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ABSTRACT

Renewable energy research, especially in photovoltaics, has created a push for new

materials and nanotechnology is currently a primary focus. The most familiar of the

nanomaterials, hydrogenated nanocrystalline silicon (nc-Si:H) is used in tandem with

amorphous silicon (a-Si:H) in multi-junction solar cells. A complicated, heteroge

neous material of crystallites suspended in an a-Si:H matrix, nc-Si:H has less light-

induced degradation than a-Si:H and its unique nanostructure is studied to better

understand its stability. X-ray scattering experiments reveal ellipsoidal crystallites

that are approximately 6 nm wide and 20 nm long and have a preferential [220] ori

entation in the growth direction in "best recipe" solar materials with approximately

a 50% crystalline volume fraction. The crystallite size does not change much with

increasing crystallinity, however the crystallites preferential orientation does become

increasingly randomized. The nanostructural environment evolves with annealing,

however the crystallites do not change indicating that the changes seen are driven by

hydrogen evolution from the material.

The crystallite interfaces are complicated, and the interface passivation has not

been well-understood. X-ray scattering results combined with NMR results show

that the interfaces of the crystallites are up to 40% passivated by clustered hydrogen.

Only 25% of the crystallites are shown to have a paramagnetic defect at their interface.

These results imply that there is some level of reconstruction happening between the

a-Si;H matrix and the crystallites. Light-induced electron spin resonance (LESR)

experiments reveal that the carriers created in the a-Si:H matrix reach the crystalline

phase from the a-Si matrix before they fully thermalize. This mechanism implies

that "warm" carrier collection is possible in Si-based nanostructures and may explain

the increased stability of nc-Si:H.
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CHAPTER 1

INTRODUCTION

The steady rise in energy demands and the implications of climate change have

stimulated research in renewable energy. By 2050 the global energy consumption

is projected to be on the order of 30 TW, by 2100 it is projected to be 46 TW

[1]. The push for sustainable and renewable technology has created a need for new

materials, especially in photovoltaics. First generation solar cells made of crystalline

silicon led the field in eflficiency, however the steep cost of approximately $3.00/W

keeps them from being competitive with traditional fossil fuels as a viable energy

alternative. Thin film technologies constitute the second generation of solar cells.

Although a more cost effective alternative, the lower efiiciency trade off has held

the second generation back from truly becoming a competitor. The third generation

of solar cells is being fueled by revolutionary technologies such as thin films with

nanostructural features. The hope is that these technologies will allow for a marked

increase in efficiency and decrease in cost allowing for solar cells to finally become a

competitive and viable energy alternative.

Nanostructures potentially have several important characteristics to contribute to

the efficiency of solar cells. Once the nanostructures are small enough (typically below

5 nm), they reach a level where quantum confinement becomes possible. These struc

tures allow for the possibility of multiple exciton generation [2] where one photon with

an energy of at least twice the band gap could create two electrons. Nanostructures

also have the hope to produce hot carrier collection [3], where the electrons can be

collected before they thermalize and lose their energy to their surrounding environ

ment. However, the current state of nanostructure research is still in the beginning

phases.



The most familiar of the nanostructure technologies is hydrogenated nanocrys-

talline silicon (nc-Si:H). Being related to hydrogenated amorphous silicon (a-Si:H),

nc-Si:H already has the advantage of 30 plus years of a-Si:H research to help under

stand the material. nc-Si:H contains small crystallites embedded in an a-Si:H matrix.

With its enhanced red spectral response, nc-Si:H is being used in multi-junction solar

cells with nc-Si:H as the bottom junction. United Solar Ovonic LLC has reported

efficiencies of 10.2% [4] for a single-junction cell and 14.5% [5] for a triple-junction

a-Si:H/nc-Si:H/nc-Si:H cell. Studying the nanostructure of these heterogeneous mate

rials allows us to gain knowledge that can be applied to other nanostructural systems

and for improved solar cells.

1.1 Stability

The a-Si:H films have been plagued by fact that as a-Si:H is exposed to light, the

efficiency of the material degrades. This degradation is known as the Staebler-Wronski

effect. Exposing a single-junction a-Si:H cell to light increases the defect density of the

material, which decreases the drift mobility of the carriers in the material. Typically

before light-soaking the defect density of a-Si:H is around 3 x 10^® spins/cm^. With

light-soaking the defect density increases to approximately 10^^ spins/cm^. The solar

cell industry deals with this effect by engineering around this problem. Thinner a-

Si:H layers are affected less, so i-layer thicknesses of 500 nm or less are typically used

[6].

Light-induced degradation has been studied in great depth over many years. The

recombination of electron-hole pairs across the band gap of a-Si;H causes degradation

of this material through the production of deleterious defects. Soaking a cell with

a higher intensity of light for a shorter period of time will cause more degradation

than if the cell is soaked with a lower intensity of light for a longer time period. The

degradation of the cell often reaches an equilibrium point after a few hours of soaking.



This last fact means that most a-Si:H cells sold are pre-light soaked so that the cells

marketed have already reached their equilibrium state. [7].

Microcrystalline silicon (/xc-Si:H) shows less light-induced degradation than a-

Si:H. |L(c-Si:H and nc-Si:H are sometimes synonymous for the same type of material

although ;UC-Si:H typically has larger volume fractions of crystallites than nc-Si:H.

Meier et al. [8] completed a light-induced degradation study of yUc-Si:H single junction

solar cells. The crystallites in the material for this study were 1 nm to 50 nm in size.

Figure 1.1 shows the normalized efficiency of single-junction nc-Si:H (blue) and a-

Si:H (red) solar cells based on the results from Ref. [8]. The nc-Si:H i-layers in the

cells used in this study were approximately 1.7 /rm thick, whereas the a-Si:H i-layer

was about 0.5 /rm thick. The a-Si:H cells used for comparison had initial efficiencies

greater than 10%. The nc-Si:H cell exhibits much less light-induced degradation than

the a-Si:H cell [8].

100%

nc-Si:H
80% -

a-Si:Hc 60%

y 40°/

Exposure time (min)

Figure 1.1: Schematic of light-induced degradation in nc-Si:F[ (blue) and a-Si:H (red)
solar cells based on Ref. [8].

The increased stability of ric-Si:H with light-soaking makes nc-Si:H a desirable

option for solar materials. Currently the mechanism for this stability enhancement is

not well-understood.



1.2 Nanostructure and Hydrogen in a-Si:H

The key to understanding the increased stability of nc-Si:H is to understand its

nanostructure. Before the nanostructure of nc-Si:H can be examined, we must under

stand the nanostructure of a-Si:H. a-Si:H is a disordered system with only short-range

order. Randomly scattered throughout the lattice are dangling bond defects where an

Si bond is not satisfied. These dangling bonds are detrimental to solar grade a-Si:H as

they act as traps for electrons and holes. Hydrogen, introduced during the deposition

process, will satisfy most of these dangling bonds increasing the quality of the a-Si:H.

Small nanoscale sized voids are also found within the amorphous network. These

voids are created where several dangling bonds cluster together. Hydrogen will cluster

in these voids because of Si-H or Si-H2 bonding [6]. Small-angle X-ray scattering

experiments show these voids to be randomly oriented. At most, a-Si:H only has 0.2

vol. % voids [9]. The average void size is around 5A with an average spacing between

voids of 20 to 30A. a-Si:H also contains about 0.1 at.% molecular hydrogen which is

trapped in small voids [6].

Mobile Hydrogen

Ehd

ju:

' I ^akbond
Jj. —
SI-H ^

Figure 1.2; Diffusion of hydrogen through bonds in silicon. Ehd is the energy it takes
to break an Si-H bond. [6].

Figure 1.2, based on Ref. [6], shows how hydrogen can move through the a-Si

lattice. If enough energy is contributed to the system to break an Si-H bond, Ehd:

the hydrogen atom becomes mobile. The bond energy of Si-H is typically about 3



eV below the energy of free hydrogen in the deposition gas. The H can then move

to satisty either more dangling bonds or weak Si-Si bonds, which exist because of

the disorder in the lattice. This diffusion will create a strong Si-H bond and another

dangling bond, which can be satisfied by another hydrogen atom [6].

1.3 Electronic States of a-Si:H

Because arSi:H does not have the long range order of crystalline silicon, the band

gap is less well defined. a-Si:H has a band gap of 1.7-1.9 eV depending on the

definition. Figure 1.3 shows the log of the density of states for a-Si:H. Instead of

having a well defined conduction and valence band edge defining the band gap, there

is a mobility edge. In a-Si:H carriers are free to move across this edge from the

conduction and valence bands into the band tails. While the conduction and valence

bands are defined by a continuum of extended states, the band tails contain localized

states. Dangling bond states exist within the bandgap between the band tails [6].

MobilHy
Edge

Log(D(E))
Band "Gap"
1.7-1.9 eV

«  >1

Band tails

Dangling

Ener;g/ (eV)

Figure 1.3: Log of the density of states (Log(D(E)) for a-Si:H as a function of energy.
[6].

The movement of carriers within the band tails and the conduction and valence

bands drives photoconductivity in a-Si:H. Figure 1.4 shows the mechanisms for carrier

mobility within a-Si:H. After illumination energizes an electron and hole, these carriers



will thermalize from the conduction or valence band into a corresponding band tail

state (Step 1). The carriers can then move further into localized band tail states (Step

2). Radiative recombination occurs when the carrier moves from the conduction band

tail to the valence band tail emitting a photon (Step 3). Non-radiative recombination

occurs when the carrier moves from the conduction band tail to a deep-level defect

or dangling bond state (Step 4). The last possibility for the carrier is to move from

the band tail back to the conduction or valence band (Step 5). Carrier hopping in

the band tails creates the photoconductivity in a-Si:H [6].

(1)
(5)

Ebandgap
1.7- 1.9 eV

— O

*-(3)
O ̂ '

(4)

Ev

Figure 1.4: Recombination processes that drive photoconductivity in a-Si:H [6].

Understanding the carrier dynamics in a-SitH is crucial to understanding how

complicated carrier dynamics will occur in nc-Si:H. The a-Si phase in nc-Si:H will

have a band gap similar to the one shown above, whereas the c-Si phase will have

a band gap of 1.1 eV [10]. The crystallite interfaces will have different band tail

characteristics than a-Si:H, but this characteristic is not currently well understood.

1.4 Deposition of nc-Si:H

Like a-Si:H, nc-Si:H can be grown using a variety of techniques. The films in this

thesis were grown using plasma enhanced chemical vapor deposition (PECVD). Most



of these films were grown at temperatures from 170°C to 200° C. During the deposition

process, silane gas is diluted with hydrogen, promoting the growth of crystallites in

an amorphous silicon matrix, where the amount of hydrogen dilution determines the

crystalline volume fraction of the material [11]. The materials in this thesis were

provided by two companies: United Solar Ovonic, LLC in Troy, MI and MV Systems,

Inc in Golden, CO. United Solar Ovonic, LLC has a proprietary technique, hydrogen

dilution profiling, to grow crystallites with a nearly uniform size and density.

«

Figure 1.5: TEM image of nc-Si:H. The crystalites are highlighted by the red ovals.

Figure 1.5 shows a TEM image of a crystallite in an nc-Si:H film from United

Solar Ovonic, LLC provided by Fields [12]. The crystallites are highlighted by the

red ovals in the picture. Figure 1.5 shows elongated crystallites oriented in the growth

directions which will be probed further in Chapter 3 of this thesis. MV Systems does



not use hydrogen dilution profiling while creating their material.

United Solar Ovonic, LLC has found that decreasing the crystalline volume frac

tion in nc-Si:H solar cells, hence increasing the amorphous component, does not neces

sarily increase the light-induced degradation. They hypothesize that perhaps smaller

crystallites and intermediate-range order may improve the crystallite boundary pas

sivation [13].

