectance, R, through a thick slab of material, which are
depicted in Figure 4-3. This analysis is necessary to extract the index of the substrate,

fi3 = ng-+iks. The slab is assumed to be absorbing and is specularly reflecting on both
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Figure 4-3: Ray-tracing of the many pathways incident light ends travel when an
optically-thick slab is measured in FTIR. The summation of all the light rays leaving
the sample to the left are accounted for in Ry,; in turn the summation of all light rays
exiting to the right are accounted for in Ty,.

Air Thin film Si Air
fiy fi, fis ny
Zif s

Thin film interaction (i.e. constructive
and destructive interference) accounted

for hyperdoped surface region

Figure 4-4: Schematic of optical interactions accounted for in measuring hyperdoped
Si samples. The summation of all the light rays leaving the sample to the left are
accounted for in R,; in turn the summation of all light rays exiting to the right are

accounted for in Ty,.
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the front and back surfaces. The term “thick” here means that the slab is thicker
than the coherence length of the wavelengths of light used in these measurements
and that the Fresnel equations are inappropriate to describe the propagation of light
through the material.

To start our analysis, we'll look at an example of light moving from one absorbing
medium, with complex index fi; = n; + ik;, into another absorbing medium, 7; =
n; +1k;. We represent the magnitude of the intensity of the reflected wave at normal
incidence in equation (4.1); this quantity is known as the reflectivity. Note that
this is different from the measured value R,, which accounts for the total number of

reflected rays and is referred to as the reflectance.

(ni —nj)? + (k; — ki)?
(ni + ;)% + (ki + k5)*

R, = (4.1)

Light also is absorbed and loses intensity as it travels though a medium. This is
described by Beer-Lambert’s law, which describes that the attenuation of the inten-

sity, I, of light as a function of position, z.

I = Ieo) (4.2)

The absorption coeflicient, «, is defined in Equation 4.3 using the complex com-
ponent of 7 (also known as the extinction coefficient, k) and the wavelength of light

measured in vacuum, Aygcuum-

47k

)\va,cuum

O =

(4.3)

Now we have all the equations needed to describe optical measurements performed
on thick slabs. Our example system is one that represents one of the most common
form of optical measurement: a thick slab of material that is surrounded by the
same medium on both sides, as shown in Fig. 4-3. Generally this would be a slab
with smooth surfaces that is surrounded by air, but the derivation done here will be
for a general case, where the media surrounding the sample is absorbing and has a

complex index. The measured reflectance and transmittance (labeled as R, and T,
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in Figure 4-3), will be a function of the reflection at each interface and the absorption
coefficient of the material. Using equations (4.1), (4.2), and (4.3) we can calculate
the intensity of each of the light rays shown in the diagram found in Figure 4-3; the
measured reflectance and transmittance will be summation of the intensities of all
the rays exiting to the left or right as shown in Figure 4-3, respectively. The intensity
of all the reflected and transmitted rays are shown in the summations in equations

(4.4) and (4.5), where the thickness of the sample is d.

Rn = Ryz + (1 — Ri3)*Ris(e™%)* + (1 — Ris)’R*(e™*%)* + ..

= Rig+ (1 = Ris)* > (Rug)™ (™) (4.4)

n=1

Tm = (1 — R13)26_a3d + (1 — R13)2Rf3(6—a3d)3 + (1 - R13)2R‘113(6_03d)5 + ...

=" (1 - Ri) RISV (7022 (4.5)
n=1

Note that the reflectivity moving from medium 1 to 3 and moving from 3 to 1 are
identical in this case, and are thus both labeled as R;3. The summations in equations
(4.4) and (4.5) can be simplified further. Treating the summations as geometric series

yields equations (4.6) and (4.7).

_ Rys(1—e?%(2R;3 — 1))
- 1 — e 203d B2,

(1 — Ry3)%ead
1 - 6_2(13de3

Ty = (4.7)

Substituting equations (4.1) and (4.3) into equations (4.6) and (4.7) allows you to
solve for both n and k. A MATLAB solver is used to fit values of n3 and k3 , and the
example is shown in figure 4-5. The measured spectral reflectance and transmittance

is shown in the left plot in Figure 4-5, and the resulting numerical solver’s solution
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Figure 4-5: (left) The measured reflectance and transmittance of a thick silicon slab
is used to calculate the (center) real part of the refractive index, and (right) the ab-
sorption coefficient of the substrate. Literature value for the real part of the refractive
index for Si is from Reference [121].

for n and k are compared to literature values [121] in the center and right plots in

Figure 4-5, respectively.

4.3.2 Thin Film Reflectivity and Transmittance

In this sub-section, we’ll create the equations that determine the reflectivity of a thin
film that is sandwiched between two different semi-infinite mediums. Constructive
and destructive interference that occurs within a thin film and is related to the phase
and amplitude of the electric field that accompanies propagating photons. We note
that lower case letters, represent the reflectivity (r) or transmitivity (£) of the electric
field at an interface, and not the intensity (R or T'). The reflectivity and transmitivity
of the electric field amplitude moving from medium 7 to j are given in equation 4.8)
and (4.9), respectively. Note that equations (4.8) through (4.10) are for semi-infinite

surface.
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21,

flz‘f"flj

The reflectivity of the electric field, r;;, is related the reflected intensity or power,

R;;, we use the relation given in equation (4.10).

Ryj = [ry|® (4.10)

Using a similar method to estimate the measured reflectivity and transmitivity of
a thick slab (see derivation of equations (4.4) and (4.5),) we can estimate the thin
film reflectivity and transmissivity of a thin film on a thick slab, given the material

properties of each layer.

5 5 5 . . .
T123 = T1g + t12€°703€%t0) + t19€™r93eM 700793ty + ...

t19T93to; €29
=Tt ——— 4.11
12 1— 7’217‘2362“5 ( )
tros = t12€%t53(1 + To1rase®d + (riarage®®)? + )
tiotozed
12023 (4.12)

1 — royroze?®

In equations (4.11) and (4.12), we define § as the complex phase, which helps
describe the constructive and destructive interference in the film, as well as the at-

tenuation that arises from absorption. The complex term ¢ is defined by equation

(4.13).

- 27Tﬁ2d2

0

(4.13)

)\vacuum

Using equations (4.11) and (4.12), we can calculate the reflectance and transmit-
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tance of the film between two semi-infinite media (i.e. the reflected and transmitted

intensity or power.)

R123 = |’l"123|2 (414)
. Re(’fl3) 2
T123 = Re(ﬁl) |t123| (4.15)

Note that the operator Re(#) pulls out the real component of a complex number.
Ri53 and Tig3 represent the reflectance and transmittance through a thin film of
complex index, 7i; that is sandwiched between two semi-infinite layers of indices 7,

and ng

4.3.3 Multi-layer Thin Films

The matrix method is a simple way to model multiple thin film stacks with ease. It
yields the same information as found in equations (4.11) and (4.12), and the resultant
field intensity reflectivity and transmitivity is representative of the entire stack. Here,
we will go over the equations for the reflectivity and transmitivity for a thin film stack
between two semi-infinite media.

A matrix for a single film is defined as:

2rn;d ; 2mn;d
17 -t —J7J
cos ( Avacuum ) n ') S’Ln( Avacuum )

i sin(ai ) cos(cndL)

)\vacuum )\vacuum

For a stack of thin films, we simply multiply the matrices to yield the resultant
matrix for the entire stack. Note that subscript ‘j’ denotes the index or position of
the layer while the variable ‘4’ denotes square of root of negative one. For a stack of

h films, where the ht* film is the on the bottom of the stack and the j = 1 film is
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closest to the incident light, we use Equation (4.17). Note that the incident light can
be entering from either the air or the substrate and i = 1 can either represent the

surface layer or the deepest layer of the hyperdoped region, respectively.

h
m m

M= | | =TI M (4.17)
ma1 Mpy2 =1

We can then use My to evaluate the field reflectivity of this thin film stack that

is sandwiched between media of indices 71; and 73. It is given below.

2n,
g = pes—— — (418)
(M1 + maafig)fiy + moy + mopiis
b = (ma1 + maafiz)fls — (Mo + maiiz) (4.19)

(may + maafig)ity + mgy + mogiiz

To calculate the reflectivity and transmitivity of the intensity or power of a thin
film stack, use equations (4.14) and (4.15) and replace 7123 and ¢;93 with 7y and ¢y,

respectively.

4.3.4 Extracting n + ik for Hyperdoped-Si

When analyzing the measured reflectance and transmittance of a hyper-doped silicon
sample, we treat the sample as a multi-layer thin film system sitting on a thick
substrate. The analysis in this subsection combines the information from previous
subsections to create a model for analyzing optical spectra of hyper-doped silicon
samples.

The hyper-doped layer is modeled as a thin film stack with a graded index. To
estimate the complex index for each layer, we use the mixed media approximation,
which assumes that the complex dielectric of the mixed media is a weighted average

of the respective densities of the components in the mixture.
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Eer = ) PiFj (4.20)
J

For a sulfur-doped sample, we use the mixed media approximation to estimate
the change in 7 for the regions of varying S concentration. The sulfur concentration
as a function of depth is reproduced in figure 4-6b. For this analysis, we assume that
complex dielectric scales with the sulfur concentration, as shown figure 4-6b, and the

equation below:

e ISL (18]
& = (n; +ik;) e 5+ (1 [S]peak) (4.21)

In the above equation, & represents the complex dielectric of thin film layer i,

and €, represents the complex dialectric for the peak S concentration (represented by

i =1 in our model.)

We can then use an analysis similar to that used to derive equations (4.6) and (4.7)
to create a model where the front and back surface have different field reflectivities

and transmitivities.

|t1e3]2|731 2 |t3n |2€(72a3d3)

1 — |7"1f3’2|7"31|23(”2°“13)

Ry = |rig* + (4.22)

t 2t 2 ,(—2aizda)
T, = |t1s3]”|ts1| e

1 |7"3f1|2|7'31|26(—2043d3) (4.23)

The sample system consists of a graded thin film of HD-Si (subscript f) on the
surface of an optically thick substrate (subscript 1) that is surrounding by air on both
sides (subscript 3). The thickness of the substrate is given by d3, and the coefficients
ik and t;;, are determined using the matrix method from Equations 4.18 and 4.19.
Also note that r;; and ¢;; arc given by equations (4.8) and (1.9), respectively. Also
note that the substrate index, 3, is determined by measuring the substrate alone

and performing an analysis similar to figure 4-5 and described in Section 4.3.1.
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Figure 4-6: (a) The measured S concentration as a function of depth and (b) the
scaling of the dielectric of each layer used in the model.

