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Abstract
The specific heat of pure and hydrogenated amorphous silicon
by
Daniel Robert Queen
Doctor of Philosophy in Physics
University of California, Berkeley

Professor F. Hellman, Chair

At low temperature, amorphous materials have low energy excitations that result
in a heat capacity that is in excess of the Debye heat capacity calculated from the sound
velocity [1]. These excitations are ubiquitous to the glassy state and occur with roughly the
same density for all glasses [2]. The specific heat has a linear temperature dependence below
1K that has been described by the phenomenological two-level systems (TLS) model [3, 4]
in addition to a T® temperature dependence which is in excess of the T2 Debye specific
heat. It is still unknown what exact mechanism gives rise to the TLS but it is assumed that
groups of atoms have configurations that are close in energy and, at low temperature, these
atoms can change configurations by tunneling through the energy barrier separating them.
It has been an open question as to whether tetrahedrally bonded materials, like amorphous
silicon, can support TLS due to the over-constrained nature of their bonding.

It is shown in this work that amorphous silicon (a-Si) and hydrogenated amorphous
silicon (a-Si:H) have specific heat C'p in excess of the Debye specific heat which depends on
the details of the growth process. There is a linear term that is due to TLS in addition to an
excess T2 contribution. We find that the TLS density depends on number density of atoms
in the a-Si film and that the presence of hydrogen in a-Si:H increases C'p further. We suggest
that regions of low density are sufficiently under-constrained to support tunneling between
structural configurations at low temperature as described by the TLS model. The presence
of H further lowers the energy barriers for the tunneling process resulting in an increase
in TLS density in a-Si:H. The presence of H in a-Si:H network is found to be metastable.
Annealing causes H to diffuse away from clustered regions which reduces the density of TLS.
A low temperature anomaly is found in the a-Si:H films in their as prepared state that is
of unknown origin but appears to take the form of a broadened Schottky anomaly. This
feature is removed upon annealing. We find that there is a clear link between density of
TLS and the excess T heat capacity. This correlation is not currently addressed by models
of the glassy state.

Additionally, a reversible increase in the heat capacity is found upon light soaking
in both a-Si and a-Si:H. This increase occurs over the entire measured temperature range
2 — 300K and can be removed by annealing at 200°C. The light soaked heat capacity at
low temperatures has the form of the low energy excitations that are found in glasses. We
suggest that the dangling bond defects responsible for the Staebler-Wronski effect are a
consequence of the photo-induced structural states.
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Ang versus Ac,, after light soaking (green) showing that light soaking in-
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film was measured in field after the second light soaking step shown in Fig. 7.1. 84

Specific heat of HWCVD a-Si:H and e-beam evaporated a-Si are plotted as
C/T3 versus T. The HWCVD sample was grown at Ts = 430°C and is shown
in the as-prepared and the 200°C annealed states. The annealed film is shown
both before and after light soaking. The evaporated films shown were grown
at Tg = 45°C and 400°C. The films grown at Ts = 45°C are shown for two
thicknesses: 1120A (1.98 g/cm?) and 2775A (2.08 g/cm?). The 2775A film
is shown in the as-prepared and light soaked states. The T = 400°C film
(2.09 g/cm3) is in the as-prepared state. The dashed lines are the maximum
and minimum Debye heat capacities for the samples shown. The Debye
specific heats are calculated from the sound velocity. The maximum Debye
specific heat (fp = 480K) is from the 2775A Ts = 45°C evaporated a-Si
film. The minimum Debye specific heat (6p = 620K) is from the Ts = 400°C
evaporated a-Si film. 0p = 570K for the HWCVD film. Crystalline silicon is
shown as well (Op =645K) [5]. . . . . ... .. Lo
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Chapter 1