1.5 Motivation

Studying the nanostructure of nc-Si:H has several benefits. First, as nc-Si:H be

comes increasingly important in the solar community, creating an optimized material

becomes more important. Studying the crystallite structure and hydrogen environ

ment better determines what an optimized material should be. If we can determine

the passivation level of the crystallite interfaces and the effect of the crystallite inter

faces on carrier transport, perhaps a more efficient material can be produced.

Second, nc-Si:H is a bridge between second generation and third generation solar

materials. nc-Si:H is a thin-film amorphous material squarely located in the amor

phous silicon industry. However, with the inclusion of nanoscale crystallites in the

film, it has the possibility of providing an avenue to study the effect of structures

similar to quantum dots. Whether or not the crystallites are small enough to ob

serve quantum effects such as confinement [14], crystallite growth and passivation are

relevent.

Third, currently the increased stability of nc-Si:H against light-soaking is not well

understood. Before carrier transport can be thoroughly understood, the environment

through which the carriers travel needs to be explored, especially with regard to the

crystallite interface structure, defects, and passivation. If the cause of the stability

of nc-Si:H is determined, then it could potentially be applied to other nanostructures

such as quantum dots and nanowires.



Many characterization techniques were utilized in this thesis to study the nanos-

tructure of PECVD-grown nc-Si:H. We studied the crystallite size and orientation for

materials with varying levels of crystallinity via X-ray diffraction (XRD) and small

angle X-ray scattering (SAXS) experiments. Nuclear magnetic resonance (NMR) and

hydrogen effusion data, in conjunction with the SAXS data, probed the as-grown hy

drogen environment of "best recipe" solar cell materials. By annealing the films, we

probed the evolution of the nanostructural environment of nc-Si:H. After annealing,

XRD and SAXS explored the evolving crystallite size and orientation, while FTIR

and SAXS explored the evolving hydrogen environment. Electron spin resonance

(ESR) was used to study the defect density of the material. These results provide a

more complete picture of the nanostructural environment of nc-Si:H





CHAPTER 2

CHARACTERIZATION METHODS AND THEORY

Many characterization methods were used to understand the complex and hetero

geneous structure of nc-Si:H. X-ray scattering techniques such as X-ray diflfraction

(XRD) and small angle X-ray scattering (SAXS) explore the size and orientation of

the crystallites embedded in the amorphous matrix. Analysis of the SAXS results

probes electronic fluctuations in the films, thereby establishing what phases of the

materials contribute to the scattering. Raman scattering measures the crystalline and

amorphous volume fractions of the nc-Si:H fllms.

Nuclear magnetic resonance (NMR) probes the atomic environment of the thin

fllm. The amount and proximity of atoms can be determined from an NMR lineshape.

Combining the ̂ H NMR concentrations with the SAXS results provides a unique per

spective into the H concentrations in nc-Si:H and their locations in the fllm. Electron

spin resonance (ESR) studies the defect density of nc-Si:H. The location of the defects

and the hydrogen in the material indicate the level of crystallite interface passivation

achieved in nc-Si:H fllms.

Once the knowledge of the crystallite nanostructure and passivation of nc-Si:H is

gleaned, understanding carrier dynamics is desired and electron spin resonance (ESR)

provides the means for doing so. The increased stability of nc-Si:H with light-soaking

will depend on how light-induced carriers interact with defects in these films. Light-

induced ESR (LESR) probes how optically excited carriers diflFuse within nc-Si:H.

The carrier and defect behavior of nc-Si:H will be studied using light sources with

energies above and below the bandgap and compared with the carrier behavior of

a-Si:H.

However, before the nanostructure of nc-Si:H can be fully dissected, a basic un

derstanding of each of these techniques is necessary.
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2.1 X-ray Diffraction (XRD)

X-ray diffraction was used to probe the crystallite size and orientation of the films

using a Cu target in a Siemens D-500 X-ray diffractometer setup in a symmetric

Bragg-Brentano geometry as shown in Figure 2.1(a) [15, 16]. X-rays of wavelength A

= 0.154 nm are diffracted off the crystal lattice planes at a scattering angle, 6, which

following the Bragg law, create a diffraction pattern [10]. In a powdered c-Si sample,

which has a highly-ordered lattice, the most intense diffraction peaks are located at 26

— 28°, 47°, and 56° which represent the (111), (220), and (311) planes, respectively.

The normalized relative intensities of these peaks are 1, 0.55, and 0.30 in a powdered

c-Si sample [17].

Detector

Monochromatic X-ray beam

(a) XRD Setup

30 40

20 O

(b) a-Si;H XRD diffraction pattern

Figure 2.1: (a) X-rays are diffracted off lattice planes into the detector, (b) X-ray
diffraction pattern for a-Si:H. The peak at 45° comes from the aluminum foil substrate.

However, in an amorphous material, the diffraction peaks become broader. Fig

ure 2.1(b) shows the diffraction pattern for a-Si. Like c-Si, there is a peak at 28°

which is much broader than the c-Si peak, but no resolved 47° or 56° peak. The peak

at 45° in Figure 2.1(b) comes from the aluminum foil substrate on which this sample

was deposited.

12



An average crystallite size, Dxrdi can be determined from the c-Si peaks in no-

Si: H samples using the well-known Scherrer formula,

\/(u;2 - wliJ cos{e)

where, w is the full width at half maximum (FWHM) of the c-Si peaks, Wmin is the

minimum FWHM detectable with the available slit sizes and quality of focusing in

the XRD experimental setup, and d is the c-Si peak center [9, 15]. The values of 6

and w for each peak are found by fitting each c-Si peak with a Pearson function and

applying Eq. 2.1 to calculate Dxrd for those crystallites in that specific plane.

2.2 Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) probes fluctuations in the electron density of

the nc-Si:H films. Unlike XRD, SAXS is set up in a transmission geometry where the

sample is placed perpendicular to the X-ray beam as shown in Figure 2.2(a). These

experiments were completed on a SAXSess system, which is an updated model of the

Kratky system [18]. The beam is a monochromatic Cu-Ka beam with A = 0.154 nm

and the detector is an imaging plate.

In this transmission geometry, the momentum transfer vector, q = {Ait/X) sin 6,

is aligned in the plane of the film and 26 is the scattering angle [18, 19]. Electron

density fluctuations parallel to q are measured. In several experiments a modified

SAXS geometry, shown in Figure 2.2(b) where the sample is tilted 45° with respect

to the incident beam, is used. In these modified experiments, q no longer lies in the

plane of the sample, which allows for probing the eccentricity of ordered scattering

objects in the film. A difference in the scattering intensity between these experiments

will reveal non-spherical and oriented objects [9].

13



Monochromatic X-Ray Boini

Sample

Monochromatic X-Ra/ Beam

(a) Initial SAXS setup (b) Modified SAXS setup

Figure 2.2: SAXS setup for both experiments, (a) q is in the plane of the sample,
(b) q no longer lies in the plane of the setup.

10000

1000.

100

q (nm"^)

Figure 2.3: SAXS intensity for a-Si:H lineshape as function of scattering vector, q.

The SAXS intensity for an a-Si:H sample is shown in Figure 2.3. The scattering

intensity I{q) comprises of three components: scattering from large-scale features

Il{q), nanostructural features In{q), and diffuse scattering loiq)- At small q values

Il{q) dominates, at large q values Id{q) dominates, and In{<i) dominates for the

intermediate q values. I{q) is given by

— hil) + + Id{q)- (2.2)

For the general form of these variables see Ref. [9].

14
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(a) a-Si:H (b) nc-Si:H with large crystalline volume fraction

Figure 2.4: Raman scattering intensity as a function of wavenumber.

2.3 Raman Spectroscopy

Raman scattering can be used to explore the crystallinity and strain in thin film

materials. Monochromatic radiation, in our case a green laser, is shown on a sam

ple. The incident beam is scattered by the sample either at the same frequency and

wavenumber, vq, as the incident beam or scattered by transitions of vibrational, rota

tional and electronic levels creating a new series of wavenumbers, v' = vq^vm- The

scattering features where v'<vq are known as Stokes bands and those corresponding

to v'>vq are known as anti-Stokes bands [20].

The crystallinity fractions of the films were studied with a WITEC confocal Raman

scattering setup utilizing a laser at A = 532 nm. The scattering intensities were

measured with respect to the the laser line in units of wavenumber (1/cm). A typical

a-Si peak is centered at 480 cm~^, shown in Figure 2.4(a), and a typical c-Si peak

is centered at 520 cm~^, shown in Figure 2.4(b) for nc-Si:H with a large crystalline

volume fraction.
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2.4 Nuclear Magnetic Resonance (NMR)

NMR is a magnetic resonance technique which probes the atomic environment

for a particular nucleus: in this work, hydrogen is the atom of focus. Pulsed NMR

experiments [21] were conducted on an Oxford 8T superconducting magnet with a

MagRes2000 800 MHz spectrometer.

TRS
—

Preamp Rx

L  Ct Tx

Figure 2.5: NMR Tuning Setup

A sample is held in a coil of a tuning circuit, shown in Figure 2.5. The nuclear

spins, represented by the angular momentum vector, S, in the following equations,

each have a magnetic moment whose z - component is represented by =

jmh, where m is the associated magnetic quantum number and 7 is the gyromagnetic

ratio, which is different for each nucleus. For proton NMR, m = ±|. Once the sample

has been placed in the magnet with field Bq = B^, the energy of the nuclear spin

states becomes E = —fizBz — —^mhBz where the energy difference between the spin

states is AE = jhBz. In thermal equilibrium, the spin states distribute themselves

according to the Boltzmann relation so that the populations of the two states differ

by at equilibrium, meaning there are slightly more nuclei in the lower energy

state than the upper energy state [22].

When a radio frequency (RF) pulse with a frequency u = AE is applied to the

sample via the transmitter in the spectrometer, resonant absorption occurs within

the nuclei which induces a signal in the coil of the circuit. The atomic hydrogen

measurements were taken at a = 3.5 T and u = 153.057 MHz.
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2.4.1 Free Induction Decay

90'

FID

1^

Figure 2.6: Pulse sequence used to induce a free induction decay. A 90° pulse is
applied to the sample after a period of time, ti. Once the pulse has ended the
dephasing of the magnetization is detected by the spectrometer.

After applying a 90° pulse sequence as shown in Figure 2.6, the dephasing of spins

in the sample induces a signal in the coil which is called the Free Induction Decay

(FID) [21]. The FID for a-Si:H in the time domain and frequency domain is shown in

Figure 2.7(a) and Figure 2.7(b). Two separate hydrogen environments contribute to

the a-Si:H FID [23, 24]. The two environments (as seen in Figure 2.7(b)) are a narrow

line with a FWHM of approximately 4 kHz on top of a broad line with a FWHM

of approximately 25 kHz. These two features are not well resolved in this sample.

The narrow line is best represented by a Lorentzian lineshape and is attributed to

isolated hydrogen passivating dangling bonds in the a-Si matrix. The broad line is

best represented by a Gaussian lineshape and is attributed to hydrogen clustered

in voids in the a-Si matrix [25]. These two hydrogen environments exist in films

independent of thickness (in this case 1 /xm) and deposition technique [23, 24, 26, 27].

2.4.2 Spin-Lattice Relaxation

The rate at which the longitudinal component of the magnetization vector, M^,

recovers is called the spin-lattice relaxation rate. Mz relaxes by giving up thermal

energy to the surrounding environment, the lattice. The relaxation is often given by

M,(f) = M,(0)(l-e-'/^') (2.3)
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Figure 2.7: NMR Lineshape for a-Si:H taken at 7K. There are two hydrogen environ
ments: a broad line and a narrow line.

where ̂ 2(0) is the initial longitudinal magnetization and Ti is the relaxation time.

Ti is defined as the time when Mz{t) has recovered to (1-1/e) = 63% of Mj(0). [21]

To experimentally find Tj, we can again use a FID with the pulse sequence shown

in Figure 2.6. By varying the repetition rate t and plotting the associated FID

intensity, Ti can be determined using Eq. 2.3. Figure 2.8 shows a typical Ti recovery

curve for amorphous silicon.