All the models and equations above assume normal incidence, but the actual
reflectance measurement is performed at 12° off-normal incidence. This discrepancy
between model and the actual measurement is assumed to be negligible because the
incident beam is unpolarized. Unpolarized light consists of both TM and TE waves,
and their effect on reflectance measurements is to either decrease or increase the
measured reflectance, respectively. At this shallow angle, the angular dependence

causes less than 0.5% change from the normal incidence for both TM and TE waves.

4.3.5 Vibrational Modes Present in Measured Spectra

The raw measured values of R, and T,, for samples which have received different
implantation doses of S are shown in Figure 4-7. At energies 200 meV and below, the
measured spectra are dominated by absorption of various vibrational modes of non-S
impurities in the samples. These peaks are seen in both the Ry and Ty, spectra for
both the Si substrate sample (i.e. sample without S hyperdoping) and samples with
S hyperdoping. This indicates that there are no prominent vibrational modes that

are introduced by S. This is also true for annealed samples, which exhibit the same
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vibrational modes found in the substrate. A list of the observed vibrational modes in
these samples and their presumed origins based on literature are enumerated in table

4.1.

FTIR Absorption Peaks Literature FTIR Absorption Peaks
in Samples

Energy | Wavenumber | Wavenumber Source Reference

[meV] [ecm™!] [em™?]
76 611 613 O, symmetric stretch mode [81]
92 739 735 SiC amorphous* [11]
110 887 885 Longitudinal V-O [81]
119 963 900-1000 VO3 complexes [81]
137 1107 1107 O; antisymmetric stretch mode [81]
162 1306 1304 B-H “D-mode” [81]

Table 4.1: Enumeration of all vibrational modes seen in samples both T, and R,
and likely sources of those modes from the literature. The mode marked with an *
was seen in un-annealed Si samples that were ion-implanted with C.

Note that in the transmission spectra, there is some considerable noise in the
spectra between 200 and 280 meV (1200-2200 cm™!), and account for +3% error,
which is enough to create rather large changes in the extracted values of ny + ik
and makes repeatability difficult. Different strategies of binning data to effectively
average adjacent data points were tried, but this unacceptably distorted the spectra.
This error is most likely due to fluctuations in humidity because water vapor absorbs
very strongly at these photon energies [55, 157].

Because of the strong absorption from different oxygen related vibrational modes
in the substrate and water vapor in the air, extraction of the optical properties of the
hyperdoped layer is error-prone at photon energies below 280 meV. For these reasons,
only extracted values of 280 meV and above will be extracted and reported in this
thesis. If future work requires getting optical information down below 280 meV using
FTIR on hyperdoped silicon, samples made on float zone wafers' and implementing a
system that can purge the FTIR chamber with dry nitrogen would enable consistent

and accurate measurements down to 170 meV.

1Float zone wafers are oxygen free. Czochralski-grown wafers (which are use for substrates in
this thesis) can have up to 10'® cm 3 oxygen atoms in them.
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Figure 4-7: Measured reflectance, Ry, and transmittance, T},, of samples of varying
peak S concentrations.

4.3.6 Analysis of Measured Spectra and Comments on Error

in n + ik Extraction

Using equations 4.22 and 4.23, we can extract the absorption coefficient and the index
of refraction of hyper-doped silicon layers from the measured spectra. An example
of this for samples which received S doses of 3 x 10*® and 1 x 10'® cm™2 and have

3. respectively, are shown in

a peak concentration of 1.2 x 10%® and 3.8 x 10% ¢cm™
figure 4-8. These results are consistent with previous ellispometry results by Pan
[101]. Pan’s results were performed on silicon on insulator wafers which had a thin S
hyperdoped top layer. Pan’s results indicate that S-rich regions were index matched
with the silicon beneath it for the photon energies measured (770 meV and above).
The results presented here from FTIR show that for 770 meV and above, the index is
matched very closely to the substrate underneath, with major variations occurring at
energies below 770meV. Pan also extracted an absorption coefficient around 1 x 10*

em~! for photons energies between 770 and 1100 meV for a sample with peak S

concentration of 1.5 x 10%° cm™2, which is very close to the absorption coefficient
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Figure 4-8: The real part of the index of refraction, n, which is computed from T,,
and R, is shown on the left for both the Si substrate sample and hyperdoped samples
with a peak S concentrations reported in the legend. The absorption coefficient, «
is shown on the right for the hyperdoped samples. References for Pan and Bob are
found in References (101 and [10], respectively.

estimated in figure 4-8 for a sample with peak S concentration of 1.2 x 10%° e¢m™3.
Additionally, in figure 4-8, the absorption coefficient reported by Pan [101] and the
range of values reported by Bob [10] for S concentrations between 1.2 to 3.1x10%cm 3
are shown. Absorption coefficients reported by Bob are average values for the range
of 600 to 1100 meV, and are not given spectrally. Good agreement, between the FTIR

results in this thesis and past measurements is demonstrated.

The use of the multi-layer graded index was necessary to match the previous
estimate of Pan [101]. Initially a single-layer model was used, but this did not yield
an no that was indexed matched with silicon above 770 meV. While the switch to a
multi-layer model from a single-layer model had a large effect on ns, it had a very

small effect on the spectral shape of as.
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Figure 4-9: Possible absorption mechanisms in S-hyperdoped Si.
4.4 Removing Free Carrier Absorption

To understand the band structure and trap energies introduced by S, it is necessary to
remove any absorption components that are not related to the promotion of S donor
electrons from trap states. To do this, we assume that the absorption is made up of
both extrinsic and free-carrier absorption. The two absorption events are described

in Equation 4.24 and Figure 4-9.

O = extrinsic T (YFCA (424)

S Implant Dose | S Peak Conc. | Annealing Temp. | e Tlgheet
[em—2] [em™?] K (=] | [om™?]
3 x 109 1.2 x 10% N/A 162 | 7.54 x 1013
6 x 10%° 2.1 > 10% N/A 103 | 1.41 x 10%4
1 x 10 3.8 x 10%° N/A 36 | 7.52 x 10
1 x 10 3.8 x 1 500 45 [ 8.54 x 10
1 x 10 3.8 x 10 600 42 | 1.25 x 10%°
1 x 106 3.8 x 10%° 700 61 | 7.42 x 10"
1 x 1016 3.8 x 102 800 107 | 2:87 « 10%
1 5 1010 3.8 x 102 900 200 | 8.30 x 10'3

Table 4.2: List of mobilities and sheet carrier concentration for samples studied in
this chapter.
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The majority carriers in S-doped samples are electrons. Free carrier absorption
in these samples is determined by the refractive index (n), the CB effective mass for
electrons (m*), the density of free carriers in the conduction band (denoted n, to
avoid confusion), the conduction band mobility (u.), and other physical constants
(€0, ¢, and e). Table 4.2 lists values measured by Hall effect for both mobility and
sheet carrier concentration, that are used to calculate apca in equation 4.25.

eX’n,

QFCA — (4.25)

4regcdinm*?p

Then for silicon, the free carrier absorption [125] is given by Equation 4.26.

AFCA — 10_16 (426)

cm?
Vs

Ne is in cm ™3, and apca is in cm™h

Where A is in pm, pe is in The value
of ne is estimated by ne = Ngheet/desr, Where effective layer thickness, deg is set to 270
nm, which is the distance from the surface to the middle of the tail region region
defined in Figure 4-6. Free carrier absorption makes up a very small portion of the
overall absorption. A comparison of ay for all measured samples with and without
free carrier absorption removed can be found in Figures 4-10. At a photon energy of
280 meV, samples that received a dose of 1 x 10'% S cm ™2, free carrier absorption was
accounted for up to nearly 10% of absorption, while samples below this concentration

had a maximum of 1.5% contribution from free carrier absorption at 280meV .

4.5 Spectral Fits for Samples of Varying S Con-
centration

In this section, results from optical measurements outlined in the previous section
are used to extract o as a function of photon energy for different S concentrations.
Fits to the absorption spectra yield insight into how the band structure changes as a
function of sulfur concentration; this will be used to determine what S concentrations

maintain a separation between the IB and the conduction band. Additionally, the
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Figure 4-10: Comparison of absorption coefficient spectra with and without free car-
rier absorption (apca) subtracted for samples which received a S dose of 1 x 10 cm ™2
and annealed at different temperatures for 100 seconds in an Argon atmosphere. Solid
lines are unaltered, while dotted lines have apca subtracted.

34



results outlined below yield «, which is used to calculate v.

The sub-gap absorption is modeled as the excitation of an electron from a trap
state to the conduction band (which is assumed to be a parabolic band). The extrinsic
absorption coeflicient for sub-gap light is assumed to be a product of the number of
traps, Nt, and their optical cross-section, op,. If each S atom introduces g deep

levels, then Nt/g would be equal to the S concentration.

Xe = NTUOe (ﬁw) (427)

In the above equation, oo, is the optical cross section and is a function of the
photon energy, hw. The spectral dependence of the oo, depends on the nature of
the trap state, the matrix elements describing the transition, and the band to which
excitation occurs. An excellent review of the different forms oo, can take and their
derivations are outlined in Reference [51]. Absorption coefficient of S in silicon is best
fit by a “forbidden vertical transition”, and the functional form is often referred to
as the Lucovsky formula [72, 42]. The Lucovsky formula is reproduced below:

(hw — Ep)3/?

0o, X ——(7\7,7)3— (428)

The above equation describes the excitation from a single discrete trap level to
a parabolic band (see figure 4-1b), and has been used to fit optical cross-sections
for deep levels in Si in the past [94, 50], including S [116]. The peak value of the
optical cross-section reported in References [30, 116, 43] matches very well to the
values measured here (within a factor of 2). More recent data of Te donors shows
a very similar spectral dependence of the optical cross-section [39]. To account for
broadening of the trap levels with increased S concentration (see Figure 4-1a), the
equation 4.28 is convoluted with a Gaussian distribution of trap energies, which have
a mean trap energy of Er and standard deviation of F,, as shown in equation 4.29.
A Gaussian distribution estimates the trap state distribution because it resembles
the shape of Se-induced DOS at high concentration, as calculated in previous DFT
studies [31].

85



3.5¢

cm

0 0.2 0.4 0.6 0.8 1
Photon energy [eV]
Figure 4-11: Spectral fits using the Gaussian-convoluted Lucovsky formula to the

absorption coefficient for Si doped with different concentrations of S. Free carrier
absorption is subtracted using equation 4.26.

1 © (hw — E)3/? (E — Et)?
—————|dE 4.2
0o, X Eo- /—271' fo (hUJ)3 exrp zEg ( 9)

The graphical results of the spectral fits to «, as well as the fit parameters are

shown in figure 4-11 and table 4.3, respectively. Error bars show range of fitting

parameters that yield a coefficient determination, R? above 0.98.