Introduction

Amorphous silicon a-Si is a glass consisting of a single element. While chemically
simple, the complexity of its behavior has kept it a topic of interest for the last 50 years.
In the liquid state silicon is a metal and is thought to have a first order liquid-liquid phase
transition just prior to crystallization where the melt changes from a fragile !, high density
hexavalent liquid to a strong, low density tetragonal liquid [16]. This process is related to
the density maximum seen in water at its freezing point and is found in other tetrahedral
liquids [17].The strong nature of liquid silicon has an important consequence, it cannot
be quenched rapidly enough from the melt to avoid crystal nucleation and form a glass.
However, it is possible to prepare silicon in the amorphous state by avoiding the liquid to
solid phase transition all together through vapor deposition. Here atoms are taken directly
from the vapor phase and condensed into the solid phase. The crystalline phase is avoided
when the substrate temperature is kept below 600°C and the silicon atoms from the gas
are rapidly quenched to the solid phase. Amorphous silicon can be prepared either as pure
a-Si or as an alloy, typically with hydrogen a-Si:H were the hydrogen is used to passivate
dangling bonds. Much of the research on amorphous silicon has focused on optimizing
the deposition process of the hydrogenated alloy because of its technological importance
as a low cost method of depositing a semiconductor on transparent substrates for use in
photovoltaic devices, flat panel displays, and flexible substrate electronics.

From an experimental standpoint, the availability of amorphous silicon solely in
thin film form can be problematic. While electrical and optical probes are well suited to
thin film measurements, thermodynamic measurements are not. The primary limitations
are the difficulty in thermally isolating the microscopic thin film from the macroscopic
measurement apparatus and the large background addenda of the substrate, heaters, and
thermometers. A survey of the experimental and theoretical results that are relevant to this
work will be presented in Chapter 2. In Chapter 4 we will discuss the design and fabrication
of a micromachined, thin film nanocalorimeter that is designed specifically to address the
problem of measuring the heat capacity of a thin film. The remaining chapters will describe
our findings but first we motivate this work with a brief introduction to two outstanding

The concept of strong and fragile glass formers describes the kinetics on approaching the glass transition
from the liquid state; Angell demonstrated a fundamental link between these kinetic properties and the
thermodynamic properties of the system, connected through the energy landscape of the structure [15].



questions regarding amorphous silicon: do the two-level systems that are found in all other
glasses occur in amorphous silicon and what is the mechanism that causes the light-induced
degradation of amorphous silicon known as the Staebler-Wronski Effect?

The low temperature thermodynamic properties of amorphous materials are known
to differ markedly from their crystalline counterparts [1, 18]. The heat capacity is orders
of magnitude larger than that predicted for acoustic waves by the Debye model and the
thermal conductivity is orders of magnitude lower than the corresponding crystalline values.
This striking difference between the amorphous and crystalline states is attributed to the
random atomic configurations that are frozen in at the glass transition and can be described
by the phenomenological two-level systems, or tunneling, model. It is assumed that groups
of atoms sit in a local energy minimum that is separated from a neighboring minimum by
a large energy barrier (up to several eV) but that a finite probability to tunnel through the
barrier exists. This leads to a splitting of the ground state energy on the order of 0.1 meV
that is responsible for the low temperature properties. In contrast to the glass transition
where the fragility is material dependent, the low temperature properties are relatively
insensitive to the preparation conditions or the chemical components of the glass [2, 19].
The one exception to this is thin films of tetrahedrally coordinated materials: a-C, a-Si,
a-Ge and some of their alloys [20, 10, 14, 19]. Perhaps the most interesting of these is
a-Si:H where the excess low energy states can be created and destroyed by light-soaking
and annealing [21].

The properties of a-Si:H under illumination are well documented in the literature
due to its technological importance as a photovoltaic material. In particular, a great deal
of effort has gone into minimizing the density of dangling bond defects that result from
the deposition process as they act as recombination centers for photo-excited electron-hole
pairs. Materials with a low dangling bond density have two common properties: the amor-
phous matrix has less electronic and structural disorder and the material is hydrogenated to
passivate the dangling bonds. One source of dangling bonds that is not fully understood is
the Staebler-Wronski Effect (SWE) where the density of dangling bonds increases with ex-
posure to light. These light-induced defects can be removed upon annealing at 1" ~ 150°C.
The process is entirely reversible and is thought to result from weak Si-Si bonds breaking
upon absorbing a photon and possibly the movement of hydrogen into the broken bond to
stabilize it.

Unique among a-Si:H preparation methods is the hot-wire chemical vapor depo-
sition (HWCVD) technique which has been shown to produce films with fewer dangling
bond defects, a more locally ordered structure, and that are less susceptible to the Staebler-
Wronski Effect [22, 23, 24, 25]. Also, the density of two-level systems in these films is
thought to be orders of magnitude lower than in any other amorphous material and that
their density is tunable with growth conditions [20, 14, 19]. More recent measurements have
shown that the room temperature thermal conductivity is larger than any other amorphous
material [26, 13]. Thus, HWCVD a-Si:H may provide insight into the source of the universal
properties that are found in all other glasses and have yet to be completely explained.