2.5 Electron Spin Resonance (ESR)

ESR measures paramagnetic spins in a sample. The theory behind ESR is similar

to that of NMR except here the spin measured is from the electron rather than the

nucleus. When placed in a magnetic field Bq, each unpaired electron's magnetic

moment has two possible spin states, aligned parallel with the magnetic field, mg

= -1/2, or antiparallel with the magnetic field, m^ = -1-1/2. Analogous with NMR,

these magnetic spin states are associated with energy levels, E — ±^gfj,BBo where the

g-factor, g, depends on the electron's surrounding environment and //b is a physical

constant called the Bohr magneton. This splitting of energy levels is known as the
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Figure 2.8: NMR Lineshape Intensity versus t for a-Si:H taken at 7K. The solid line
is the fit to the data using Eq. 2.3.

Zeeman effect and it is by this effect that ESR measures paramagnetic spins in a

sample.

The typical ESR setup is shown in Figure 2.9(a). The sample is set in an applied

magnetic field. A constant microwave frequency of hu 9.5 GHz is applied where h

is Planck's constant and u is the frequency. The magnetic field is swept typically from

0 G to 7000 G. Once the microwave energy is in resonance with the energy difference

between the spin up and spin down states, hu = qubBq, the microwave frequency is

absorbed. The ESR signal produced is shown in Figure 2.10. A light source is added

to the ESR setup and aligned to shine into the cavity, shown in Figure 2.9(b), to study

optically excited carriers in the samples. This LESR study uses a neodymium-doped

yttrium aluminum garnet (NdrYAG) laser providing 1.1 eV excitation and high power

diodes providing 1.8 and 2.0 eV excitation.

Magnetic field modulation is introduced in the data-taking process to increase

the signal-to-noise ratio. Magnetic field modulation produces an ESR signal which

is proportional to changes in the sample absorption with the modulating magnetic

field resulting in a first-derivative line shape. The modulation amplitude should be
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Figure 2.9: Setup for ESR experiments, (a) sample placed in cavity and studied
without illumination [28]. (b) YAG laser provides 1.1 eV irradiation of sample.

much less than the width of the lineshape [29]. Figure 2.10 shows the first-derivative

lineshape of a-Si:H taken at room temperature using the setup in Figure 2.9(a).

The Maxwell-Boltzmann distribution determines the ESR signal sensitivity, which is

driven by the number of spins in the system, the temperature of the experiment, and

the magnetic field strength. In the case of a-Si:H the y-axis zero crossing corresponds

to the g-factor of the spectrum. For a-Si:H the g-factor is 2.0055 and the lineshape

derives from unpaired electrons associated with dangling bonds in the lattice [6].

3380 3400

B Field (G)

3420

Figure 2.10: ESR Lineshape for a-Si:H taken at 300K using the setup in Figure 2.9(a).
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CHAPTER 3

CRYSTALLITE SIZE AND ORIENTATION

The work described in this chapter has been published in the Journal of Non-

Crystalline Solids under the title "An X-ray Scattering Study of Hydrogenated Nanocrys-

talline Silicon with Varying Crystalline Fraction" by K. G. Kiriluk, D. L. Williamson,

P.C. Taylor, B. Yan, G. Yue, J. Yang, and S. Guha [30].

The first step to understanding the nanostructure and unique opto-electronic prop

erties of nc-Si:H is to grasp a working knowledge of the heterogenous matrix of crys

tallites suspended in the amorphous matrix. Three 1.5 nm. thick films with varying

crystallinity were studied using x-ray scattering techniques. Raman scattering deter

mined the crystalline fraction of each film using the methods discussed in Chapter

2.3. XRD determined the crystallite size parallel to the growth direction, while SAXS

determined the crystallite size perpendicular to the growth direction.

Studying samples with varying levels of crystallinity also explores any differences

that may occur with the increased number of crystallite interfaces. As the crystallinity

of the films increases, the number of c-Si/c-Si interfaces increases. In contrast, as

the crystallinity of the films decreases, the number of a-Si/c-Si interfaces increases.

SAXS probes fluctuations in the electron density of the material allowing access to the

crystallites, voids, and any clustered hydrogen in this material as well as determining

crystallite shape and orientation.

The samples for these experiments were deposited on 10 fj,m thick 99.999% pure

pin-hole free cold pressed aluminum foil. The samples were deposited at United Solar

Ovonic LLC. Varied crystalline fractions in the films were grown by varying the H2

flow rate and deposition time.
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Figure 3.1: Raman scattering on three USO PECVD grown nc-Si:H films with varying
crystalline fraction. Reprinted from Journal of Non-Crystalline Solids, Vol 357, K.
G. Kiriluk, D. L. Williamson, P.O. Taylor, B. Yan, G. Yue, J. Yang, and S. Guha,
An X-ray Scattering Study of Hydrogenated Nanocrystalline Silicon with Varying
Grystalline Fraction, Pages 2587 - 2589, 2011, with permission from Elsevier.

3.1 Crystalline Volume Fraction

Figure 3.1 shows the Raman scattering measurements on the samples. The blue

curve shows a peak at 480 cm~^ indicating a material that is mostly amorphous. The

red curve shows a peak at 520 cm"^ indicating a material that is mostly crystalline.

The black curve shows both the 480 cm~^ and the 520 cm~^ peak revealing a mixed

phase material containing both amorphous silicon and crystalline silicon.

A three Gaussian technique was employed to determine the crystallinity of the

black curve [31]. Both the a-Si and c-Si peaks, as well as a peak centered at approx

imately 500 cm~^ believed to represent the crystallite interface region, were fit with

Gaussians. The intensity of these Gaussians gives the crystallinity fraction of the
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Table 3.1: Crystallite diameter in the growth direction, Dxrd, from XRD for the
mixed phase and mostly c-Si samples. Reprinted from Journal of Non-Crystalline
Solids, Vol 357, K. G. Kiriluk, D. L. Williamson, RC. Taylor, B. Yan, G. Yue, J.
Yang, and S. Guha, An X-ray Scattering Study of Hydrogenated Nanocrystalline
Silicon with Varying Crystalline Fraction, Pages 2587 - 2589, 2011, with permission
from Elsevier.

planes 26 Dx RD mixed phase Dx RD mostly c—Si
n (nm) (nm )

(111) 28.6° 11 ± 1 17 ± 1

(220) 47.5° 18 ± 1 9 ± 1

(311) 56.3° 11 ± 1 9 ± 1

film.

_  h-Si + Ig.b.
^c-Si - J -7 -7 , 13. ij

^c-Si + ̂g.b. + ■'a-Si

where the intensities are defined by IcSi, Ig.b.i and la-si for the c-Si peak, the

grain boundary peak, and a-Si peak, respectively. This analysis gives a crystalline

volume fraction of approximately 30% for the mixed phase material represented by

the black curve in Figure 3.1

3.2 Crystallite Size In the Growth Direction

The crystallite size in the growth direction for each sample was probed using XRD.

The XRD patterns for the three samples are shown in the three panels of Figure 3.2.

The top panel has an a-Si pattern with a very broad peak at 28° and no 47° or 56°

peak. The middle and bottom panels have peaks at 28°, 47° and 56°. The other

peaks come from the aluminum foil substrate of each sample. The crystallite sizes for

each peak were determined using the Scherrer formula as described in Chapter 2.1,

and these results are shown in Table 3.1.

The intensity of the 47° peak for the mixed phase sample is larger than the 28°

peak. Typically in the diffraction pattern for a powdered c-Si sample, the 28° peak is

the most intense, which indicates that there is a preferential [220] orientation of the
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Figure 3.2: X-ray diffracton patterns of three USO PECVD grown nc-Si:H films with
varying crystalline volume fraction. Reprinted from Journal of Non-Crystalline Solids,
Vol 357, K. G. Kiriluk, D. L. Williamson, RC. Taylor, B. Yan, G. Yue, J. Yang, and
S. Guha, An X-ray Scattering Study of Hydrogenated Nanocrystalline Silicon with
Varying Crystalline Fraction, Pages 2587 - 2589., 2011, with permission from Elsevier.

crystallites in the growth direction of the film for the mixed phase material. The [220]

preferential orientation has been shown to yield better transport properties for /uc-Si

[32]. However, once the crystallinity increases, the crystallite orientation reverts back

to [111] along the growth direction. The crystallite sizes for the mixed phase sample

and the mostly c-Si sample are similar. However in each case the most intense peak,

47° and 28° for the mixed phase and mostly crystalline peaks, respectively, yields the

largest crystallite size.
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3.3 CrystcJlite Size Perpendicular to the Growth Direction

The crystallite size perpendicular to the growth direction was probed using SAXS

with the methods described in Chapter 2.2. Figure 3.3 shows the SAXS intensities for

the three samples as a function of the scattering vector q. The blue curves represent

the scattering from the mostly a-Si sample; the black curves represent the scattering

from the mixed phase sample; and the red curves represent the scattering from the

mostly c-Si sample. In each case, the filled circles represent the experiment where the

sample is aligned perpendicular to the x-ray beam (see Figure 2.2(a) for a description

of the experimental setup) and the open circles represent the experiment where the

sample is tilted 45° to the x-ray beam (see Figure 2.2(b) for a description for the

100000
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«  100^

0

c

mostly a-Si
•  no tilt
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mixed phase ̂
•  no tilt

o  tilt

mostly c-Si
•  no tilt

q (nm"')

Figure 3.3: SAXS intensity for nc-Si:H films. The solid lines are fits to the data.
Reprinted from Journal of Non-Crystalline Solids, Vol 357, K. G. Kiriluk, D. L.
Williamson, P.C. Taylor, B. Yan, G. Yue, J. Yang, and S. Guha, An X-ray Scattering
Study of Hydrogenated Nanocrystalline Silicon with Varying Crystalline Fraction,
Pages 2587 - 2589, 2011, with permission from Elsevier.
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Figure 3.4: SAXS scattering feature size distribution for nc-Si:H films. The mean
radius, <r>, of the scattering features is shown for each sample. Reprinted from
Journal of Non-Crystalline Solids, Vol 357, K. G. Kiriluk, D. L. Williamson, RC.
Taylor, B. Yan, G. Yue, J. Yang, and S. Guha, An X-ray Scattering Study of Hy-
drogenated Nanocrystalline Silicon with Varying Crystalline Fraction, Pages 2587 -
2589, 2011, with permission from Elsevier.

experimental setup).

In the mostly a-Si sample, there is very little difference in scattering intensities

between the two experiments. This is typical of PECVD grown a-Si:H which exhibits

isotropic scattering. The scattering derives from the contrast between the a-Si and

randomly oriented voids in the film [9]. In the mixed phase and mostly c-Si samples,

there is a decrease in the scattering intensity in the second experiment indicating

oriented and elongated scattering features. Because a-Si:H SAXS intensities are pro

duced from randomly oriented voids and produce an isotropic scattering pattern, it is

believed that the scattering from the mixed phase and mostly c-Si samples is related

to the crystallites [33].
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Each curve in Figure 3.3 was fit with a model based on Eq. 2.2 (for the general

form of these variables see Ref. [9]), shown as the solid lines, using the method in

Ref. [9]. The fits correspond to a nanostructural scattering feature size distribution,

shown in Figure 3.4, and an integrated intensity, Q, shown in Table 3.2 [9, 34]. Q

was calculated using

Q= ̂ / I{Q)Qd<l, (3.2)
where Qs is a geometrical factor determined by the experimental setup [9]. Prom Eq.

3.2 experimental Q's were calculated for the tilted and non-tilted data which gave an

aspect ratio of 4 to 5, based on an ellipsoidal shape model [9] for the nanostructural

features contributing to the SAXS scattering intensity. Using the tilting data, the

experimental Q was corrected for forward scattering due to a preferred orientation.