S Implant Dose | S Peak Conc. | Trap Energy, Er | Trap Std. Dev. E,
[em™?] [em ™3] [meV] [meV]
3 % 107 1.2 % 10% 265 + 5 47.5+ 10
6 x 101 2.1 3 16% 2505 50 = 10
1 x 10 3.8 % 10% 240 £ 10 70 £ 10

Table 4.3: Numerical values from spectral fits using the Gaussian-broadened Lucovsky
formula (Equation 4.29) to Si doped with S at various concentrations.

A normalized trap distribution for each S concentration is plotted in the inset of
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Figure 4-11 to yield a visualization of the modeled trap distribution from the spectral
fits. The highest S concentration sample exhibits a very small optical gap, which
is consistent with broadening leading to trap states that are degenerate or near-
degenerate with the conduction band. This concentration is consistent with IMT
seen in this material system [147] and the change in electronic structure observed in
x-ray emission spectroscopy [135]. Because an IBPV absorber layer requires that the
IB maintains a separation in energy from either band edge, the highest concentration
sample is deemed to have an unsuitable band structure for IBPV. This indicates that
the IMT in S-doped Si is not useful for making IBPV device. A similar gradual

broadening is seen in the Si:Se system around the concentrations of the IMT [31].

It is important to note that the trap-state energy broadening described in Equa-
tion 4.29 can also be modeled by an increase in electron-phonon coupling, and is
mathematically described by replacing E? with 2kT'drc, where dpc is the Franck-
Condon parameter.[54, 21] However, it seems unlikely that electron-phonon inter-
actions are the major driving force behind the broadening. Previous spectrally-
resolved temperature-dependent photoconductivity measurements performed under
bias (where S atoms were ionized with Er = 0.6eV) and in short-circuit mode (S
atoms were neutral Er =~ 0.3eV) indicated that spectral broadening due electron-
phonon coupling was strong in ionized S impurities,[43, 107] but negligible in neutral
S impurities.[43] Because optical measurements reported here are not performed un-
der bias, S atoms are presumed to be neutral and the effect of optical broadening due
phonon-electron coupling is deemed negligible. Despite this, even if the broadening
seen in Figure 4-11 is due to an increase in the electron- phonon coupling, it would
signify that thermal capture and emission cross-sections are enhanced for this shallow
S level at higher S concentrations; this would also be detrimental to the performance

for an IBPV material due to enhanced defect-related recombination.
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4.6 Optical Properties of Annealed Si:S and Rela-

tionship to Chemical State Change of Dopants

The absorption spectra of annealed samples presented in this thesis fits within a
broader context of the work done previously on similar S-doped Si materials that
have studied sub-band gap optical absorption deactivation with annealing. In the
next sub-section, we’ll discuss annealing work done on both S-hyperdoped samples
prepared using both fs-lasers and PLM, respectively to provide context, and then

expand on this understanding using the FTIR work presented here.

4.6.1 Previous Work on Understanding Optical Deactivation

of Si:S upon Annealing

The deactivation of the sub-band gap absorption has been observed in and doc-
umented in both Si hyperdoped with S by PLM [60] and by fs-laser irradiation
[148, 25, 24, 128]. The mechanisms for the optical deactivation has been studied
more extensively in the fs-laser doped materials. In a study by Tull [142], the change
in sub-band gap absorption for fs-laser S-doped Si was measured for samples annealed
for both different times and temperatures. Tull reported that both increasing time
and annealing temperature lead to a decrease in absorption. Tull estimated the S
diffusion length for each of these time temperature profiles and found that sub-band
gap absorption was deactivated when the estimated diffusion length was around 10
nm. Tull hypothesized that small optically inactive precipitates were forming. This
short length scale (10nm) of diffusion and precipitation may be why SIMS profiles of
annealed samples up to 823K show no noticeable change in S concentration [110].2
Further evidence of precipitation has been reported by Newman [91] using x-ray
absorption fine structure (EXAFS) on Si:Se fabricated using fs-lasers. Newman’s
analysis of EXAFS spectra of samples annealed at different temperatures indicated

that the local chemical environment of the Se dopants was changing with increased

2See figure 3.3 in referenced document.
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annealing temperature and a strong correlation between the pre-annealed chemical
state and the optical absorption was established. Further EXAFS work by Newman
[90] indicates that the majority of Se atoms were likely in a precipitate SiSe, state

when fully annealed.

4.6.2 Optical Analysis of Annealed Si:S Samples: Modeling

of Optical Data using a 3 State System

In section 4.5, defect levels at ca. 250 meV were identified in Si:S samples at various
dopant concentrations that had not undergone any annealing. However, as annealing
progresses, the shape of the absorption spectra changes, with the most notable change
being that the peak in the absorption spectra shifts to lower energy, as seen in figure
4-10. This may be indicative of optically active defects forming that have a binding
energy that is lower than ca. 250 meV. To investigate this, the absorption coefficients
(with free carrier absorption subtracted) of the annealed samples were assumed to
be the superposition of electrons being promoted to the CB from trap states at two
different energies. The first trap state, we’ll call state A and will be described as
having an average trap energy Er, and distribution with standard deviation E,,.
Both values for Er, and E,, will be set to values found in table 4.3 for the sample
with 3.8 x 10%° S ¢m 3 and be described by equation 4.29. The second trap state,
for simplicity, was assumed to be a discrete level with a shallower binding energy of
Er,, and is described by equation 4.28. We'll call this trap level state B. This model

is summarized by the equation below:

1 * (hw — E)3/? ( (E— ETA)Q)
ey =1 exp | —————2— | dE
A AEO’A V2m /0 (hw)B P 2EC27A

(hw — ETB)3/2

e = Is s

Qe — QFCA = (ey + ey (4.30)

The constants Ip and Iy are scaling factors that represent a convolution of the
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optical cross-section strength of a single trap state and the number trap states; they
have units of (eV)*? cm~!. A value of 100 meV was used for Et, because that was
the value that yielded the lowest cumulative R? value for all fits.> The results of
fits are shown in figure 4-12, which demonstrate good agreement between the theory
presented in equations 4.30 and the measured optical properties. All fits had an R?
value of 0.98 or higher (with the exception of 800K annealed sample, which had a
value of 0.95).4

x 10
3.5}

[S] = 3.8x10° cm™3

No Anneal

0.5f

0 0.2 0.4 0.6 0.8 1
Photon energy [eV]

Figure 4-12: Samples which received a S dose of 1 x 10 cm™2 were annealed at

different temperatures for 100 seconds in an Argon atmosphere. Fits are made using
equation 4.30 and are shown as dotted gray lines. Free carrier absorption has been
removed from measured spectra and represent the quantity (ce—arpca) from Equation
4.30.

3Values of Et, between 70-130 meV yielded R? values of > 0.98 for all samples except the 800
K anneal, which only had R? value of > 0.95 for the energy ranges 70-110 meV.

41t is important to note that replacing as, with a discrete trap state does not improve the fits
made in the previous section (maximum R? value of 0.94 was attained on the non-annealed sample).
In other words, the broadening of the ca. 250 meV trap state is necessary to model the optical
absorption spectra observed in the non-annealed sample, and the same spectral shape cannot be
made to using two discrete energies.
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The relative contributions from both ae, and a., to the measured quantity (0e —
apca) are given in Figure 4-13 where Iy and /g are plotted a function of annealing
temperature. As the annealing temperature is increased to 700 K, the contribution of
the absorption that is attributed to state A decreases, and the contribution from state
B increases. At higher annealing temperatures, sub-band gap absorption vanishes

altogether and the contribution from state B vanishes as well.
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Figure 4-13: Resultant fit parameters Iy and I (see Equation set 4.30) from spectral
fits shown in Figure 4-12. Inset shows carrier concentration, ngheet, which is estimated
by dividing sheet carrier concentration, nspeet from table 4.2, by an effective layer
thickness of 270 nm.

The transition from state A to B seen from 300 to 700 K can is not inconsistent
with the theory of clustering and precipitation. Previous work done by Grimmeiss
and Janzén [41, 40, 53] (see overview in section 2.1) demonstrated that the electron
binding energy of S donor sites decreases as the number of S atoms at a donor site
increases. For example, moving from single-substitutional site (S°), to a dimer (S9),

to a larger cluster S4(X,), the binding energy of the S donor site decreases. A similar
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trend is also seen in O thermal donors, which show decreasing donor binding energy
with increasing cluster size [66, 67]. Thus, state B could represent a larger cluster of
S atoms than state A.

Annealing at temperatures above 700 K, both state B and the overall sub-band
gap absorption go to zero. One possible explanation is that as larger clusters form,
there are fewer clusters altogether, thus reducing overall sub-band gap absorption
coefficient to negligibly small values.

To further develop this model, further structural work would need to be performed
to determine the chemical state of the S dopants and identify any precipitates, as well
as identify and quantify any compensating defects. The electrical behavior (i.e. sheet
carrier concentration) is not well correlated with optical data; sheet carriers may
be influenced by compensating S defects that are optically inactive but also meta-
stable. While past TEM work of annealed samples did not reveal the presence of any
precipitates or S clusters that were visible [137], this is not too surprising as small
precipitates may not provide enough contrast in TEM if the strain they induce is
small. For example, microscopists studying O-related precipitates in Si had a hard
time imaging these defects; successful identification of O-precipitates in Si required

8+ hours of annealing at very high temperatures to grow large enough precipitates

that were visible in TEM [134, 33, 150].

4.7 Conclusion

The optical data presented in this chapter tells us how the band structure of this
material system changes for different S concentration and annealing conditions. First,
for samples that have a S concentration beyond the critical concentration to drive an
IMT (ca. 3£ 1.2 x 10%° em™3) [147], have an IB that is either degenerate or near-
degenerate with the conduction band. Because a large optical and electronic gap is
needed between the IB and the closest band edge for an IB absorber layer, Si doped
with S to concentrations above 2.1 x 102 S cm~ are deemed unsuitable for IB PV

applications. This demonstrates that the IMT is not desirable in the Si:S system for
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developing an IBPV absorber layer.

Additionally, we see that for samples with S concentration below the critical IMT
concentration, there is still significant broadening of the IB. This is certainly not
surprising as transport at low temperature at these S concentrations occurs through
a hopping mechanism [147], which indicates that there is already some interaction
between S donor electron wave functions.

Finally, changes seen in the optical spectra of samples annealed at different tem-
peratures are consistent with a diffusion/precipitation model. As samples are an-
nealed, the optical spectra can be modeled as the photoionization of defect levels
with a lower binding energy, which is consistent with the fact that S donor binding

energies decrease as the number of S atoms in the cluster increases [41, 40, 53].
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Chapter 5

Low-temperature

Photoconductivity

5.1 Motivation and Introduction

In the previous chapter, we measured the absorption coefficient of S5i:S, and deter-
mined that only S concentrations at or below 2.1 x 102 S cm™3 yield an IB that is not
degenerate or near-degenerate with the conduction band. For this reason, a sample
with 1.2 x 102 S cm™3 will be investigated to measure it’s ability to generate free
carriers using sub-band gap light.