The goal of this work then is two-fold: investigate the origin of two-level systems
in amorphous silicon and determine if the Staebler-Wronski Effect is related to the two-
level systems. In answer to the first question, we have found that the TLS are present in



a-Si and a-Si:H and that the presence of hydrogen lowers the barrier for their formation.
The answer to the second question is an emphatic yes. We find that the Staebler-Wronski
Effect is intimately related to the presence of TLS in a-Si:H and we suggest that large scale
structural rearrangements occur upon light-soaking and that these are the driving force
for the SWE. Thus the resulting dangling bonds that affect the electronic properties are a
result of these structural changes. This work represents the first systematic study of the
low temperature specific heat of amorphous silicon and has only recently been possible with
the design and fabrication of the thin-film nanocalorimeter.



Chapter 2

Previous Work

2.1 Low-temperature properties of glasses

The periodic array of atoms that defines a crystal is absent in a glass but on average
the neighborhood of any given atom differs little from that of an atom in a crystalline
environment [27, 28]. The Debye model assumes that the material can be treated as an
elastic continuum with an average sound velocity and appears isotropic to long wavelength
phonons and the heat capacity at low temperatures is

127% T\3

Coume(T) = —2~Nka (- (2.1)
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1/3
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is the Debye temperature, v is the sound velocity, and N/V is the number density of
atoms [11]. At high temperatures C' approaches the Dulong-Petit limit C' = 3Nkp for
fully populated oscillators. For a non-crystalline, dielectric material then it might seem
reasonable to assume that the low temperature specific heat should have the 7% temperature
dependence that is characteristic of phonons in an isotropic material. However, in 1971
Zeller and Pohl published their survey of the low temperature specific heat and thermal
conductivity for a variety of glasses which all showed behavior that was strikingly different
from their crystalline counterparts. Figure 2.1 reproduces their results for crystalline a-
quartz and the glass vitreous silica plotted as C'/T versus T on a log-log scale to emphasize
the deviation from the Debye heat capacity.

The specific heat of a-quartz follows the prediction of the Debye model at low
temperatures but with a peak at 20K. This feature is due to non-propagating modes with
zero group velocity that occur at the Brillouin zone boundaries where the phonon dispersion
curve is flat. The Debye model makes the assumption that the dispersion relation is linear
which is suitable at very low energies (temperature). For higher temperatures one must use
the Born-von Kéarman model which considers the full phonon dispersion curve [29]. In the
amorphous material, the low temperature specific heat is considerably larger than the Debye
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Figure 2.1: Specific heat and thermal conductivity of a-quartz and vitreous silica (a-SiO2)
from Ref. [1]. The Debye specific heats (- - -) are calculated from the sound velocity.

prediction. Three features are prominent: a peak around 10K, a large excess below 1K, and
the specific heat is in excess of the Debye specific heat at intermediate temperatures. The
10K peak, often called the Boson peak, is thought to be due to non-propagating modes as
in the crystalline case but the origin must be different as the concept of a Brillouin zone
is meaningless in a material without translational invariance [30]. The excess specific heat
below 1K has a temperature dependence of T™ where n &~ 1 — 1.5 and comes from a very
low energy excitation (< 0.1 meV) [31]. The excess T° heat capacity between 1 — 10K is
thought to come from a harmonic excitation of a Boson-like mode that does not carry heat.

In a crystalline material the thermal conductivity k& can be divided into three
regions: high temperatures where the phonon mean free path ¢ is dominated by Umklapp
scattering, a peak where £ is on the order of the impurity concentration or the sample
dimension, and a low temperature region where the phonon population decreases as 7. In
an amorphous material k£ decreases with temperature but then reaches a plateau between
1— 10K after which the thermal conductivity decreases as T9 where § ~ 1.6 —1.8. The drop
in k is as expected for phonon scattering from the disordered matrix where ¢ is on the order
of an interatomic spacing. The plateau region can be modeled as a Rayleigh scattering of
phonons [1] from the disorder but this scattering mechanism cannot reproduce the 7' < 1K
behavior [18].