The scattering distributions are shown from the top panel down in Figure 3.4 for

the mostly a-Si, mixed phase, and mostly c-Si samples. The shape of the distributions

changes as the crystallinity of the material increases. The mostly c-Si distribution is

much broader, with more large features contributing to the scattering.

Q, shown in Table 3.2, is much larger for the mixed phase sample and mostly c-Si

sample than for the mostly a-Si sample. Typically in PECVD grown a-Si:H Q is on

the order.of 10^^ e.u./cm^ [34]. For the mostly a-Si sample, Q = 1.27 xlO^^ e.u./cm^,

which is higher indicating that there may be a few crystallites in this film. The mixed

phase and mostly c-Si samples produce a much higher Q indicating a greater contrast

in the electron densities of these films. The reason for the increased SAXS scattering

is probed in the next chapter.

The aspect ratio and average diameter, <D>, are also shown in Table 3.2. The

aspect ratio is determined by comparing the ratio of Q for the tilted and non-tilted

data. A larger discrepancy between Quit and Qnotut will lead to a larger aspect ratio.

The aspect ratio for the mostly a-Si sample indicates isotropic scattering features
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Table 3.2: SAXS results for each sample. The table shows the integrated intensity,
Q (given in electron units (e.u.)), for each curve from the nanostructural component
which was used to find the aspect ratio of the scattering features. The mean diameter
of the scattering features is also shown.

sample Qnotut (e.u./cm^) Quit (e.u./cm^) Aspect Ratio <D> ± 10% (nm)
mostly a-Si 1.27 X 10^3 1.90 X 10^3 0.3 9.2

mixed phase 3.80 X 10^4 1.25 X 10^^ 5 6.4

mostly c-Si 9.02 X 10^4 2.97 X 10^4 5 12.3

contributing to the scattering. The aspect ratios for the mixed phase and mostly c-Si

scattering features are the same showing features that are approximately five times

longer than they are wide.

3.4 Summary

Increasing crystallinity in nc-Si:H results in a distinct change in the nanostructure

of the material. The preferred orientation of the elongated crystallites changes from

the [220] to the [111] direction with increasing crystallinity. The sizes of the crystal

lites perpendicular and parallel to the growth direction are similar as the crystallinity

increases. XRD gives crystallite sizes parallel to the growth direction of approxi

mately 17-18 nm from the most intense diffraction peaks. SAXS gives crystallite

sizes perpendicular to the growth direction of 6-9 nm in the growth direction. SAXS

results show elongated and oriented scattering features in the mixed phase and mostly

crystalline samples, indicating that the scattering seen is related to the crystallites in

the material. The intensity of scattering increases significantly with increasing crys

tallinity which can not be accounted for by the electron density difference between

a-Si and c-Si.
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CHAPTER 4

HYDROGEN AND THE CRYSTALLITE INTERFACES

It is important to understand the role that the crystallite interfaces play in the

complicated nanostructure of nc-Si:H. Interfaces have been shown to possibly con

tribute to the opto-electronic properties of this material [13, 35]. The SAXS results

in Chapter 3.3 show a large increase in the scattering intensity with increasing crys-

tallinity. Increasing the number of crystallites increases the number of interfaces

suggesting the interfaces contribute to the marked change in the SAXS scattering

intensity.

Hydrogen plays an important role in the nanostructure of nc-Si:H. To study the

hydrogen contribution to the nanostructure, a series of experiments were completed:

NMR, temperature programmed desorption (TPD) and SAXS. Combining the results

of these experiments explores the interplay between hydrogen and the crystallite

interfaces.

4.1 H Content in nc-Si:H

The hydrogen in nc-Si:H comes in two flavors: atomic hydrogen and molecular hy

drogen. NMR experiments were used to probe the concentrations of both. Hydrogen

effusion experiments determined the overall hydrogen content in the film.

4.1.1 Atomic Hydrogen

Hydrogen effusion experiments were conducted using TPD to determine the total

amount of H in nc-Si:H films. For this particular analysis, a 1 /rm thick 50% c-Si/50%

a-Si mixed phase sample from United Solar Ovonic LLC, which was deposited on a

quartz ESR substrate, was used. The recipe used for this material is similar to that

used in high efficiency nc-Si solar cells at United Solar Ovonic LLC [36]. Raman
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scattering measurements show a crystalline volume fraction of approximately 50% for

these films [37]. TPD experiments were conducted at the National Renewable Energy

Lab by Dr. David Bobela. The experiments took place under high vacuum of 1 x 10~®

Torr. The H2 signal was taken using an Inficon Quadrex 200 mass spectrometer. The

background H2 signal was subtracted and 10 point smoothing was used on the data.

Figure 4.1 shows the H2 signal for 50% c-Si/50% a-Si nc-Si:H. The mass spec

trometer measures the amount of H2 that evolves as the temperature of the sample

is increased. H2 begins to move around 200°C. The first peak centered around 305°

is believed to originate from H2 moving from the crystalline grain boundaries. The

peak centered around 550° C likely originates from H2 bonded deeper in the a-Si phase

[38]. To determine the total hydrogen content in the sample, an H effusion curve is

also produced for an a-Si:H sample. The sample volume for the a-Si:H sample is well

defined and Fourier transform infrared spectroscopy (FTIR) [39] is used to determine

its H concentration. By comparing the integrated intensity of the a-Si:H and nc-Si:H

effusion curves, a total hydrogen content of 6 ± 1 at. % hydrogen in the nc-Si:H 50-50

mixed phase material was determined [40].
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Figure 4.1: Hydrogen effusion H2 signal from TPD experiments from USO mixed
phase material.
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To further probe the amount of hydrogen, an Hi NMR FID experiment was com

pleted as described in Chapter 2.4.1. The NMR results shown here are based on

those in published in the Materials Research Society Proceedings by Kiriluk et al.

[41]. Figure 4.2 shows the time domain and frequency domain FID lineshapes for the

mixed phase nc-Si:H material taken at lOK. The lineshape for nc-Si:H is very similaj

in shape to a-Si:H. The sharp line artifacts seen in the nc-Si:H frequency domain FID

come from the internal clock on the NMR TecMag spectrometer used to take the

data. Figure 4.3 shows an overlap of the nc-Si:H and a-Si:H lineshapes. The nc-Si:H

lineshape has a much broader gaussian component than the a-Si:H lineshape. Since

the width of the lineshape is driven by the H dipole-dipole interaction, this increased

width indicates that either there is more clustered H in the film or H is clustered closer

together. We believe the difference comes from H that is clustered at the crystallite

interfaces in the film which is corroborated by the H effusion 305°C results.

In the time domain FID, the zero time value is equivalent to the total hydrogen

concentration in the film. Knowing from H effusion experiments that this is roughly 6

at. %, the amount of clustered and isolated hydrogen can be estimated. The amount

of isolated hydrogen in the narrow line, N, can be calculated using

^ X Hat.% = N, (4.1)
h

where /„ and It are the narrow line intensity and total intensity of the NMR line-

shape respectively. H at.% is 6 at.% determined through the H effusion experiments.

These intensities can be estimated by extrapolating the gaussian component and the

lorentzian component to zero time in the time domain FID. Assuming that the hy

drogen is located in the a-Si phase or at the crystallite boundaries and the a-Si phase

of the film only comprises 50% of the material gives 12 ± 2 at.% H in the a-Si phase

of the film or at the crystallite interfaces. Equation (4.1) gives 5 ± 2 at.% isolated H

32



a-Si:H

nc-Si:H

n 0.6

-100 -50 0 50

f (kHz)
100

Figure 4.3: Overlay of nc-Si:H and a-Si:H Hi NMR frequency domain FID lineshape.
The nc-Si:H has a much broader clustered lineshape than a-Si:H. Reprinted with
permission. [41]

leaving approximately 7 ± 3 at.% of clustered H. Further corraborating this method,

Eq. 4 from Ref. [25] says that the narrow line is 460 Hz per at.% H contributing

3.2KHz/0.46KHz 7 at.% H in the narrow line.

4.1.2 Molecular Hydrogen

The spin-lattice relaxation time, see Chapter 2.4.2, was studied as a function

of temperature for the mixed phase material. Figure 4.4 shows the temperature

dependence of Ti. The solid and open circles represent Ti for the narrow line and

broad line, respectively. The squares represent Ti for a-Si:H taken from Ref. [25].

Ti is the same for the clustered and isolated hydrogen environments within ex

perimental error for each temperature except at lOK. The Ti curve for nc-Si:H has

a very similar shape to that of a-Si:H [25]. In a-Si:H, the temperature dependence
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dependence of Ti for a-Si:H [25]. Reprinted with permission. [41]

of Ti is driven by hydrogen in the film relaxing via an energy transfer to the motion

of rotating molecular hydrogen [25, 42]. Therefore the temperature dependence is

driven by the Ti of the H2 molecules in the film. Because the shape of the nc-Si:H

temperature dependence curve is quite similar, we attribute the relaxation also to be

driven by H2 molecules in the film.

4.2 Location of Clustered Hydrogen

Combining the NMR and H effusion results with SAXS helps pinpoint where the

clustered hydrogen is in the film. However, before this analysis can be explored the

crystallite sizes in this particular film must be determined. XRD and SAXS were

used as in Chapter 3 to explore the crystallite size and orientation of this particular
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Table 4.1: XRD results for (111), (220), and (311) c-Si peaks.

plane 20(°) wn Dxrd (nm)
(111)
(220)
(311)

28.6°

47.5°

56.3°

0.74 ± 0.04

0.39 ± 0.02

0.81 ± 0.06

11.3 ± 1

24.4 ± 1

11.3 ± 1

sample. This analysis has been submitted for publication [43].

4.2.1 50/50 nc-Si:H Crystallite Size and Orientation
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Figure 4.5: XRD pattern for 50% a-Si/50% c-Si United Solar Ovonic LLC mixed
phase nc-Si:H.

The XRD and SAXS results for this particular sample are published in Ref. [33].

The XRD pattern for this particular 50/50 mixed phase material is shown in Fig

ure 4.5. This nc-Si:H sample was deposited on SAXS specific aluminum foil as de

scribed in Chapter 3. Like the samples in Chapter 3 this film has peaks at 28°, 47°,

and 56°. The other peak comes from the aluminum foil substrate. Once again, as

was the case with the mixed phase sample from the previous chapter, there is a [220]

preferential orientation in the growth direction to the crystalline grains in this film.

Using the Scherrer formula, the crystallite sizes in the growth direction were de-
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Figure 4.6: SAXS results for nc-Si:H. a) SAXS scattering intensity, black line is fit to
data b) scattering size distribution from fit.

termined and are shown in Table 4.1. The (220) peak yields grains 24 nm in length,

whereas the (111) and (311) peaks yield crystallites 11 nm in length. The [220]-

oriented grains are a factor of 2 longer in the growth direction [33].

The SAXS results for both the tilted and nntilted experiments are shown in Fig

ure 4.6. A reduction in the scattering intensity with tilt is also seen for this material

indicating oriented and elongated scattering features in this film. Fitting the inten

sities, using a model based on Eq. 2.2, produced a size distribution for the nanos-

tructural features that contribute to the SAXS signal. The size distribution from the

non-tilted data is also shown in Figure 4.6 as a function of radius in nm. The aver

age scattering feature radius, <R>, is approximately 2.9 nm, but the distribution is

skewed to larger sizes.
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In summary, the sizes of the ellipsoidal crystallites that will be used in this analysis

are 2.9 nm x 12 nm and 2.9 nm x 5.5 nm. In each case, the long dimension is the

polar radius and the short dimension is the equatorial radius in the following analysis.

4-2.2 Interface Hydrogenation by SAXS

NMR and H effusion experiments have shown that hydrogen plays a role in these

nc-Si:H films. In order to understand what phases of the film are contributing to the

SAXS intensity, experimental Q values were calculated for the tilted and non-tilted

SAXS data in Figure 4.6 using Eq. 3.2 giving Qexp = 1-04 x 10^^ e.u./cm^ ± 10%.