During a photoconductivity measurement, light is used to induce a change in
resistance of the sample. Usually the drop in resistance results from the creation of
excess mobile charge carriers by direct optical excitation from an immobile or trapped
state into a mobile or conductive state. This change in sample resistance, AR, can
be converted into a change in conductivity of material, Ao, based on the sample
geometry. If the number of absorbed photons in the region of interest is known, it
can be treated as a generation rate, G. Then, the mobility-lifetime product, p7, can
be calculated from Ao = Grpe.

A lot of work has been published on spectral photo-response of either photodiodes
or planar photoconductive devices using S hyperdoped Si using PLM (105, 111, 120,
106], but no work has been able to achieve photoresponse from sub-band gap light.
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Only in work by Persans [106] was any quantitative value placed on the mobility-
lifetime product for electrons in the CB, p.7., for S hyperdoped Si. Based on the noise
floor of the measurement, Persans placed an upper bound of 2 x 10‘7% O feTe.
Using this upper bound and the absorption coefficient of Si with a S concentration
that maintains a band structure suitable IB PV, we can estimate an upper limit of
the figure of merit, .. At a S concentration of 1.2 x 10®%cm=3, we find v < 5.
Because this upper limit is still in the acceptable range for an IB PV material, no
definitive statement can be said about this material’s viability to make an efficient
IBPV devices. For this reason, increasing the sensitivity of this measurement by an
order of magnitude will help determine if p7 is high enough to yield v > 1. The
next section will describe the process of designing a photoconductivity experiment

with increased sensitivity.

5.2 Design of a Photoconductivity Experiment

Creating an experiment that can accurately measure p.7. requires both maximizing
the response of the measured value (i.e. a voltage or current) while reducing the influ-
ence of false positives. In a photoconductivity experiment where the majority carriers
are electrons, the signal response scales as the ratio of the number of photo-excited
excess carriers, An, to the number of dark carriers, n. There are also many non-
photoconductive effects that can create spurious signals that also need to be avoided
to get an accurate measurement. The ways to maximize An, minimize n, and curtail
the effects of any false positives will be outlined in the following sub-sections. An ex-
cellent resource that dives into the details of different photoconductivity experiments
is N.V. Joshi’s book [57]. Another excellent resource that gives a brief overview of

the different experimental techniques is found in Reference [14].

1A value of V4; is assumed to be that of the band gap of silicon when estimating the upper limit,
and ¢ = 2.
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5.2.1 Maximizing An

The number of light-generated carriers, An, is proportional to the generation rate, G,
by An = G7.. Therefore, one obvious way to increase An is to simply increase G by
increasing the intensity of the light source. To achieve a high photon flux, we'll use a
laser source for these measurements. A continuous wave (CW) laser is used because of
the problems accompanied by a pulsed laser. A pulsed laser often has a much higher
instantaneous power (a single mJ pulse that lasts a ns can have a MW peak power!)
but when a short pulse (< 10ns) is used to generate carriers in a material with very
short carrier lifetimes (such as S hyperdoped Si with 7, < 1ns) then the electrical
signal is effectively a 100MHz-1GHz AC signal. At this high frequency range, the
inductance and capacitance inherent in a metal wire used to measure the signal can

be quite high and actually greatly attenuate the AC electrical signal.

5.2.2 Minimizing n.

Another strategy for maximizing signal is to freeze out carriers by cooling the sample.
For Si:S doped at 1.2 x 10%° S ¢cm™3, the dark carrier concentration decreases by a

factor of 300 when cooled from room temperature to 35K (see Figure 2-7).

Despite this advantage, low-temperature measurements pose several problems.
First, doing any electrical measurements in a cryostat requires running wires down to
the sample. To avoid heat conduction through the wires that may heat the sample,
the wires are wrapped several times around the sheaths of the first and second stage
regenerators so that they are cold-sinked to cryostat. This means that the cables
can be quite long, which makes doing high frequency measurements difficult. For
example, the 3m of silver-plated copper wires used in the cryostat in these experiments
attenuate a 10 MHz sine wave by 50%. Indeed, as mentioned in the previous sub-

section, this was the motivation for using a CW laser.
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Figure 5-1: Equivalent circuit of the standard setup for a photoconductivity experi-
ment.

5.2.3 Maximizing Measured Signal

To aid in optimizing the measured voltage signal in a photoconductivity experiment,
a simple equivalent circuit diagram, shown in figure 5-1, will be used to analyze the
system. The sample resistance will either be (Rs + 3ARs) or (Rs — 3AR;) if the sam-
ple is in the dark or under illumination, respectively. Note that AR is the difference
between the illuminated and dark resistance, and R represents the average sample
resistance. The resistor R¢ is a comparative resistor, and is often represents the inter-
nal impedance of the voltage measurement instrument (such as an oscilloscope, which
often has a 50Q impedance, and is used in transient photoconductivity measurement).
In the steady state experiments performed here, a lock-in amplifier was used, and R¢
represents the resistance a standard axial-lead resistor, which was chosen to have a
resistance near that of the sample. The actual measured AC voltage will be voltage
across the resistor Rc, and the peak to peak change in measured voltage, we’ll label

AV, as shown in Figure 5-1.
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AV

1 1
R — 9.1
Vapp ¢ (RC -+ (RS — %ARS) Re + (Rs + %ARS)> ( )

The value V,,, represents an applied voltage that is kept constant. In order to
maximize AV for a given Rc, we make the substitution 6 = 1AR,/R; into equation
5.1, differentiate with respect to Rg, and then set the derivative to zero to find the

local maximum for equation 5.1. The following is the result of that process:

Re (1-8)"12 (146812

= = 5.2

R¢ (14+8)1V2 = (1-206)1/2 (5.2)
For small signal (6 — 0), we take the limit which yields:

Ry = R for maximum signal (5.3)

This result, while trivial, should help dictate the sample geometry design. For
example, if a transient measurement is going to be performed using an oscilloscope
with a 50 € internal impedance then the contact geometry on the sample should
be designed to yield a sample resistance of 50 2. However, optimizing the sample
resistance is not the only consideration when designing a contact geometry, and often
a more pressing issue is the one of inhomogeneous illumination, as discussed in the
next sub-section. In these set of experiments, we’ll be using a lock-in amplifier to
make the majority of the measurements, which has a very high (> 10 MQ) internal
impedance, and we’ll be using a resistor in parallel with the the lock-in terminals to

help optimize the signal.

5.2.4 Proper Sample Metallization Geometry

A well designed photoconductivity experiment should be able to extract ur from
the measured values, and poor design of the contact geometry can prevent accurate
measurement of these properties. Inhomogeneities in the illumination intensity can
prevent any meaningful extraction of p7. We'll define two types of illumination

inhomogeneity, series and parallel. To describe this effect, let’s look at a sample
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series parallel

Figure 5-2: Model circuits for both series and parallel illumination inhomogeneity

between two rectangular contact pads that are of length W and spacing separation
S.

with two separated rectangular contact pads. The spaces in between the contact
pads is split into 3 different sub-sections, one with a parallel configuration and one
with a series configuration, as shown in figure 5-2. In this simple example, we’ll
assume that each sub-section has the same area and dark sheet resistance, pspeet =
1/(nsheespt€). We'll also assume that illumination over a given sub-section is constant
throughout and it’s illuminated resistance can be calculated by assuming a uniform
excess sheet carrier concentration Angpeet across the sub-section. We'll also assume
that the illumination intensity is confined to within the three sub-section, and that
the summation of all excess carriers for each subsection is the same for both examples
(i.e. Any

described in Figure 5-2 results in the following:

+Ang, . +Ans, . = constant). Solving the very simple resistor network

sheet sheet sheet

35 4
Rpa.rallel - W—'Lt,e (3n5heet + Anlsheet + A'n'zsheet, + A’,?'3511&131;) (54)
S 1 1 L
ries — + & >
Rse o 3WP"€ (nsheet “F Anlgheet Tisheet + An2sheet Nsheet T An3sheet) ( )

From the equations 5.4 and 5.5, we can see only Rparallel is immune to any inhomo-

geneity in illumination intensity. This shows that only if the illumination inhomogene-
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Figure 5-3: Interdigitated contact pattern with circular illumination beam. This
contact geometry minimizes any effects of beam inhomogeneity and allows accurate
extraction of ur.

ity occurs in a direction perpendicular to the contact geometry will inhomogeneity
effects be negligible. Thus, to prevent this, it is best to keep S small in comparison to
the length scales associated with inhomogeneities. For a circular illumination beam
with a Guassian profile, this can be the full-width at half-maximum beam radius,
Ryeam. Thus a good rule of thumb is to keep the contact spacing between negative

and positive terminals smaller than Rpean,.

Rbeam >> S (5.6)

This is a major motivation for using an interdigitated contact pattern with narrow
finger spacing (see Figure 5-3). For such a contact pattern, if the beam size is kept
smaller than the area enclosed by all the fingers, but much larger than S, then an av-
erage photon flux ([photons per sec absorbed in sample|/[area enclosed by contacts])
can be used to estimate a generation rate. In figure 5-3, the total area enclosed by
the contacts refers to L x W. As long as the measured lifetime is assumed to be in-
dependent of the excess carrier density, this methodology can be used to calculate ur

Ao

using ur = 3% (where Ao is calculated assuming the overall change in conductance

101



represents a uniform change in conductivity).

5.2.5 Eliminating False Positive I: Non-monochromatic Light

Using a white light source with a monochromator to create monochromatic light can
be problematic because higher order harmonics can pass through. This is especially
noticeable when trying to understand the effect of sub-band gap photons, and some
above-band gap light is present that leads to a spurious signals. Even with proper
filtering, any small amount of unwanted wavelengths that get through can ruin a
measurement, especially for highly sensitive measurements on materials with short
lifetimes (such as PLM 8Si:S). This is one of the major driving forces for using a laser

light source, which does not suffer from this problem.