2.2 Two-level systems model

The phenomenological two-level systems (TLS) model, also referred to as the tun-
neling model, was developed to describe the T' < 1K properties. This model is based on
similar experimental results from the doped alkali-halide crystals where a set of TLS re-



sults from doping of the crystal. Classic examples are the Lit ion in KCl which has eight
degenerate positions on the KT site or the eight rotationally degenerate configurations of
CN~ along the diagonal of the Cl~ site. The energy barrier separating the states is on the
order of several electron volts but the finite probability to tunnel through the barrier leads
to an energy splitting of the ground state on the order of 0.1meV [32, 33]. This energy
splitting then leads to a contribution to the heat capacity and suppression of the thermal
conductivity both below 1K.

It was with the alkali-halides in mind that, independently, Phillips [3] and An-
derson, Halperin, and Varma [4] proposed the TLS model. This model assumes that there
exists a set of TLS in an amorphous material that are distributed uniformly in energy and
space. A physical model for the TLS is that at the glass transition groups of atoms are
frozen into configurations that have a local energy minimum that differ only slightly in en-
ergy by an amount A from another configuration [34, 18, 35]. The energy barrier that needs
to be overcome for structural rearrangement is on the order of 0.1 — 0.5eV, but there is a
finite probability to tunnel through the energy barrier and this leads to a tunnel splitting
of the ground state Ay such that the ground state energy splitting is

E = /A% + AL (2.3)

For an individual TLS, the heat capacity is just that of a spin—% system and has the Schottky

form,
E N\ ./ E
CSCh = kB (m) sech (2]§BT) . (24)

By assuming that the states are uniformly distributed we can write the density of states for
TLS as n(E) = ng and calculate the total heat capacity,
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thus the excess capacity has a linear temperature dependence and is proportional to the TLS
density of states n(0). If instead all of the TLS had the same energy splitting n(E) = ngd(E)
then the resulting heat capacity would have the usual Schottky anomaly as in Eq. 2.4 with
a maximum near 1, = % [29].

From the kinetic theory of gases we find that the thermal conductivity k& = %C’vﬁ
where C' is the heat capacity per unit volume, v is the sound velocity, and £ is the mean free
path of a heat carrying particle. It has been shown that phonons are the heat carriers in a
glass [36] and in order to obtain the 72 thermal conductivity, the phonon mean free path
must decrease as T~ below 1K. The TLS model provides a mechanism for this to occur
whereby phonons are resonantly scattered by the fraction of TLS with energy splitting on
the order of kgT'. A phonon is absorbed by a TLS in the ground state and then decoherently
emitted at the same energy.

In addition to scattering phonons, the TLS also scatter low frequency acoustic
waves. Acoustic waves may be excited either using a vibrating reed geometry, a torsional



oscillator, or a surface transducer [37]. In the TLS model, the scattering of acoustic waves
is temperature independent below 1K due to the broad distribution of energy splittings
of TLS. By applying an intense acoustic field it is possible to saturation absorption from
TLS. Internal friction Q! which, measures the damping of a resonant oscillator due to
absorption from TLS, is one of the few techniques suited form measuring the TLS density
in thin films [38, 14].

2.3 Literature summary of TLS in amorphous silicon

There have been several attempts to look for TLS in a-Si and a-Ge. Loéhneysen et
al. measured the specific heat below 3K of e-beam evaporated, thick films of a-Si grown at
Ts = 200°C and a-Ge grown at room temperature (RT) [39, 40, 41]. The a-Ge sample was
found to have an excess heat capacity with a shallow maximum at 0.4K which disappeared
upon annealing at 350°C along with a 7% term that was in excess of the Debye specific
heat. The a-Si film similarly had an excess heat capacity below 1K but with a contribution
linear in T above 1K and a T2 term in excess of the Debye heat capacity. Lohneysen et
al. argued that the excess could not be due to TLS because the low temperature annealing
does not affect the TLS density in other glasses, but instead that this excess below 1K
is due to exchange coupled clusters of dangling bonds. Heat capacity measurements in
magnetic fields showed that a Schottky anomaly appeared and that a 6T field was sufficient
to suppress the excess heat capacity of both a-Ge and a-Si. Thus the authors concluded that
a Zeeman splitting of the dangling bonds were the source of the field dependent excess heat
capacity [42, 43]. Further studies were performed on neutron irradiated crystalline silicon to
create divacancies. The result was an increase in the heat capacity below 1K that increased
with increasing neutron dose. Above 1 x 10%! n% cm™2 the sample contained 6% amorphous
regions. The heat capacity of the irradiated films was less than that of the evaporated film
even though the elecron spin resonance (ESR) spin densities were comparable ~ 10'® cm ™3,
The mass density of the irradiated films were close to the crystalline value. The authors
concluded that fewer than 10% of the total spins were exchange coupled and were responsible
for the excess heat capacity.