An aspect ratio of 4 to 5 was determined from the fits which corresponds closely to

the lengths of the crystallites found by XRD. Again, the SAXS intensity is believed

to be dominated by features associated with the crystallites in the film.

Several models were explored to describe the SAXS scattering observed. A two-

phase model using an amorphous and crystalline phase did not have enough electron

density difference to describe the data. A three-phase model involving c-Si, a-Si,

and hydrogen was considered since the NMR and H effusion experiments show that

hydrogen plays a role in this material. SAXS is not sensitive to isolated hydrogen in

the film, but it is sensitive to hydrogen that will either be clustered in voids or at the

crystallite interfaces. A three-phase model, where the phases were a-Si, c-Si, and 0.2

vol.% voids, resulted in an integrated intensity that was too low to describe the data.

A three-phase model, where the phases were a-Si, c-Si, and fully hydrogenated grain

boundaries, resulted in a scattering intensity that was too large to describe the data.

The details of these models are contained in the appendix.

The three phase model that accurately described the data involves partially hy

drogenated crystallite interfaces. The three-phase model is given by,

Qcaic - 27r^Q[(ni - 712)^/1/2
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+(ni - nsffifs + (ns - n3)V2/3], (4.2)

where fi, fi, and fz are the volume fractions of the three phases; c-Si, a-Si, and

hydrogen, respectively. In this model, f\ = h = 0.493. ni = 14/Qsi = 0.70 x 10^^

cm~^, where VLsi = 20 x 10"^^, and n2 — x x ni, where a-Si typically has a density of

X = 0.96 ± 0.03 that of c-Si [44]. fz and riz were calculated for 7 at.% H packed into

a partial shell of 0.15 nm thickness [45] that is 21% of the total surface area of the

crystallite. The two crystallite sizes used were determined from the XRD and SAXS

data, 5.8 X 11 nm and 5.8 x 24 nm. dVsheii and nz is given by,

small crystallite

V^tcu = ̂ 7r(2.9)2(5.5) - 193.8 nm^
Vsheii = ̂ 7r(3.05)^(5.65) - Vxtai = 26.4 nm^

SVsheii = ̂ 50Q5iX0.21
^xtal

SVsheii = 1.4 X 10-22 ̂ 3 (Q 21) = 2.9 X 10-23 cm^
Nh 7H

~ SVshell ~ SVsHell
7

"3 = on.. in-23 .^3 = 2-4 X 1023 atmis/cm\
2

large crystallite

.9 X 10~33 cm3

4= ̂ 7r(2.9)2(12)-422.7 nm3

Vsheii = ̂ 7r(3.05)2(12.15)-y^i„, = 50.7 nm3
SVshell = 0.12 X 50 X 0.21 = 2.5 X 10-23 cm3

7

nz ~ —— o = 2.8 X 1023 atoms/cm^.
2.5 X 10-2^ cm^

average

<nz> = 2.6 X 1023 atoms/cm^. (4.3)
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/a for a 21% hydrogenated shell is given by,

small crystallite

V,K.u = 0.21 (l7r(3.05)2(5.65) - Kw) = 5.6 nm=

/s = ̂  = 1A%
large crystallite

V,heii = 0.21 (^7r(3.05)2(12.15) - V^toi) = 10.7 nm?
h = ̂ ^ = 1.3%

^ ̂xtal

average

</3> = 1.35%. (4.4)

Using /a and na from the 21% hydrogenated shell gives a Qcaic = Qexp- This result

shows that 7 at.% clustered hydrogen packed into a shell equal to 21% of the surface

area of the crystallites will account for the amount of SAXS scattering seen in the

experiments on the 50/50 mixed phase material.

4.2.3 Interface Hydrogenation by NMR

The partial hydrogenation of the crystallites can also be estimated via the NMR

results using a crystallite of size 3 nm x 12 nm, as these dimensions are the preferential

radii found from the XRD and SAXS. The total number of Si atoms, Nsi in the

crystallite is approximated by calculating how many Si atoms fit into one crystallite.

Vxtcd = = ̂7r(3)^(12) = 452.4 nm^
Vsi = ̂ 7rr|i = ̂7r(0.111)^ = 0.00573 nm^

O  O

Ab2Anm?lxtal ^ ^ /.
Nsi = — = 78951 Si atoms per crystallite (4.5)^  0.00573 nm^/atcm y y \ >
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where Vxtai is the crystallite volume and Vsi is the volume of a silicon atom using the

covalent bond radius rsi- a and b are the equatorial and polar radii of the crystallite.

The total number of Si atoms on the surface of the crystallite, Nsurface Si can be

found by dividing the surface area of the crystal, Sxtah by the volume of a shell of

silicon atoms around the crystallite, Vsi shell-

Sxtai = 27r(o^ + -7^), e = arccos(a/6)
sm(e)

Sxtai = 364.8nm^

Vsi shell — 364.8 X 0.111 X 2 = 81nm^
81nm^

0.G0573nm3
Nsurface Si = ̂  nnc^o = ̂4132 Si OU SUVfaCe

(4.6)

Prom the NMR analysis in Eq. 4.1, 7 ± 3 at.% H is clustered. The assumption

that 1 at.% of the clustered hydrogen is located in voids in the a-Si phase of the film

leaves 4 to 6 at.% H clustered on the crystallite boundaries. The percentage of surface

hydrogenation can be calculated via.

Using 4 at.% clustered H :

at.%H 0.04
Nh = — X ̂ Si = x 78951"  at.% Si 0.96

Nh
% hydrogenation = — = 23%

■^Surface Si
(4.7)

Using 6 at.% clustered H :
at.%H 0.06

= oS
Nh% hydrogenation - — = 35%

Surface Si

(4.8)
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where Nh is the total number of hydrogen atoms. Because the hydrogen will only

bond to one Si atom at the crystallite interface, the ratio of Nh to NsurfaceSi will

suffice. These equations show that 23% to 35% of the surface atoms are bonded to

H, which corroborates the SAXS results.

4.3 Summary

In nc-Si:H films with a 50% crystalline volume fraction, the NMR FID lineshape

and H effusion curves indicate that hydrogen passivates the crystallite interfaces. H

effusion gives a total of 12 ± 1 at.% H in the a-Si phase of the film. The NMR

time-domain FID determined the concentrations of clustered and isolated hydrogen

to be 7 ± 3 at.% and 5 ± 2 at.%, respectively. Further modeling incorporating the H

effusion, NMR, and SAXS results reveals that the crystallite boundaries are partially

hydrogenated with an upper bound of 35% of the surface hydrogenated.
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CHAPTER 5

DEFECTS AND CARRIER COLLECTION AT THE GRAIN BOUNDARIES

Having established that hydrogen clusters at the crystallite interfaces but does

not fully hydrogenate them, leaves the question of what happens at the rest of the

interface. To probe this question, ESR experiments were conducted to study the

defect density in the film.

5.1 Defects on the Crystallite Interfaces

ESR experiments were performed at 300K on mixed phase nc-Si:H and a-Si:H

films. The nc-Si:H film was deposited by United Solar Ovonic LLC, where the a-

Si:H film was deposited at Colorado School of Mines by Fields [12]. Both films were

approximately 1 /rm and deposited using PECVD on an aluminum foil substrate. The

aluminum foil was dissolved using a IM HCL solution resulting in nc-Si:H and a-Si:H

fiakes, which were then rinsed three times with methanol. The powdered films were

transferred to a quartz ESR sample tube.

The ESR signals for both films are shown in Figure 5.1. The red line depicts the

nc-Si:H lineshape and the black line depicts the a-Si:H lineshape. The lineshape for

nc-Si;H is more asymmetric and has an extra shoulder on the left side of the curve.

This difference is attributed to an anisotropic powder pattern and is very similar to

nc-Si:H with a crystalline fraction greater than 90% [46]. There is also a difference

in g-value of the zero crossing for both samples. The difference in lineshape and the

small g-shift indicate that the ESR signal in the nc-Si:H samples probably does not

come from the a-Si phase of the film.

The defect spin density for the nc-Si:H film was calculated using the ESR signal

shown in Figure 5.1 and a KCl weak pitch signal taken on the same day. The weak

pitch signal is a calibrated standard that is used to determine the number of spins in
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Figure 5.1: Dark ESR taken at BOOK for nc-Si:H and a-Si:H powdered samples.
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Figure 5.2: Dark ESR taken at BOOK for KCL weak pitch standard.

44



other samples. The weak pitch signal is shown in Figure 5.2. Both the weak pitch

and nc-Si;H signal were normalized to the number of scans. The integrated intensity

of each signal is given by, to good approximation, I = kw'^h where A: is a constant

associated with the lineshape, w is the width between the peaks, and h is the height of

the lineshape. The ratio of the integrated intensity for the sample and the integrated

intensity of the corresponding weak pitch signal, jdelds the spin count for each signal,

represented by Inc-Si-.n/Iweakpitch x 10^^ spins.

Once the spin count was calculated, the defect spin density was determined to be

5.1 X 10^® spins/cm^ using the volume of the sample, V = 0.02 cm^. Knowing the

volume of the sample, the crystalline fraction of approximately 50%, and the average

size of the ellipsoidal crystallites to be approximately 6 x 20 nm for equatorial and

polar diameters, the number of crystallites in the film was calculated to be 2 x 10^®

crystallites. This calculation leaves only approximately 23% of the crystallites with

a defect. The fact that not every crystallite has a defect combined with the knowl

edge that the crystallite interface is only partially hydrogenated implies that there

is probably reconstruction occurring between the crystalline silicon and amorphous

silicon on the rest of the crystallite interfaces.

5.2 Optically Induced Ccurier Excitation

To identify further what is happening with carriers in these films. Light-induced

ESR (LESR) techniques were used at 40K on the same powdered nc-Si:H and a-Si:H

films. Figure 5.3 shows the LESR plots for nc-Si:H compared with a-Si;H. To obtain

these plots, dark ESR data was first collected at 40K on each sample. The YAG

laser was then turned on and LESR data were collected using the same experimental

parameters as the dark ESR. The dark ESR data were subtracted from the LESR

data to produce the plots shown in Figure 5.3. The red curve is the a-Si:H signal and

the black curve is the nc-Si:H signal.
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Figure 5.3: LESR taken at 40K for a-Si:H and nc-Si:H

The peak on the a-Si:H curve centered at 3365 G originates from holes that are

trapped in the valence band tails. The much narrower peak centered at 3380 G comes

from electrons trapped in the conduction band tails [47]. Similar peaks exist in the

nc-Si:H curve but the peak from the holes is much less resolved from the peak from

the electrons. The difference in nc-Si:H lineshape indicates that the signal is most

likely not produced by carriers in the a-Si phase of the nc-Si:H film.

The plot in Figure 5.4(b) shows the LESR lineshapes for 50% crystalline nc-

Si:H taken with 1.17 eV (red), 1.8 and 2.0 eV (blue) illumination. These nc-Si:H

lineshapes are compared to that of a-Si:H (black). Comparing the nc-Si:H lineshapes

in Figure 5.4(b) to the lineshape of 99% nc-Si:H in Ref. [46], the 50% nc-Si:H signal
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is very similax to that of the 99% crystalline nc-Si:H signal.

The schematic at the top of Figure 5.4(b) depicts the carrier mobilities that con

tribute to each lineshape depicted in the plot. The schematic is color coded and

numbered to match each lineshape. The carriers contributing to the a-Si:H LESR

lineshape thermally relax from the conduction and valence bands into localized band

tail states as depicted in (1). Optically exciting the 50% nc-Si:H sample with 1.17

eV light allows the crystalline phase to have a larger level of absorption than the

amorphous phase as shown by (2). Exciting the 50% nc-Si:H sample with 1.8 and 2.0

eV light, shown in (3), is now exciting carriers in the amorphous phase. However, the

nc-Si:H LESR lineshapes for the 1.8 ev and 2.0 eV sources are very similar to the 1.17

eV lineshape. This result indicates that even though the carriers are initially excited

in the amorphous phase, they are making it to the crystallite interfaces before ther-

malizing. The fact that the 50% nc-Si:H lineshape is very similar to the 99% nc-Si:H

lineshape shown in Figure 5.4(b) is further evidence.