5.2.6 Eliminating False Positive II: Internal Photoemission

At a metal semiconductor junction, the Fermi energy of the metal often sits somewhere
near the middle of the gap of the semiconductor. If this is the case, then sub-band gap
photons can photo-excite electrons from the metal into the CB of the semiconductor
[26]. This is more prevalent in a lightly-doped semiconductors because an electric
field can exist at the interface that can help move hot electrons from the metal into
the semiconductor; this type of metal-semiconductor contact is often referred to as a
Schottky contact or a Schottky diode. A schematic of this process is shown in Figure
5-4, which shows a Schottky diode under illumination. In fact, this effect has been
used to make IR photodetectors on silicon that have response to photons with energy
less than band gap [104, 154, 114]. Additionally measuring the photocurrent response
of a‘Schottky contact as a function of photon energy is a technique called internal
photoemission spectroscopy (IPES) that is used to estimate the band offset between
both metal-semiconductors and semiconductor-insulator interfaces [1, 2, 93].
Because the main driving force behind internal photoemission is the creation of a
field at the metal-semiconductor interface, one of the best ways to eliminate this is

effect is to heavily dope the semiconductor under the metal contact. This removes
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vacuum

CB

n-type metal

Figure 5-4: A Schottky contact with a strong built-in field under illumination. Sub-
band gap light can excite charges from the metal that can be subsequently separated
by the electric field, a process called internal photoemission. This charge excitation
and separation process is a false positive in a photoconductivity experiment.

the Schottky junction and creates a tunnel junction. One way to test for internal
photoemission is to see if a current can be measured when no bias is applied (i.e. a
short-circuit current is seen). In these experiments we will use heavy doping under

the contacts to reduce the effects of internal photoemission.

5.2.7 Eliminating False Positive III: Sample Heating

One of the most misleading false positives in a photoconductivity experiment is sam-
ple heating. Theoretically a sample that has an infinitely short lifetime can still yield
a large measured Ao if the sample has a strong conductivity dependence on temper-
ature. A carrier that is promoted and immediately thermalizes gives up its energy to
the lattice and releases phonons. These phonons can them promote carriers out of
trap states as the sample heats up. This false positive is certainly present for experi-
ments done at low temperature where carrier freeze-out occurs, and is a false positive
that plagues Si:S samples measured here. The model developed below is meant to

be illustrative of heating effects in these types of measurements, but many of the
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thermal sink with
substrate constant surface

temperature T,

Thin radiation-
absorbing layer

Figure 5-5: Schematic of the heat transfer model used to evaluate the effects of sample
heating, which is a false positive in photoconductivity experiments.

assumptions are specific to the measurements performed on the Si:S samples in this
thesis.

The best way to differentiate between both thermal and photoconductive effects
is by studying the temporal response of the sample conductivity. Photoconductive
effects? happen very quickly, and reach steady state in a timescale that is equal to the
lifetime of the material. In contrast, the characteristic time to reach thermal steady
state for an object being radiatively heated on it’s surface is described by the Fourier

number, Fo.

tk

Fo=
¢ pcL?

(5.7)

Fo is a function of the thermal conductivity (k), thermal capacitance (c), cross-
sectional length (L), and time (¢). Even for a thin silicon wafer, the time to reach
a Fo =1 is longer than a ms. Because thermal effects can be much slower, we can

exploit this fact by using a light source that is chopped (or pulsed) at a frequency that

2Photoconductive in this context refers to the promotion of trapped or immobile charge carriers
into a conductive band using a photon.
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is much faster than the inverse of this characteristic thermal time (i.e. f >> pckT)
In this frequency regime, the peak to peak éhange in temperature between periods of
illumination and darkness will be greatly reduced.

To understand this effect, a 1-D heat transfer model (which is detailed in Appendix
A) was created to model temperature transient on the surface. A schematic of the
model system is given in Figure 5-5. In the model, the sample has a thin film surface
(to represent the Si:S layer on the surface) that absorbs the incident radiation. The
model assumes that none of the laser radiation is absorbed in the substrate. The
incident flux of radiation is given by gueer, and the back surface is held at a fixed
temperature (7},) by a thermal sink. The sample surface is represented by temperature
T,. For the measurements performed for this thesis, a large block of copper is used to
mount the sample, and is represented by the thermal sink shown in Figure 5-5. The
laser intensity is assumed to be sinusoidally varying in time.

The model was used to study how the peak to peak change in surface temperature
varies as a function of laser chopping frequency, f. The results, which show the peak
to peak change in ATs/ATs,, (dimensionless temperature, where 75, is the steady
state change in surface temperature) as as function of non-dimensional frequency
(fpcL?/k) are in Figure 5-6, and shows that the peak to peak change in temperature
decreases only above a certain critical value of dimensionless frequency.

Because the electrical conductivity of Si:S samples used for this experiment is so
temperature dependent, sample heating is the largest false positive present in these
measurements. The frequency dependence will be employed to differentiate a heating

and a photoconductive (or non-thermal) response in the following measurements.

5.3 Sample Fabrication

Photoconductivity samples received an S ion implantation dose of 3 x 101° S cm 2

and have a peak S concentration of 1.2 x 10?20 S cm—2 after PLM. Because measure-
ments are performed at a temperature of 36 K, freeze-out of the S-donor electrons

means additional doping is required to create contacts with low contact resistance at
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Figure 5-6: Thermal modeling results indicate high chopping frequencies reduce peak
to peak temperature changes of sample surface. ATgg represents the steady-state
temperature change.

low temperature. Heavy doping of P locally underneath the metal contacts is used
to achieve this. Creating excellent metal-semiconductor contact is vital to the exper-
iment in two ways. First, by reducing contact resistance, the major resistor in the
sample becomes the S-doped region, which makes estimates of the sheet conductivity
of that region accurate (which will be described in section 5.4.2). Second, heavily
doping reduces false positives, such as internal photoemission, which is described in

Section 5.2.6.

To achieve the heavy P doping under the contacts, a new modified sample prepa-
ration was performed, as shown in Figure 5-7. Photoconductivity samples received a
blanket 328t ion implantation dose of 3 x 10 atoms cm~2 and a second, local 3'P*
ion implantation at 10 keV to a dose of 1 x 10'® atoms em~2. The sample area that
received the P implant was defined by photolithography. An additional control sam-
ple received a blanket implant of both the 32S* and the 3'P*. After implantation, the
PLM process was performed as described in Section 2.3. SIMS measured a surface
concentration of P at 2 x 10 atoms cm 2, which is well above the insulator-to-metal
transition for Si:P [115, 3], ensuring that no carrier freeze-out would occur under the
contacts. Contacts consisting of a stack of Ti/Pd/Ag (20/20/200 nm) were defined
by photolithography aligned to an area with the P implanted regions and deposited

by e-beam evaporation. A schematic of the sample geometry is shown Fig. 5-8. The
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3x1015+532 cm-2 at 95 keV 1x10% P*cm at 10 keV

VUL SRRy

Implant S everywhere on Mask areas with photoresist, then
surface of wafer perform shallow implant with P

T

Si substrate

: .'Si substrate

PLM and heal crystallinity Deposit Ti/Pd/Ag stack

Figure 5-7: Overview of process of making photoconductivity sample with local P
doping under contacts.

control sample with P implanted everywhere had identical metal contacts and will be

referred to as the “contact control sample.”

The samples are mounted using silver paint onto a piece of FZ silicon which had
100nm of silicon nitride deposited on it’s surface, and Ti/Au rectangular pads e-beam
deposited on it’s edges. The silicon nitride acts as a dielectric to electrically insulate
the sample from the copper block to which it is mounted, but is kept thin enough to
maintain good thermal contact. Al wire bonds connect the bus bar of the sample to
the Ti/Au pads. Thermal grease (Apezion N) is used to create good thermal contact
to the copper block in the cryostat and the FZ Si sample mount. Electrical contact

is made using copper-berylium tabs that make mechanical contact with the Ti/Au
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Figure 5-8: A schematic of the photoconductivity sample and contact control sample
from a top-down view. Not drawn to scale. Actual samples have 8 fingers from each
busbar.

pads. Figure 5-9 illustrates the sample and it’s mount.

5.4 Experimental Methods and Results

5.4.1 Temeperature Calibration and Cryostat Description

Low-temperature measurements were performed in a closed-cycle He cryostat at 36 K.
A quartz window allowed optical access through the vacuum shroud to perform pho-
toconductivity measurements. During 4-point resistance measurements, the quartz
window was replaced with a steel disc. Temperatures reported in this paper are
based on a calibration where the temperatures measured by a permanent sensor in
the cryostat was correlated to a temperature measured using a cryogenic tempera-
ture sensor (Lakeshore DT-670B-SD) mounted in an identical fashion as the actual
samples. Temperature calibration measurements were fairly repeatable; the lowest
reached temperature was within +1 K between three separate calibration runs, indi-
cating that the thermal grease and mechanical pressure applied to attach the sample

to the copper block in the cryostat provided a repeatable thermal resistance.
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Figure 5-9: Photoconductivity samples are mounted on on a a float zone (FZ) silicon
wafer coated with silicon nitride (SiN,) to electrically isolate the sample from the rest
of the system. Ti/Au contact pads were connected to sample’s busbars via Al wire
bonds.

5.4.2 Electrical Characterization

Four-point current-voltage measurements determined the sample resistance as a func-
tion of temperature and confirmed that carrier freeze-out occurs in the S-doped region
of the photoconductivity sample. Similar measurements were performed on the con-
tact control sample to estimate contact resistance and ensure that the P implanted
regions were metallic and did not experience carrier freeze-out. The results of these
measurements are shown in Figure 5-10, which demonstrates two important charac-
teristics of the samples: first, that the S-doped region is the largest resistor in the
photoconductivity sample, and second, that both the resistances of the S&P-doped

regions and the metal contacts are negligibly small at low temperature.

In the inset in Figure 5-10, the estimated sheet resistance, ppeet, of the S-only
doped region in the photoconductivity sample is plotted and compared to four-point
resistivity measurements performed by Winkler [147] on a sample which received the

same S implantation but was prepared for Hall effect measurements. The value of
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Figure 5-10: Resistance measurements of photoconductivity sample and contact con-
trol sample. Inset shows estimated pspeet Of photoconductivity sample compared to
literature values of a similarly prepared sample [147].

psheet for the photoconductivity sample was estimated using the known geometry of
the sample and assumed that only the entire measured resistance was dropped across
the S-only region. The measured sheet resistivity data on the photoconductivity
sample and the measurements by Winkler are within a factor of two of each other for
temperatures below 250 K and are plotted in the inset of Figure 5-10; this indicates
that at low temperature, the summation of the resistances from the contacts, wire-

bonds, and the S & P regions have a negligible contribution to the overall resistance.

5.4.3 Photoconductivity

Two different light sources were used to illuminate the sample with monochromatic
light. 1550 nm and 405 nm laser diodes, which were cooled using a thermoelectric
stage mount, provided 60 mW and 0.4 mW of incident radiation to the sample,
respectively. Apertures of varying sizes were used to estimate the beam spot size and
determined in both cases it was between 500 and 700 pm, which is smaller than the
area enclosed by the busbars and the metal fingers on the sample, and larger than
the spacing between metal fingers, which eliminates any issues with inhomogeneities
(see Subsection 5.2.4). The light was mechanically chopped using an optical chopper
wheel for frequencies ranging from 0.01-1000 Hz.
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In this set of experiments, a large portion of the photo-response seen from sub-
band gap light is attributed to the laser heating the sample; the Si:S sample’s re-
sistance, and thus its conductivity, is very temperature dependent, so any heating
can give a false photo-response. To separate the thermal portion of the response
from the photoconductive portion, the response was measured at different chopping

frequencies, and the theoretical motivation for doing so was discussed in section 5.2.7.