Previous LESR experiments by Su et al. [35, 48] support this conclusion. Studying

the absorption as a function of photon energy, these authors determined that the

absorption was broken down into three different regions. Above 1.8 eV, absorption is

dominated by the a-Si phase and between 1.4 eV and 1.8 eV, the c-Si phase dominates.

However, below 1.4 eV, absorption occurs primarily at the grain boundaries of the

film. As calculated by Su et al. [35, 48], the diffusion length of the carriers upon

thermalization is similar to the distance these carriers would need to travel to reach

the grain boundaries.

5.3 Summary

Room temperature dark ESR and 40K LESR spectra indicate that the defects

seen in the lineshapes for nc-Si:H are not from the a-Si phase of the film but rather

from defects located at the crystallite interfaces of the film. The spin density of
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the dark ESR lineshape suggests that only a quarter of the crystallites have defects.

There may be reconstruction happening between the a-Si and c-Si phases of the

film at the interface since Chapter 4 shows that the interfaces have only up to 35%

hydrogenation.

The LESR experiments show that optically excited carriers are created in the

a-Si:H phase of the film but are able to travel to the crystallite interface before ther-

malizing. Carrier diffusion lengths calculated previously are similar to the distance

between crystallites in the film and corroborate these results. If the carriers are indeed

reaching the crystallite interface before recombining, this mechanism could contribute

to the increased stability and the reduction of the Staebler-Wronski effect in nc-Si:H.

If the carriers are able to reach the crystallite interfaces before thermalizing, the car

riers will be unable to recombine in the a-Si:H phase of the material, creating less of

the deleterious defects that cause the Staebler-Wronski effect.
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CHAPTER 6

EVOLUTION OF THE NANOSTRUCTURE WITH ANNEALING

In previous chapters, this thesis concentrated on as-grown material. This chapter

follows the structural evolution of various nc-Si:H films with isochronal annealing.

The hydrogen, void, and defect environment will change as the materials are annealed

to higher temperatures. The changes observed in these three environments reveal

evidence to the nature of the bonding.

SAXS, FTIR, and H effusion experiments explore the hydrogen environment in

these films. H effusion determines the temperatures of interest in this annealing

study. FTIR tracks the changes in hydrogen and oxygen as the annealing process

progresses. SAXS explores how the scattering features in these materials, determined

in Chapter 4 to be related to hydrogen, evolve with annealing temperature. ESR

tracks the defect density with the annealing process. As hydrogen starts to move

within nc-Si;H, defects can be created either at the crystallite interfaces or in the

amorphous bulk. XRD and Raman scattering experiments monitor the crystalline

structure of these materials. It is important to establish that the changes noted in

the other characterization experiments are not caused by changes in the crystallite

size, orientation, or volume fraction.

6.1 Evolution of Hydrogen and Defects in 50/50 Material

This subsection is based on the work published by Kiriluk et al. in Ref. [33].

SAXS and ESR experiments probed the hydrogen and defect evolution of an MY

Systems nc-Si:H thin film. Raman scattering experiments showed a crystalline volume

fraction of 0.5. MV Systems deposited this particular sample on 80 fim thick c-Si for

SAXS experiments and on a quartz substrate for ESR experiments. The deposition

temperature was 170° C. SAXS specific aluminum foil could not be used for these
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experiments as SIMS shows the aluminum foil diffuses into the sample at annealing

temperatures above 400° C.

Figure 6.1 shows the H effusion plot for the MV Systems mixed phase material

with color-coded segments taken by Bobela [40]. In this particular sample, H starts to

move after 250° C. The first peak, centered at 305° C, comes from H moving from the

grain boundaries of this sample and the second peak, centered at 550° C, comes from

H moving from the a-Si phase of this sample. The black region denotes H moving

from the grain boundaries of the film. The blue region denotes H moving from the

a-Si phase of the film. The red region denotes H moving from a combination of grain

boundaries and a-Si phases of the film [38].

Grain G.B.

Boundary + a-Si a-SI
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Figure 6.1; Hydrogen effusion H2 signal from TPD experiments from MV Systems
mixed phase material with 0.5 crystalline volume fraction. Reprinted with permission
|33)
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Figure 6.2 shows the scattering intensity as a function of annealing temperatures.

Bobela annealed the sample in 50° C increments from 200° C to 600° C for 20 minutes

at each temperature [40]. For simplicity, Figure 6.2 only shows the SAXS intensities

for the as-grown material, 350° C, and 500° C anneals where major intensity changes

are seen. There is very little change in the intensity up to 310°C. At the 350° C

anneal, there is large shape change and intensity increase. Above 400°C, the intensity

decreases from the 350° C level but is still greater than the intensity below 310° C.

On the H effusion curve in Figure 6.1, 350° C is located in the trough between the

two peaks indicating the change at 350° C is driven by H moving off the crystallite

interfaces.
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Figure 6.2; SAXS scattering intensities with annealing on MV Systems nc-Si:H with
0.5 crystalline volume fraction. Reprinted with permission [33]
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Figure 6.3 shows the mean SAXS scattering feature size (squares) perpendicular

to the growth direction, as determined through modeling, and ESR density (circles)

as a function of annealing. The left axis corresponds to the SAXS scattering feature

size and the right axis corresponds to the ESR density. The black region corresponds

to the first peak of the H effusion curve in Figure 6.1. The blue region corresponds to

the second peak of the H effusion curve. The red region corresponds to the overlap

region of the two peaks in the H effusion curve.
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Figure 6.3: SAXS mean scattering feature size and ESR defect density with annealing.
The squares represent the scattering feature size and the circles represent the defect
density. Reprinted with permission [33]

There is a steady growth in the scattering feature size with annealing. However,

the defect density does not start to change nntil annealing temperatnres correlated

with H moving from the a-Si phase of the film have been reached. The growth

in scattering feature size without an increase in defect density suggests that the
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dehydrogenated crystallite surfaces undergo bond reconstruction. The reconstruction

could potentially be similar to the negative-U hydrogen pair release in vacancies

proposed by Zafar and Schiff in Ref. [49].

6.2 Evolution of Nanostructure with Varying Crystalline Fraction

To explore how optimal device grade material can be made, we studied the struc

tural evolution of nc-Si:H from very low to very high crystalline volume fractions

(CVF). MY Systems, Inc. [50] made a set of nc-Si:H samples for this study. Table 6.1

lists the sample number and its respective CVF and film thickness as determined by

refiection measurements at MV Systems.

Table 6.1: nc-Si:H sample parameters made by MV Systems, Inc.

Sample Number CVF Film Thickness (/xm)
Sample 1 0.10 1.029

Sample 2 0.65 1.226

Sample 3 0.85 1.308

Sample 4 0.90 1.233

MV Systems deposited the samples using PECVD, but without the hydrogen pro

filing used by United Solar Ovonic, LLC. MV Systems grew the samples on a variety

of substrates needed for a variety of characterization techniques. The substrates are:

500 fj,m thick c-Si, SAXS specific 75 fj,m thick c-Si, SAXS specific ultra-high purity

10 nm thick A1 foil, quartz ESR substrates, and ordinary A1 foil. Before deposition,

the A1 foil was cleaned using ethanol and an HE dip stripped any oxides from the

wafer. The samples were deposited at 170° C.

The samples were isochronally annealed from 250° C to 500° C on the TPD at

NREL [51]. 25° C steps were taken between 300° C and 425° C and 50° C steps were

taken outside of that range. The annealing took place under a high vacuum of 1 x

10-® Torr.
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6.3 Crystallite Size and Crystalline Volume Fraction Evolution

Raman scattering, using a green laser with a 532 nm wavelength, was used to

measure the CVF of each as-grown sample on c-Si substrates. Figure 6.4 shows the

Raman scattering intensity for each sample. The CVF has been determined using

the three Gaussian fit method for Raman scattering (as described in Section 3.1)

for all 4 samples as a function of annealing temperature, as shown in Figure 6.5.

Fields completed Raman scattering with a red laser, of wavelength 647 nm, on these

samples as a uniformity check [52]. The green laser only penetrates about 100 nm

of the sample. The red laser penetrates the entire sample. The red laser data is not

shown in this thesis as the lineshapes are very similar to the green laser data. The

crystalline volume fraction has not changed within the error up to a 500°C anneal.

400 450 500

Wavenumber (1/cm)

550

Figure 6.4: Raman scattering data for MV Systems samples with varying CVF

XRD experiments revealed the crystallite size in the growth direction as a func

tion of annealing temperature following the same analysis procedure as described in

Section 3.2. Figure 6.6 shows the diffraction patterns for the as grown samples. The

28°, 47°, and 56° peaks represent the (111), (220), and (311) peaks, respectively. The

34° peak comes for the (100) orientation of the c-Si substrate. The 65% and 80%

samples have a larger (220) peak on the c-Si substrates indicating preferential [220]
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Figure 6.5: CVF as a function of annealing temperature for MV Systems samples.

Table 6.2: Crystallite diameter in the growth direction, Dxrd, from XRD for the
mixed phase and mostly c-Si samples.

planes 29 DxRD 65% DxRD 80% D XRD 90%,

n (nm) (nm) (nm)
(111) 28.6° 9.0 ± 1 10.3 ± 1 17.2 ± 1

(220) 47.5° 23.4 ± 1 21.5 ± 1 12.7 ± 1

(311) 56.3° 9.1 ± 1 11.5 ± 1 10.8 ± 1

orientation in the growth direction. The 90% sample has a larger (111) peak, however

the ratio of intensities between the (220) and (111) peaks is still not 55 to 100 as in

powdered c-Si.

Table 6.2 contains the crystallite sizes for the (111), (220), and (311) peaks for the

mixed phase and mostly crystalline samples. As seen in Chapter 3 the most intense

peak lies along the largest dimension of the crystallites. The 65% and 80% CVF

samples have similar crystallite sizes with the longest being in the (220) direction.

The 90% CVF sample has the longest crystallite size in the (111) direction. These

results are consistent with previous measurements [53].

XRD was used to determine the crystallite size in the growth direction for the

samples on c-Si substrates as a function of annealing temperature. Figure 6.7 shows

the results for the 65%, 80%, and 90% samples in (a), (b), and (c), respectively. In
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Figure 6.6: XRD patterns for as-grown MV Systems samples. The 28°, 47° and 56°
peaks represent the (111), (220), and (311) peaks, respectively.

each plot, the size calculated from the (111), (220), and (311) peaks are depicted by

the black, red, and blue data markers, respectively. As expected, there is no difference

in the crystallite size up to an annealing temperature of 500° C.

The crystallite size, orientation, and volume fraction are not evolving with an

nealing, which is expected as a-Si:H is not known to crystallize until above 600° C.

The lack of crystalline phase evolution means that the crystalline microstructure is

not contributing to any SAXS evolution that is seen in these materials.
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from XRD patterns for samples with CVFs of 65%, 80%, and 90%.
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6.4 Hydrogen and Oxygen Evolution

H effusion was completed via TPD experiments by Bobela [54]. The H effusion

data for each sample are shown in Figure 6.8. The cyan, red, black, and blue lines

represent the H2 signal from the 10%, 65%, 80%, and 90% CVF samples respectively.

The curves have been normalized to unit volume for comparison.

Xc~ 10%

Xc ~ 65%

Xc ~ 80%

Xc ~ 90%
D 10

CM .N

300 400 500 600 700

Oven Temperature (°C)

Figure 6.8: H effusion data for MV Systems samples with varying CVF

All curves have two distinct peaks, however, the first peak in the 65%, 80%, and

90% CVF samples is centered around 400° C. The first peak in the 10% CVF sample

is centered around 425° C. The first peak in all samples in Figure 6.8 is 100° C higher

in temperature than that seen in the previous samples discussed in Chapter 4 and

Section 6.1. For reasons currently not understood, H in these four films moves around

at significantly higher temperature than those studied previously. Differences in the

PECVD growth systems or processing parameters may account for the differences
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Table 6.3: H content determined from SIMS and H effusion experiments for MV
Systems nc-Si:H thin films with varying CVF.

CVF ^HSIMS ± 10% Nh effusion at. % from effusion
10% 6 xlO'-^i 1 xlO^^ 22 ± 3

65% 3 xlO''^^ 1 xlO^"'^ 24 ± 3

80% 2 xlO^i 5 xlO^i 11 ± 3

90% 3 xlO^i 9 xlO^^ 17 ± 3

seen in these samples. The first peak in the 90% sample is significantly broader than

that of the other samples. The second peak for the 90% sample is centered at lower

temperatures occurring around 525° C while the second peaks for the 80% and 10%

CVF samples occur at 625° C.

SIMS experiments completed at NREL also measured the H content of the films.

Table 6.3 shows the H concentration from SIMS and the H effusion curves as well as

the calculated atomic percentage of hydrogen in each film. The H concentration was

taken directly from the SIMS data and calculated from the H effusion curves. By

integrating the Ha signal as a function of time and comparing with the calibration

curve for the mass spectrometer, we calculated the H concentration. The H concen

tration determined from both SIMS and H effusion is similar within a factor of 3, and

the concentration of H in this set of films is much higher than the films previously

studied. The atomic percentage of H was determined from the H effusion data.

Figure 6.9 shows the FTIR data for the temperatures of as-grown material, 300°

C, 375° C, and 450° C [55]. For the 90% sample, the 250° C anneal data is shown in

place of the as-grown data because no as-grown data was collected for that sample.

Other intermediate anneals were made but for clarity only a few curves are shown.

The peaks around 1300 cm~^ are Si-0 bonds in the films. The peak at 2000 cm~^ in

each plot is from Si-H bonds from the a-Si phase of the film. The peak at 2100 cm~^

is from Si-H bonds at the crystallite interfaces or from clustered hydrogen bonds in

the a-Si phase of the film [56-58].

As CVF increases, the hydrogen shifts from the 2000 cm~^ peak to the 2100 cm~^

61



c 1000-c

3

L.

<

0)
o
c
CD

o
c/)
X)

<

500-

AG ll300C 1 1
375C 1 1
4500 L 1

1000 1500 2000

wavenumber (cm"')

(a) 10% CVF

C

3

xi

<

o
c

CD

k_

o
CO
X

<

400

200-

1000 1500 2000

wavenumber (cm"')
(b) 65% CVF

c

D

U.

<

<i)
O
c
CD
X

o
v>

<

300

200- 300C

450C

1000 1500 2000

500-H-

c 400-c

=)

L—

<

c

CD
X
k-

o
to
43

<

wavelength (cm')

(c) 80% CVF
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peak. This shift is expected as the a-Si:H phase of the film decreases and the number

of crystallite interfaces increases. With each annealing temperature, the hydrogen

peaks at 2000 and 2100 cm~^ decrease, which is as expected from the H effusion data.

The decrease in H for each sample is shown in Figure 6.10. The Si-H and Si-Ha, peaks

in the FTIR data of each annealing temperature for each sample were integrated

from 2050 cm~^ to 2250 cm~^ The absorbance is shown in arbitrary units and was

normalized to the highest level of H in each sample. The rate at which H leaves the

film is very similar for each sample. By the highest annealing temperature of 450° C

only approximately 30% of the H is left in the material.
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Figure 6.10: H decrease with annealing in FTIR data

There is also an increase in oxygen with increasing CVF. Photoluminescense exper

iments on these 50% crystalline nc-Si:H films show oxygen diffuses along the interfaces

if these films are not made correctly [59]. This effect is magnified at higher crystalline

fraction where there is an abundance of oxygen. The amount of oxygen also increases

with annealing. As hydrogen leaves the material, oxygen probably diffuses in along

the crystallite interfaces.

6.5 Defect and Hydrogen Evolution

Figure 6.11 shows the as-grown SAXS intensities for all four MV Systems films

with the samples aligned perpendicular to the incident X-ray beam (see section 2.2

for the experimental setup). The 10% CVF film (cyan line) is the least intense with

increasing intensity of the scattering as the CVF increases to the 65%, 85%, and 90%

films (red, black, and blue lines, respectively). The shape of the SAXS intensity also
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changes with increasing CVF. More large scale scattering features contribute to the

scattering in the 90% material, which could potentially be due to surface roughness.

The 10% sample also has a greater amount of large scale features contributing to the

SAXS scattering than the 65% sample for reasons that are not understood.

In typical high-quality amorphous silicon, the diffuse scattering level is around

10 e.u. [9]. However, in these films the diffuse scattering level is around 300 e.u.

Features at the atomic scale contribute to the diffuse scattering in these materials.

The increased level of hydrogen in these particular MV Systems films accounts for

the higher diffuse scattering levels in these materials.

Xc~10%

Xc -65%

Xc -80%

Xc -90%

q (1/nm)

Figure 6.11: SAXS on as-grown MV Systems nc-Si:H with varying crystalline fraction

Figure 6.12 shows the SAXS intensities for both the tilted experiments (red lines)

and non-tilted experiments (black lines) for each sample. The 10% CVF sample has

little difference in intensity between these two experiments. As the CVF increases,

the difference between the non-tilted and tilted scattering increases. This difference
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is quantified by the aspect ratio shown in Table 6.4

Xc - 65%

no tilt

tilt

Xc-10%

no tilt

tilt

Xc ~ 80%

no tilt

tilt

Xc ~ 90%

no tilt

tilt

ro 10^

0.1 1 10 0.1 1 10

q (1/nm) q (1/nm)

Figure 6.12: SAXS with tilting and non-tilting experiments on as-grown MV Systems
nc-Si:H with varying crystalline volume fraction

Fitting these curves with the model based on Eq. 2.2, gives the average crystallite

size perpendicular to the growth direction <R>, the integrated intensity of the non-

tilted intensity based on nanostructural scattering features in the film Qnouiu and the

aspect ratio. These quantities are shown in Table 6.4. Qnotut, <D>, and the aspect

ratio all increase with increasing CVF.

The scattering size distribution perpendicular to the growth direction determined

through modeling for the as-grown SAXS data is shown in Figure 6.13. The radius of
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Table 6.4: SAXS results for MV Systems samples with varied CVF. The table shows
the integrated intensity Qnotut for each sample for the non-tilted experiment, the
aspect ratio, and the mean scattering feature diameter <D>.

sample Qnotat ± 10%(e.u./cm^) Aspect Ratio <D> (nm) ±20%
10% 6.46 xl023 1 2.2

65% 2.45 xlO^^ 3 2.8

80% 4.20 xlO=^^ 5 4.2

90% 9.39 X1024 10 8.4

the scattering feature is plotted vs. the weighting factor for each size. The panels show

the 10%, 65%, 80%, and 90% CVF sample size distribution from the top panel down.

As the CVF increases, the distribution broadens with more contributions for larger

nanostructural features. The broadened crystallite size distribution is correlated with

the H effusion plots shown in Figure 6.8. The initial peak correlated with H moving

from the crystallite interfaces also broadens with increasing crystallinity. With a

narrow size distribution of crystallites, H is more likely to move from the crystallite

interfaces at the same temperature. With a broader size distribution of crystallites, H

may need a larger distribution of temperatures to move from the crystallite interfaces.

After the as-grown data were taken, the SAXS samples were annealed for 20

minutes at each temperature, incrementally, to 400° C by Bobela [54]. SAXS explored

the mean scattering feature size perpendicular to the growth direction with annealing,

and the results are shown in Figure 6.14. Up to 400° C, no differences are seen in

the data within the error. This result is to be expected as the H effusion curves show

hydrogen not moving appreciably until 400 to 425° C. In the previous sample studied

in section 6.1, the SAXS intensity did not change until the annealing temperature

correlated to the trough between the grain boundary peak and the a-Si phase peak

in the H effusion curve. Once the samples are annealed to 425 or 450° C, a change in

the SAXS intensity is expected to occur for these samples.

As hydrogen starts to move in these materials, the defect density changes. Fig

ure 6.15 shows the defect density for the MV Systems nc-Si:H samples with varying
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Figure 6.15: Defect density as a function of annealing temperature for MV Systems
nc-Si:H films

CVF. A sample for each CVF on a quartz ESR substrate was annealed incrementally

to 600° C. Figure 6.15 shows the defect density for the 90% to 10% CVF samples

from the top panel down in decreasing CVF.

Minimal change is seen in the spin density data up to 425° C. 425° C is the highest

temperature where hydrogen is seen moving from the crystallite interfaces only in the

H effusion curves in Figure 6.8. The defect density starts to increase slightly in the

region of the H effusion curves where hydrogen is moving from the crystallite interfaces

and starting to move from the a-Si phase. Once the annealing temperature is above

500° C there is a marked increase in the defect density correlated to substantial

hydrogen moving from the a-Si phase. This trend is similar to that observed on the

50% CVF material in section 6.1. The spin density did not change much until an

annealing temperature where H moves from the a-Si phase in this material.
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6.6 Summary

The nanostructural environment of nc-Si:H changes substantially with annealing.

The crystallite volume fraction and the sizes in the growth direction, studied via

XRD and Raman scattering, do not change with annealing. These observations are

indications that the changes seen in the other characterization methods are not driven

by changes in the c-Si phase of the film.

H effusion and FTIR probed the hydrogen evolution of the films. H effusion shows

slightly different onset temperatures for hydrogen motion and different lineshapes for

each sample. With increasing CVF, the peak associated with H moving from the

crystallite interfaces broadens. This result could possibly be correlated to the size

distribution of crystallites in the film. The size distribution contributing to the SAXS

scattering intensities broadens with increasing CVF. If the sizes of the crystallites

increases, the scattering seen in SAXS will increase. The broadened size distribution

of scattering features could be correlated with the broadening of the first peak in

the H effusion curve with increasing CVF. If H is moving off a larger distribution

of crystallite sizes, then a broader temperature range may be needed to activate

H evolution. FTIR shows that the hydrogen levels in the material decrease with

annealing.

The hydrogen bonding structure also changes with increasing crystallinity. The

lower the crystallinity, the greater the number of monohydride bonds. As the crys

tallinity increases, the bond structure changes to dihydride or to bonds related to the

crystallite interfaces. This result is expected as lower crystallinity means more a-Si

and more of the Si-H bonds being associated with dangling bonds in the a-Si phase

of the film.

SAXS experiments show that the SAXS scattering feature size changes as hy

drogen starts moving off the crystallite interfaces with annealing. However, ESR

experiments show that the defect density of the material does not change until hy-
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drogen starts moving from the a-Si phase of the material. This result indicates that

as hydrogen intially starts moving from the interfaces there may be reconstruction

occurring at the interfaces to keep the defect density from increasing. The fact that

the crystallites are not changing indicates that the changes observed in the SAXS

results are not from the crystallites themselves but rather from hydrogen moving at

the crystallite interfaces.

SAXS data on the as-grown films with varying CVF from MV Systems show

similar trends to those grown by USO studied in chapter 3. The SAXS intensity,

scattering feature aspect ratio, and feature size all increase with increasing CVF. In

this particular set of samples, there is much more hydrogen than in typical a-Si and

nc-Si samples as indicated by H eflFusion and SIMS experiments.

Overall, the nanostructural environment evolves with increasing crystallinity; the

hydrogen bond structure changes and more oxygen diffuses into the samples. The

mean SAXS scattering feature size increases with increasing crystallinity indicating

greater amounts of clustered hydrogen at the increasing number of crystallite inter

faces.
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CHAPTER 7

CONCLUSIONS

nc-Si:H is a complex, heterogeneous system with unique opto-electronic proper

ties. nc-Si:H is also a bridge between the second and third generation of solar cells.