To measure the change in resistance of the samples, two different, but complemen-
tary, methods were used, measuring photoconductivity at high and low frequencies,
respectively. At low chopping frequencies (< 9 Hz), the sample resistance was mea-
sured as a function of time using a Keithley 2400 digital sourcemeter, which had a
temporal resolution of 40 ms. At high frequencies, a Signal Recovery 7265 lock-in
amplifier was used to measure the light-induced change in sample resistance. The
digital sourcemeter was used to provide a DC voltage, Vapp, across the sample and
a comparative resistor, Rg, which were in series. The change in sample resistance
was measured via the lock-in amplifier which monitored the AC voltage signal, with
a peak-to-peak amplitude of AV, across R, as shown in figure 5-1. To ensure that
the measurement system was behaving predictably (i.e. fits equation 5.1), differ-
ent resistors were used for Rc and a sweep of V,,, was performed at every chopper

frequency.

For measurements taken using the lock-in amplifier, the average sample resistance,
Ry, was determined by measuring the average current, I, provided by the sourcemeter.
Thus we can estimate Ry = V,pp/] — Re. AV is measured at different values of V;,
and the slope of this curve is used to estimate the right-hand side of equation 5.1
and then solve for AR. In figure 5-11, AV is plotted against V,p, for the both the
highest and lowest chopped frequencies where the lock-in was used to measure photo-
response of 1550nm light, and a linear trend is observed, as is expected from equation
5.1. While the trend is linear, there is a small offset at both the xz and y intercepts
that is just above the noise floor of the measurements, which means that internal
photoemission cannot be eliminated from the signal (see discussion in Section 5.2.6).

Additionally, from equation 5.1 and 5.3, AV/V,,, should peak when R¢ is equal to
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Figure 5-11: Measured AV for different V,,, at highest and lowest frequencies mea-
sured using the lock-in amplifier illuminated under 1550 nm laser light.

R;. A plot of AV/V,,, for different values of R is given in figure 5-12 and equation
5.1 is used to fit the data; the excellent fit suggests that no capacitive or inductive
effects in the system affected the measurements and that the system is well described

by the circuit shown in figure 5-1.

Sheet, conductivity of the S-doped region at 36 K, illuminated by chopped 1550
nm laser light, is plotted as a function of time in the left of Figure 5-13. For the
lowest chopping frequency, 0.01 Hz, a rise time of around 10 seconds is needed for
the conductivity to reach steady-state. This slow response time is attributed to
heating of the sample surface by the laser. While a purely photoconductive response
would reach steady state much faster than the time scales investigated here, a thermal
response time can be much slower and is determined by the thermal mass and thermal
diffusivity of both the substrate and the sample mount, as discussed in Subsection

8:2.7.

The fact that the thermally-induced response occurs over time scales that are
many orders of magnitudes slower than a photoconductive response means that the
two competing effects can be separated and individually quantified simply by changing
the light-chopping frequency. Chopping at frequencies that are faster than the thermal

transient response time will reduce the overall portion of the AC signal that is derived
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Figure 5-12: Measured AV/V,,, for different values of Rc under 1550 nm laser il-
lumination for highest and lowest frequencies measured using the lock-in amplifier.
Dashed lines represent fits to measured data using Equation 5.1.

from sample heating. This effect is seen in left of Figure 5-13, where the peak-to-
peak change in sheet conductivity, ggneet, is reduced as the chopping frequency is
increased. This trend is extended to higher frequencies, where ogheet is divided by
the flux of absorbed photons, Ggeet, and the charge of an electron, is plotted as a
function of chopper frequency in the right of Figure 5-13. At high enough chopping
frequencies, the thermal transient response is reduced to below that of the presumed

photoconductive response.

Giheet, the sheet carrier generation rate, is determined by Ggheet = Npn(1 — R —
Tw)/A. Npy is the measured rate at which photons hit the sample in photons per
second and is measured using a National Institute of Standard (NIST) calibrated pho-
todiode with known quantum efficiency. R, and T}, are the measured transmittance
and reflectance, respectively, of the optical sample described in the previous chapter
with the same S concentration and measured in the previous chapter. A is the active
area of the device (1.1 x 1.575mm?.) The value of Ggheet is measured to be 5.4 x 108

carriers cm 257 L.

The photo-response at high frequency is used to determine an upper limit of the

teTe product for mobile electrons freed from trap states by 1550nm light.
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Figure 5-13: On the left, the time-conductivity scans of the photoconductivity sample
are shown under 1550 nm illuminated light. On the right, the results on the left are
combined with measurements taken using a lock-in amplifier, where the peak-to-peak
change in sheet conductivity is divided by the product of sheet generation rate and
the elementary charge, Ggheeté-
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The value of (2.541.5) x 10~%¢m?/V in equation 5.8 acts as an upper limit on the
teTe product because false positives, such as internal photoemission from the contacts,
cannot be ruled out as a possible contributor to this response. This low sub-band gap
response is consistent with previous contactless measurements [111], and provides an
upper limit that is below the noise floor of previous measurements [106].

The same analysis described above is repeated using above-band-gap light at 405
nm, and is plotted in the right of figure 5-13, where the response is constant over
all chopping frequencies measured; this indicates that thermal effects are minimal,
and acts as a control to demonstrate a purely photoconductive response. Because
the absorption length of 405 nm light is estimated to be around 500 nm (i.e. deeper
than the hyperdoped layer) from previous low-temperature absorption measurement
in pure silicon [27], the value G used for the 405 nm light certainly includes carriers

generated in the substrate. Therefore, the measured Aogpee;/Gsheet® cannot be used
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to estimate a mobility-lifetime product for either holes or electrons in the S-doped
region, but represents an upper bound. It has been shown that holes have a larger

value for ppm, [105] than electrons.

Using low temperatures to perform photoconductivity measurements has increased
the sensitivity over previous room-temperature measurements by freezing out carri-
ers and decreasing the dark conductivity. This enables the measurement of an upper
limit of the pe7e product that is nearly two orders of magnitude lower than previ-
ously measured in this material system. Frequency dependence of the photo-response
for sub-band-gap, 1550 nm light was used as a tool to differentiate between a ther-
mal photo-response and the non-thermal (possibly photoconductive) response. The
response from above-band gap, 405 nm light was much stronger and did not have
any frequency dependence, presumably because it was not appreciably heating the

sample, and is used as a control.

5.5 Conclusion

Using low-temperature, proper design of the contacts, and selective doping increased
the sensitivity of these photoconductivity measurements over previous efforts [106],
and enabled for the first time to measure an actual photo-response in PLM Si:S using
sub-band gap photons. The results presented here provide an upper limit of pe7e,
which was evaluated by measuring a change in the conductivity by excited carriers
from an IB into the CB with sub-band gap light. It was estimated that at 36K, the
photo-excited electrons had pe7. of less than 2.5 x 1079 cm?/V. However, how does

this result compare compare to Shockley-Reed-Hall (SRH) recombination statistics?

To explore this question, we’ll compare the result presented here to literature
values of the capture cross-section of S in Si. Grimmeiss measured an electron capture
cross-section of o, = 2 x 10™5¢m? using deep-level transient spectroscopy [41]. Using
this capture cross-section, we can estimate the lifetime associated with a trapping

rate for when traps are completely empty:

115



1

B NTO'e'Uth (59)

Ted

The value of 1/7. is a parameter used in SRH statistics that signifies the “prob-
ability per unit time that an electron in the conduction band will be captured for
the case where all traps are empty are all empty, and, consequently, in a position to
capture electrons” [130]. The lifetime of carriers measured in this experiment should
be much longer than 7, because it is likely that the majority of traps are occupied
at low temperature and are thus unable to trap an electron (see Appendix B for a
discussion on how 7, and 7y relate).®> However, estimation of 7., gives us a lower
limit for the effective electron lifetime, 7,. If we assume the density of trap states is
equal to the sulfur concentration (Np = 1.2 x 10 cm™3), use the electron capture
cross section as the value reported by Grimmeiss and the appropriate constants [3§]
for the thermal velocity of electrons in Si, we estimate 7, = 2ps at 36 K, which is on

the order of thermalization time for an excited carrier [36].

Now, in order to compare this estimated value of 74 to the results to the p.7.
product measured using photoconductivity, an estimate of mobility for carriers in
the CB for these samples at 36 K is needed. The Hall effect measured mobility and
sheet carrier concentration in a sample which received an identical dose and PLM
treatment as the photoconductivity sample is reproduced in figure 5-14. At 36 K,
the measured mobility is ca. 15%. However, at this S concentration, the majority
carrier transport at low temperatures is dominated by a thermally-activated hopping
mechanism in the IB [147], and is why the this insulating sample does not exhibit
a Hall carrier freeze-out, but a Hall mobility freeze-out. The CB most likely has
a higher mobility for carriers than the one measured in Hall, but we can use this
as a lower limit on mobility; this yields an upper limit on lifetime of 7, <130 ps.
Considering, the mobility could be in the neighborhood of the value measured at

room temperature, 162‘:\%27 the actual value of 7, could be an order of magnitude

3 Additionally the number of traps that are emptied via photo-excitation is estimated to be less
than one in a million. This estimate is made by taking the generation rate and dividing it by the
number of S atoms.

116



temperature [K]

30 20
150 o 1014300 85 50
+ +
— +
N * . 2
.-m = * + b +
*
> 100 . 5107 %
+
5 e 8
E " + % +
8 50 N 3 107 .,
E o +
= * £ +
= + @« trreaart
i
0 10"
0 100 200 300 400 0 20 40 60
temperature [K] 1000/T [K "]

Figure 5-14: Hall data measured by Winkler [146] for a Si:S prepared prepared which
received an identical dose and PLM treatment as the photoconductivity discussed in
this chapter (implant dose of 3 x 10'5 cm™2 and peak S concentration of 1.2 X 102
cm™?).

lower.

This result also indicates that the IB band must be partially un-occupied. Using
the analysis in Appendix B, we can relate 7. and 7o via a generation rate and the IB
occupation probability. Using an effective layer thickness of 270 nm, we can estimate
the volumetric generation rate using Geheet/det = 2 x 102 carriers cm™2s ™. For N,
we can assume that this is roughly equal to the S concentration. Under high injection
conditions (i.e. the vast majority of traps are emptied optically), then we can use

Equation B.15 to estimate 7.