This material provides an opportunity to study an Si-based nanostructural system

embedded in an amorphous matrix. Oxidation has impeded the use of most nc-Si:H

materials in the photovoltaic community. Difficulties passivating the surfaces of Si

nanostructures has hindered research into these materials. This thesis has provided

a detailed analysis into the nanostructure of nc-Si:H and the hydrogen passivated

interfaces of the crystallites.

7.1 Synopsis of Nanostructure of nc-Si:H

The increase of hydrogen during the deposition process has long been known to

cause the formation of crystallites in a-Si:H. SAXS and XRD reveal that both mixed

phase material and mostly crystalline material yield elongated crystallites that are 20

nm long and 6 nm wide. In solar quality 50% crystalline nc-Si:H, the crystallites have

a preferred orientation in the [220] direction. As the crystallinity increases, the crys

tallite orientation switches to the [111] orientation. The SAXS intensity also increases

with increasing crystallinity, driven by the increasing number of crystallite interfaces

which, as is determined in Chapter 4, are partially passivated with hydrogen.

In a-Si:H, hydrogen also serves to improve the quality of solar-grade materials.

Hydrogen passivates dangling bond defects in a-Si:H which can be a trap for electrons.

The hydrogen environment in nc-Si:H was studied in Chapter 4 in high-quality solar

grade 50% crystalline nc-Si:H. H effusion experiments show 12 at.% hydrogen in the

a-Si phase of this material. NMR experiments show 5 at.% of that hydrogen to be

isolated, passivating dangling bonds in the material, and 7 at.% to be clustered in
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either small voids or at the crystallite interfaces.

H effusion also provides circumstantial evidence that the crystallite interfaces are

hydrogen passivated. To probe this theory further, we modeled the SAXS intensity of

50% crystalline material. A two-phase model of a-Si and c-Si did not provide enough

electron density contrast to describe the amount of scattering observed. A three-

phase model utilizing hydrogen clustered at the crystallite interfaces does account for

the amount of scattering observed. However, fully hydrogenated interfaces gives too

much scattering. Both NMR and SAXS indicate that these surfaces have an upper

bound of approximately 40% hydrogenation.

Knowing that the interfaces are only partially hydrogenated leaves the question

of what else is happening at the interface. In Chapter 5, ESR explored the defects

in 50% crystalline material. The ESR lineshape for nc-Si:H is different than that of

a-Si:H in both shape and g-value indicating that the defects in nc-Si:H are not pre

dominantly from dangling bonds in the a-Si bulk but dangling bonds at the crystallite

interfaces. Calculating the defect density of the material and estimating the number

of crystallites suggests that only approximately 25% of the crystallites have a defect.

Primarily defect free crystallite interfaces indicate that some level of reconstruction

is happening at the crystallite interfaces.

nc-Si:H is more stable against light-induced degradation than a-Si:H, but the

reasons for this stability have been unclear. Light-induced ESR provides a window

into the unique carrier dynamics of nc-Si:H. The LESR lineshape, in Chapter 5, for

nc-Si:H is much different than that of a-Si:H. Again, the shape and g-values are

much different for the nc-Si:H LESR signal. This result is an indication that the

light-induced carriers are not being trapped in the a^Si phase of the film, but are

reaching the crystallite interfaces before they thermalize. Previous calculations for

the diffusion length of the carriers show that the carriers can travel the distance

between crystallites before they thermalize. The LESR lineshape provides evidence
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that warm carrier collection is possible in Si-based nanostructured materials.

The evolution of the nanostructure with annealing was explored in Chapter 6. In

the as-grown material, we observe higher levels of SAXS scattering and an increas

ing scattering feature size with increasing crystallinity. The hydrogen environment

changes with increasing crystallinity as observed via H effusion and FTIR. H effusion

curves show a broader peak for hydrogen moving from the crystalUte interfaces as the

crystallinity increases. FTIR shows the bonding structure moving from monohydride

bonds to dihydride bonds or clustered hydrogen regions and an increase in oxygen as

the crystallinity increases. Greater amounts of hydrogen are seen in this particular

batch of samples provided by MV Systems than those grown by United Solar Ovonic.

The crystallite size, orientation and volume fraction does not change with an

nealing up to 500° C indicating the evolution of the nanostructure with annealing is

driven only by changes in the hydrogen environment. FTIR shows a steady decrease

in hydrogen concentration with annealing temperature regardless of crystallinity frac

tion. SAXS, measured on a mixed phase sample with annealing up to 600°C, shows

a steady growth in scattering feature size as H moves from the crystallite interfaces.

However, the defect density does not start to change until H is moving from the a-Si

phase of the film implying that some level of reconstruction may be happening at the

crystallite interface between the a-Si and c-Si phases.

7.2 Impact

Research in Si-based quantum dots and nanowires has drastically increased in the

last few years. nc-Si;H shows the potential for hydrogen passivated Si-based nanos-

tructures embedded in an a-Si matrix to make an impact in photovoltaic materials.

Understanding the hydrogen termination of the crystallite grains in nc-Si;H may al

low for better passivation techniques of the surfaces of quantum dots and nanowires.

Having the crystallites embedded in a benign a-Si matrix allows for reconstruction
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between the crystallite surfaces and a-Si which keeps the crystallites mostly defect

free and the surfaces needing only partial passivation. Therefore, to have an effective

Si-based nanostructured material, the Si dots or wires will need to be embedded in a

benign matrix.

The implications of warm carrier collection in nc-Si:H has a great impact on the

Si-based nanostructured materials community. The crystallites are small and close

enough to allow light-induced carriers created in the a-Si bulk to reach the crystallite

interfaces before completely thermalizing. Since c-Si is being a more efficient solar

material than a-Si, this effect provides the first step to making a hot carrier based

solar cell. This result also implies that, with careful thought and engineering, warm

carrier collection will be possible in Si-based quantum dot and nanowire thin films.

These materials will have the advantage of being more ordered, and researchers will

have greater control over the distances between, and sizes of, the wires and dots than

the nc-Si:H currently grown.

The next step lies in making a Si-based warm carrier collection device. Si-based

quantum dots and nanowires are already being deposited via PECVD growth at many

institutions, however the passivation of the interfaces needs to be improved. The next

step will be to grow these ordered, uniform dots and wires in an amorphous silicon

matrix allowing for reconstruction at the interfaces between the c-Si structures and

amorphous silicon where hydrogen does not satisfy dangling bonds. The increased

passivation of the interfaces will allow for more efficient carrier collection in these

Si-based nanostructured materials without carriers getting trapped in defects.

Further work will be necessary to explore what type of materials can be used to

interface with nc-Si:H in a solar cell to allow collection of the warm carriers before

they thermalize. The losses between junction interfaces will impede warm carrier

collection. This will, perhaps, be the hardest obstacle to overcome. However, once

these problems are solved, a hot carrier Si-based solar cell can be created.
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APPENDIX - MODELS FOR INTERFACE HYDROGENATION BY SAXS

Several models were used initially in an attempt to describe the SAXS integrated

intensity observed, Qexp = 1.04 x 10^"^ e.u./cm^ ± 10%, in nc-Si:H with 50% crystalline

volume fraction shown in Chapter 4. Using a two-phase or three-phase model, Q can

also be theoretically determined. The two-phase model is given by,

Qmodei = 27r^fl(ni - n2)Vi/2 (1.1)

where ni is the electron density of the first phase, n2 is the electron density of the

second phase, and /i and are the volume fractions corresponding to the first and

second phase respectively. Using the Raman results, the two phases were assumed

to be a-Si and c-Si. For each phase, fi = fi = 50%. For c-Si, D = 20 x 10"^^

which gives ni = 14/f) [10]. The electron densities of the two phases were given by

rii — lA/Qsi = 0.70 x 10^'^ cm~^ and — x x n\ [10], where a-Si typically has a

density of x = 0.96 ± 0.03 that of c-Si [44]. However, the two-phase arSi and c-Si

model, summarized in Table A.l as parameter set A, gave Qcaic = 7-7 x 10^^ e.u./cm^

which is only 0.08 of Qexp- Therefore, the two phase model of c-Si and a-Si is not

sufficient to describe the scattering seen in the SAXS results.

In the first three-phase model calculation (given by Eq. 4.2), hydrogen was

assumed to be clustered in voids located in the a-Si phase of the film. Again,

ni = 14/D5i = 0.70 X 10^^ cm'^and n<2, — x x ni. The hydrogen electron den

sity 713 was calculated for 6 H atoms with Si-H bond length of 0.15 nm [45] clustered

in an ellipsoidal void of 5 A x 3 A [6]. ria is given by,

Nh
ns =

5Vshell ^Vshell

shell — x7r(0.15 71777)^(0.25 nm) = 0.024 nm^
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n3 = TTTTr;—77—51 5 = 2.5 X 10^^ atoms/cm^. (1.2)
0.024 X 10-21 cm3 ' ^ '

Using na in equation 4.2 with /i = /2 = 0.499 and fz = 0.002 gives Qcaic =

2.24X10^^. This value is only 22% of Qexp- These results are summarized in Table A.l

as parameter set B. This model is also not sufficient to describe the SAXS scattering

intensity, and it only accounts for 2.5 at.% clustered H in the film, which from NMR

we know to be 7 at.%. Previous SAXS experiments with PECVD grown a-Si:H have

shown /a < 0.2% for voids [9].

The crystallite interfaces were assumed to be fully hydrogenated in the next calcu

lation, summarized in Table A.l as parameter set C. The value for na was calculated

for a 7 at.% clustered H shell with 0.15 nm thickness around two different crystallite

sizes determined from the XRD and SAXS data, 6x11 nm and 6 x 24 nm. Using

Eq.4.3, na is given by,

small crystallite

SVshell = ̂ 50Qs^
^xtal

Vxtai = ̂ 7r(2.9)2(5.5) = 193.8 nm^
Vsheii = ̂ 7r(3.05)^(5.65) - Vxtai = 26.4 nm^

SVsheii = 0.14 X 50fisi = 1.4 X 10-22 cm^
7

na = ——-^755 5" = 5.1 X 10^2 atoms/cm?
1.4 X 10-22 err?

large crystallite

V^toi = ̂ 7r(2.9)2(12) = 422.7 nm^
Vsheii - ̂7r(3.05)2(12.15)-14i,, = 50.7 nm^

SVsheii = 0.12 X 50Qsi = 1.2 x 10*22 an?

7
na = —— ' oo T = 5.8 x IO22 atoms/cm^.

1.2 X 10-22 cm3 '

average
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<nz> = 5.5 X 10 atoms/cm . (1.3)

/s was calculated for an H shell around the crystallites with each size contributing

to half the crystalline volume fraction, </$>. </$> is given by,

small crystallite

h = ̂ ^=6.8%
^ ̂xtal

large crystallite

Vshell/3 = ̂  = 6.0%
^ ̂xtal

average

<fz> = 6.4%. (1.4)

where Vxtai and Vghdi ar® the volumes of the crystallite and hydrogen shell respectively.

Using /i = /2 = 0.468, Qadc = 9-5 x 10^"^ which is 913% of Qexp and is much too large

for the crystallite interfaces to be fully hydrogenated.

The final model is outlined in Chapter 4 and describes a three-phase model, where

a-Si, c-Si, and a partially hydrogenated shell containing 21% of the crystallite sur

face area are the phases used. This model accurately describes the SAXS intensity

observed experimentally. The results for this model are summarized in Table A.l as

parameter set D.

Table A.l: SAXS two and three phase model results

Parameter /i h /s n3(xl0^'^) cm ̂ QccUc/Qexp
A 0.500 0.500 - - 0.08

B 0.499 0.499 0.002 0.255 0.22

C 0.468 0.468 0.064 0.055 9.14

D 0.493 0.493 0.014 0.259 1.00
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