G
TeOHigh Injection Te?N—T £ 3x 10 & (5.10)

Clearly, this result is non-physical (i.e. five orders of magnitude faster than ther-
malization times), so it is unlikely that we are in the high-injection regime. Next we
can estimate a 7o for the low-injection regime. Assuming that the majority of holes
in the IB result from the presence of shallow acceptors, we can approximate equation
B.18 as 7. & Teo/ fpTo, Where fu o is the probability of a trap state being occupied by
a hole in the dark. If we assume that the value of 7, is consistent SRH recombination

and the previously published value of the electron capture cross-section, then we see:
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Foro = %9 = 0.015 (5.11)

e

This means, that for our result to be consistent with the SRH statistics and the
previously reported electron capture cross-section, then we must have a hole occu-
pation rate that is above 1.5% (and below 15% if we assume an upper limit of the
measured mobility at room temperature). If hole occupation rates are lower than
1.5%, then this system has faster recombination than predicted by SRH. The concen-
tration of acceptors present in this material is currently unknown. However, compen-
sating defects have been seen in Si:S before when prepared by thermal annealing [65];
additionally vacancies (which may result from PLM treatment) are known to form
acceptors states when paired with with oxygen in CZ Si wafers [34]. Additionally, the
fact that hopping conduction at low temperature at this S concentration is possible
indicates that there must be some amount of compensation [87].

Current work on low-temperature Hall measurements are being performed to esti-
mate IB occupation rates using various compensation ratios with B. Until occupation
rates are known, we won'’t be able to generate a full picture of the recombination dy-
namics in this material. For now, it is clear that the results here are non inconsistent

with SRH and the previous published electron capture cross-section [41].
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Chapter 6

Conclusion and Future Directions

for IB Materials

In this thesis, we’ve explored the band structure, optical absorption and transport
properties of S-doped silicon in the context of developing a material for an IB PV
device. Using the criteria for screening potential IB PV materials outlined in section

1.6, we can eliminate S-doped Si as a candidate IB PV material.

6.1 Estimate of Figure of Merit for Si:S System

We have shown through optical measurements that Si:S samples with S concentrations
of 2.1 x 10?2 em 3 and below have a measurable optical gap between the IB states and
the CB. This indicates that S concentrations must be kept below this limit to make
a material that has an electronic structure suitable for IB PV (i.e. to meet criterion
#1).

Measurements presented in this thesis allow empirical determination of v, for sam-
ples with concentrations below the IMT critical concentration. Combining the optical
data and the photoconductivity, an upper bound on v, can be calculated for a sample
with a 1.2 x 102 S cm~® peak concentration. Low-temperature photoconductivity
measurements yielded an upper bound on g7, of 2.5 x 107° c¢m?/V for carrier gen-

erated using 1550 nm light. From Figure 4-11,  is 8300 cm™! for 1550 nm photons.
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For an upper bound of W, (which is set to the Si band gap potential of 1.1 V) and a
value of ¢ = 2 (which Reference [63] deems suitable), an upper of limit on the figure

of merit described in Equation 1.3 is calculated:

1
ve < 5(1.1V)(25 x 10~° cm?/V)(8300 cm™!)? = 0.05 (6.1)

To make a useful IB absorber layer, v, must be greater than unity; thus, S-doped

Si is an unsuitable material system for an IB absorber layer.

It is important to note that we are assuming that the optical transition that is
excited in both optical and low-temperature photoconductivity experiments is from
the IB to CB, and hence the subscript “e” is used on v,.! Were Si:S to have a
sufficiently high v, then further characterization would be needed to verify both
optical strength VB — IB, transitions and estimate uym, for holes, which would

require depleting the IB via counter-doping.

6.2 Is Impurity Band PV Possible?

In this thesis, we’ve demonstrated that Si:S will not make a suitable IB PV device.
However, what other semonductor:impurity combinations look promising? What di-

rections should future research take on this topic?

There are two research paths moving forward to verify if IB PV can enhance the
efficiency of solar devices. Either researchers can pursue materials that may exhibit
lifetime recovery, or we can assume that lifetime recovery is not real and try to find
deep level impurities that have a strong optical cross-section but a weak electrical
cross-section. The next two sub-sections will discuss the possible future directions for

each pursuit.

1See Reference [123] and section 2.5 for a discussion on this topic.
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6.2.1 Search for Lifetime Recovery

The original concept of the impurity band approach envisioned incorporating deep-
level dopants at sufficiently high levels to drive an insulator-to-metal (IMT) transition
and form a metallic impurity band within the band gap; at dopant concentrations
below the IMT, non-radiative recombination would dominate, but above the IMT it
was theorized that lifetime recovery would occur and suppress non-radiative recom-
bination [74]. As discussed in Section 1.4.1, despite claims of lifetime recovery in
Si:Ti, no definitive work has demonstrated this effect. Additionally recent theoreti-
cal work suggests sufficient lifetime recovery is impossible, and that even at dopant
concentrations above the IMT, lifetime will not be significantly reduced from the
independent-dopant limit [63].

While the debate around the theory of lifetime recovery still continues, more ex-
perimental work needs to be done to understand the interaction of deep-level dopants.
In this thesis, we’ve shown that lifetime recovery is not possible in Si:S because sub-
stantial broadening of the IB at the IMT ruins the electronic structure, but dopants
that have a different valence structure might not lead to substantial broadening. Fur-
ther work using transition metals in Si may be a promising area. Further work on
Si:Ti may prove successful if crystalline materials can be made using PLM of Ti-
implanted Si, however, all the work on Si:Ti has been performed on layers that were

not single crystalline (i.e. had undergone cellular breakdown during PLM treatment).

6.2.2 Enhanced Efficiency from IB PV in the Absence of Life-

time Recovery

While we have shown that Si:S is unsuitable for IBPV, we can try to make estimates
for other material systems to see what possible other combinations of host semicon-
ductor and impurity are promising. To do this, we’ll estimate the value of v,y by
collecting literature values of optical and electrical cross-sections for impurities in Si
at dilute concentrations; using these values, we can estimate mobility, lifetime, and

absorption to estimate the figure of merit for both electrons and holes.
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As demonstrated previously in equation 4.27, the absorption coefficient for a par-
ticular transition involving deep levels scales linearly with impurity concentration.
We'll need to evaluate both transition (VB—IB and IB—+CB), and thus we label our
absorption coefliciency as oy and . for both respective transitions. In an impurity
band material, the IB should be partially full, so that both VB—IB and IB—CB
transitions are both possible. To reflect this, we’ll alter equation 4.27 to reflect this
by introducing a term that represents the occupation probability of a trap state in
the dark, fro. We assume low-injection conditions, and thus fpy = fr, where fr
represents the trap occupation rate during illumination. The altered equations are

shown below:

an = fTONTaOh (62)
ae = froNyoo, (6.3)

We can assume that the lifetimes are approximated by the trapping rates for
both electrons and holes with a deep level impurity. We’ll use a modified version of
SRH recombination to describe the trapping rates of electrons and holes into the IB,
respectively in a low-injection limit (see Appendix B). The value of Nt is now modified
by the pre-factor 1 — frg to estimate the number of empty traps (see Appendix B and

Equation B.18 for full derivation and justification).

1

Te h =
¢ (1 — fro)Nroenvin,,

(6.4)

To estimate mobility, we optimistically assume impurities are not ionized and

thus electron and hole mobility is limited only by lattice scattering only, . ., and

e,h?

neutral impurities, fip,, [70].

1 1 1
_ + (6.5)
Heh /J'latte,h lu’nje,h
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Now, if we combine equations 6.2, 6.3, 6.4, and 6.5 we can estimate all the neces-
sary parameters for v,y for a semiconductor:impurity combination using only known
values for electrical and optical cross-sections. This is shown in Figure 6-1 for Si:5;
in the top left, the absorption scales is estimated using the optical cross-section esti-
mated in Chapter 4, the electron capture cross-section is estimated using literature
values from Grimmeiss {41], and a half-full band (fr = 0.5) is assumed. Doing this,
an upper limit of v, < 0.002 is found at high Np, which is lower than than the empir-
ical value. However if a value of fr = 0.985 is used (see section 5.5), then nu. < 0.6.
While a direct comparison between the measured v, and the estimate using equations
6.3 through 6.5 is not possible until the band occupation rate is known, this simple
analysis indicates that higher Nt does yield a higher v and makes a justification for
hyperdoping.

Now, in the very high impurity limit, mobility will be purely limited by neutral
impurity scattering; if we are in this regime, an optimistic estimate of v,y can be
made using our previously stated assumptions. This assumption is optimistic because
if impurities were ionized, mobility would be reduced further [70]. An actual device
would likely have a band that is half-full in order to allow both the promotion of
electrons and holes. Thus, an upper limit of vy, for a half-full band (i.e. fr = 0.5) is

given in 6.7.

1 Wq2m’2h U% h
v < —E d e 6.7
eh = c2 g ( 5eh3 Vth, ,Ten ( )

From equation 6.7, we can see that at high impurity concentration, the parameter
is not dependent on Nt, which means that only the optical and carrier capture cross-
sections are needed to estimate an upper limit of vey.

To search for an appropriate dopant in Si that that may yield an IB with a
suitably high figure of merit, a compilation of literature values of the electrical and

optical capture cross-sections for both holes and electrons are listed below for various
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Figure 6-1: Scaling estimates of f, T, and c, show that higher impurity concentration
yields a higher v, for Si:S. A value of ¢c=2 is used. Room temperature measurements
of the mobility using Hall are reproduced in top right from [146]. Calculations are

for T=300 K.
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impurities in silicon. For the optical cross-sections reported here, the value at the
peak of spectrum is reported. A more rigorous analysis would require estimating
these values spectrally and weighting them with solar spectrum. Both the electrical

and optical cross-sections are then used to estimate a figure of merit using Equation

6.7 and the results are plotted in Figure 6-2.

| Element | Energy [meV] | Oe | 0o, | Reference(s) JJ

S(MD) | Ec-250 2x 101 2 x 10-10 [92], [41]

In (A) | By +157 2 % 1022 ] [136]
w(A) | Ec—550 |7x1077to4x 1071 2 % 10717 [94], [78],122]
Pt (D) | Eo— 250 3 x 10~V 2% 10716 to 4 x 10714 | [22], [12]

Fel (D) |  Ev+3%0 5 x 10714 2 x 10716 [78],[149]
Ag (D) | By + 260 2 x 10715 2 % 10715 [94], [140]

Zn (A) | By +310 5% 10716 to 10715 3 x 10°15 [133]

Zn (dA) | Ev + 580 1020 to 10716 10717 to 10715 [133]

Table 6.1: List of both both electrical and optical cross-sections for electrons.

All

values listed are in cm? and optical cross-sections are for the maximum reported value
for given spectrum.

[ Element | Energy [meV] | Oh | 00, | Reference(s) |
In(A) | By + 157 Tx 1012 45x10 T to2 x 10 © | [124],22]
Au (A) Ey 4630 8 x 10715 10717 to 2 x 10716 [22]

Pt (A) | Eyv+200 |1x10717to6x 10715 2 x 10717 [94], [22]
Pt (D) Ec — 250 1 x 10716 5x 107 to 1 x 1071 [12], [22]
Fe; (D) | By + 380 7% 1077 3 x 10717 [78],[149]
Ag (A) Ec — 290 7 x 10716 5x 10718 [94], [140]
Zn (A) Ey + 310 107 to 10713 2 x 10716 [133]
Zn (dA) | Fy + 580 10716 o 10712 2 x 10-15 [133]

Table 6.2: List of both both electrical and optical cross-sections for holes. All values
listed are in cm? and optical cross-sections are for the maximum reported value for
given spectrum.

In Figure 6-2, the acceptor, double acceptor, and donor levels are labeled with

(A), (dA), and (D), respectively. The ranges of values for the capture cross listed in

Tables 6.1 and 6.2 are reflected in Figure 6-2 by showing a range of calculated values. -

For an IB PV device to work, the creation and extraction of both electrons and holes

are necessary, thus a high value of v, and v}, would be required for an efficient device.
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Figure 6-2: For values compiled in tables 6.1 and 6.2, an estimate of ranges of v}, is
plotted above using Equation 6.7 for different impurities in Si. The labels ‘D’ ‘A’,
and ‘dA’ denote donor, acceptor, and double acceptor levels, respectively.

Based on this criteria, the only impurity that holds any promise would be the double
acceptor level introduced by Zn". However, the fact that this donor level is ionized
means that mobility will certainly be lower that is estimated by Equation 6.5.
Additionally, this analysis makes no assumption about spectral dependence on
the optical cross-section, and a more detailed analysis would be necessary to actually
assess the efficiency potential of these impurities in Si. This estimate is meant to be

a quick and easy way to identify new impurities that may work for IBPV.

6.3 Impurity PV in Compensated Materials

There have been numerous theoretical studies on whether deep levels can enhance
efficiency while still maintaing SRH recombination statistics (i.e. no lifetime recovery)
by putting deep-level impurities in the absorber layer in a traditional p-n junction
solar cells. The equation describing generation and recombination (both optical and
phonon-assisted) via defects are well outlined in several References [139, 119, 118].
This device would be very different than the one described in this thesis, in the case

that the device is diffusion-limited, and not drift-driven. In the original theory paper
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by Keevers and Green [59], deep levels were introduced in the n-type absorber layer
using In acceptor impurities and a small increase in short circuit current was seen
with increased In content, with only a minor decrease in open-circuit voltage and
resulting in a slight increase in overall efficiency (less than 1.5% relative increase
when compared to a high efficiency cell). The impurity In was chosen for their study
because the trap level was close enough to the VB that promotion to that acceptor
level is completely thermal; this means that a two-photon process is not necessary to
generate carriers via sub-band gap light. Additionally, because the capture electron
cross-section for In is so low (see Table 6.1), the lifetimes of carriers can be kept
long. This idea of incorporating compensated deep-levels to increase efficiency in p-n
junction solar cell has been studied by many people theoretically [9, 156, 155, 8] that
have shown that this idea can increase efficiency. However, this idea has never been
brought to practice.

Despite this, one of the promising things that these devices structures possess is
that it decouples the necessity for a two-photon transition. This means that elements
which have a large v for one carrier type but not the other could be used in this type
of device. It is also important to note that the figure of merit for such a material

would use kT in place of V4; because it is a diffusion-limited device.

6.4 Final Thoughts

In this this thesis, we’ve explored how the fundamental material properties change at
hyperedoped concentrations as compared to dilute concentrations within the context
of impurity-band photovoltaics. When work began on this thesis, it was unknown
how the material properties would change at hyperdoped concentrations. As a result
of the work in this thesis, we've learned that the physics that describe these mate-
rial properties don’t deviate substantially from the physics developed for deep-level
impurities at dilute concentrations.

In Chapter 3, we learned that changes in the electronic structure are predictable

and number of deep-level states introduced by S scales with S concentration. The
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only noticeable change in bulk electronic structure occurs when the S concentration
exceeds that of the critical concentration to drive an insulator-to-metal transition
(147].

In Chapter 4, we measured both the energetic location and width of the impurity
band states. We learned that the location of the IB matches closely to the defect
levels measured at dilute concentrations. Additionally we learned that the optical
cross-section can be modeled in both magnitude and spectral shape using an optical
cross-section that describes deep-levels at dilute concentrations.

Finally, in Chapter 5, we measured the photo-excited transport properties of elec-
trons to understand the recombination statistics in hyperdoped materials. While
further work is needed to estimate the occupation probability of the impurity band,
we can say that there is no current evidence that suggests that recombination statis-
tics differ from theories developed for isolated deep levels [130].

From the knowledge generated in Chapters 3-5, we can confidently make the
assumption that models and theories that describe the band structure, optical exci-
tation, and recombination statistics mimic those developed at dilute concentration.
This assumption allows us to estimate the figure of merit for both holes and electrons
at supersaturated concentrations. These estimates point to new materials that can

ultimately lead to a successful IB PV absorber layer material.
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Appendix A

Unsteady Heat Transfer Model

This section is meant to provide further detail on the simple heat transfer model
discussed in Ch. 5. We start with the simple 1-D unsteady heat transfer equation
[83]:

dT  k 8°T

In the above equation, k is the thermal conductivity, p is the density, and c is the

thermal capacitance. To generalize this analysis, I non-dimensionalize equation A.1:

00 0%
= 2
- (r2)
T—Tb N x N tk
b= - Ty A ‘= pcL? (43)

Where T; = T is the steady state surface temperature for a constant radiative
heat flux Quaser, 2nd is determined simply by: Tt — Ty, = -‘llﬂlfé

The boundary conditions assume a constant base temperature and that the tem-
perature gradient at the surface matches that of the incoming light, which is varying
with time as a sinusoid with a dimensionless frequency, w, which is in “units” of

inverse (.
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Blomr = 0 (A4)

60 — L QIaser

%™ m(% + 0.55tn(wC)) (A.5)

Using the above un-steady equations and boundary conditions, we can use a nu-
merical solver to estimate the peak to peak change in surface temperature for different

laser chopping frequencies. The results from this are shown in figure 5-6
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Appendix B

SRH recombination with

generation from traps

Here, we’ll go over the recombination rates of traps assuming that the only photo-
generated transition is from occupied trap states into the conduction band. Excellent
references on recombination and generation (both optical and phono-assisted) via
defect levels can be found in References [139, 119, 118, 130]. We’ll start with equation
(3.8) from Shockley and Read’s original paper [130], which described the rate at which

carriers are captured from the conduction band and into a trap, Uy:

Un = Cvnprn - Cnanl (Bl)

where for and fr are the probabilities that a trap is unoccupied or occupied,
respectively. The value of n; describes the number of carriers in the conduction band
if the Fermi Energy was degenerate with the trap energy. We define the capture rate
for all traps being empty, C, as:
1

Cn = —= NTO’evthe (B2)
Te0

Additionally, we need to know the trap occupation probability. To estimate trap
occupation probabilities, we use charge neutrality and define it using trap donor

density (Nt), acceptor density (N,), dark carriers (n,), and number of electrons in
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traps (nrp). In this analysis, we assume that traps are donors.

NT - NA =Ny + N1o (BS)

Now, if we assume that the trap states are completely full at zero temperature
for an uncompensated system'! (i.e. Na = 0), then we can approximate the trap

occupation probabilities for holes in the dark (fyro) and under illumination (fyr):

no + Na
foro = TNe (B.4)
Na+A
for = To¥ s+ on (B.5)
Nt

Similarly, trap occupation probabilities for electrons in the dark (fry) and under

illumination (fr) are estimated as:

7
fro = _Nl;’ =1— fyro (B.6)
nt — An
Jr= _——TNT =1— for (B.7)

Now if we use equation B.1 and assume steady-state conditions, we set the net
recombination rate to zero (i.e. U, = 0). To account for carriers that are photo-

generated from traps into the conduction band, we add the term, G.

0= Cnpr(n() + An) - Cnanl -G (BS)

Re-arranging equation B.8 and using equations B.5 and B.7, we write the follow-

ing:

Y This is likely true for a double donor, such as S in Si. For a single-electron donor, each donor atom
introduces a spin-up and spin-down state, and would create a half-full band in an uncompensated
system.
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Na+A
0=cn(”°+ At AR Ao, (1o NATAY ¢ (B9
NT NT

We re-write equation B.9 in terms of An and multiply by %f to get:

0 =An?
+An (2ng + Np + 1)
N
+ (’no(’ng + NA) + nl(no + NA) — ny Nt — GFT-) (BlO)

In the dark, when G = 0, we know that An = 0, and thus we can write the
following using equation B.10:
0= ('n()(’n() + NA) + ’fll(no + NA) — nlNT) (B.ll)

We can use equation B.11 to greatly simplify the equation B.10.

0 =An?
+An (2ng + Na + n1)

Nr
-6 (B.12)

We can use the quadratic formula to solve for An for a set of given parameters.

—(2ng + Na +n1) £ \ﬂ2n0 + Na+m)? +4G2%
An = 5

(B.13)

Note in the above equation, the the only solution that yields positive An is when
the & is a +. Now under high injection, if we assume that 4G1§Jn >> (2ng+Na+n1)?,

we can get the following expression after using equation B.13:
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GNr

An =
n C.

(B.14)

If we make the substitution that An = G7., then we can estimate the effective

lifetime of electrons:

Nr _\/TeONT (B.15)

Tepighmjection — GC. = G

Equation B.15 will most likely be used when the traps are completely or nearly

full in the dark and photo-generation is what empties the band (i.e. fypo << for or
fro << fr).

Now, under low injection, we assume that (4GNt/C,) << (2n9+Na +n1)?, which

allows us to linearize equation B.13 to estimate the low injection An. We start by

re-arranging equation B.13:

11 AGEE
An=(2n0+NA+n1) '—§+§ 1+ (2720+NA+77,1)2 (B.16)

Using equation B.16, we can use the Taylor series expansion of V1 +z =~ 1+ %x
around z = 0 for small values of z, and get the following:
GNr

An = B.17
"= Cal2no + Na+ 1) (B.17)

Again, substituting the relation An = G7, into equation B.17, we estimate the

effective lifetime of electrons:

TeL Injection = NT - Teo ( NT ) (B-18)
v Cu(2ng + Na +n1) 2ng+ Na +my

Now in the case where n, is small and most of the traps are emptied by compen-

sation, this is simply:

Te = Te/ fpo (B.19)

This final result provides the basis for comparison between the electron capture
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cross-section measured for Si doped with S at low concentration to the S-hyperdoped

sample studied in Chapter 5.
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