There are two examples of the specific heat of a-Si:H available in the literature.
The first, by Schink and Lohneysen, is a measurement of a glow-discharged film deposited at
room temperature with ~ 35 at.% H [40] and a mass density of 1.5 g/cm3. The authors found
the low temperature heat capacity to be an order of magnitude higher than in crystalline Si.
They report that the heat capacity dropped by a factor of two upon annealing at 210°C. ESR
measurement showed that the spin density decreased from 4 x 10'® cm™3 to 2 x 10'7 ¢cm™3
after annealing. The heat capacity of the a-Si:H film is comparable to the evaporated
a-Si below 0.4K including the Schottky-like anomaly. For T > 0.4K, the heat capacity
of the unannealed a-Si:H film remains in excess of Cpepye While the a-Si film approaches
the crystalline silicon value. The authors concluded the decrease in dangling bonds and
heat capacity after annealing indicated that dangling bonds were responsible for at least
part of the excess. It is not reported whether or not the Schottky anomaly disappeared.
The second a-Si:H film was obtained by removing material from a support inside a Plasma
Enhanced CVD depostion system [44]. This film 40mg sample had nominally 17 at.% H,



there was a large fraction of polysilane groups (SiH, ) indicative of low temperature growth
and poor electronic quality. The ESR spin density was found to be 4.4 x 10716 cm™3 and
the mass density was 2.00 g/cm®. Heat capacity measurements were reported for this film
from 0.1 —5K. The heat capacity is of the same magnitude as the sample in [40] but without
the Schottky anomaly. Graebner et al. interpreted their results to be due to atomic TLS as
the resulting excess heat capacity was too large to be accounted for by dangling bonds. An
annealing study was performed on this material and it was found that annealing above the
growth temperature resulted in an increase in the heat capacity below 5K that was due to
Hs formation. The time dependence of the excess heat capacity was consistent with ortho-
to para- transition in molecular hydrogen [45].

Above 2K, Mertig et al. measured the heat capacity of a 35um film grown at
Ts = 300°C from 2 — 50K and Zink et al. measured the heat capacity from 4 — 300K of a
4000A film grown at 45°C [46, 9]. Neither film showed a contribution from TLS but both
had 7 term in excess of the Debye specific heat calculated from the sound velocity. Both
films showed a decrease in the temperature of the Boson peak that is consistent with other
amorphous materials [30]. The film in Ref [9] had a mass density p = 2.09g cm™3 with no
visible voids or microstructure in TEM.

Much like heat capacity, there are very few thermal conductivity results in the
literature to indicate whether TLS are present in a-Si. The thermal conductivity of a-Ge
has a plateau at above 1K and decreases as expected for TLS [47, 48, 49]. Graebner et al.
showed that the TLS contribution scaled inversely with the film density and thus the TLS
were associated with low density regions in the film. The scattering from these low density
regions could be modeled as cylindrical voids with their axis along the growth direction.

While the available heat capacity and thermal conductivity data for amorphous
silicon is limited, there have been several measurements of the low temperature internal
friction @1 [19, 20, 10, 21, 14, 50, 51]. Measurements of Q! probe the relaxation process
of those TLS that can be excited by phonon absorption. Recent results have shown that
TLS are present in both evaporated a-Si and a-Si:H prepared by either sputtering or CVD
deposition. All tetrahedrally bonded materials are found to have a lower density of TLS as
compared to bulk quenched glasses. The density of TLS as measured by Q! is sensitive
to the details of the growth process. The TLS density is lowest in those materials prepared
in a way that gives the best electrical properties: low dangling bond density and small
Urbach edge. The Urbach edge is determined from optical absorption from band tails
states and is a measure of the disorder [28]. Further, these device quality films are known
to have a more ordered amorphous network as measured by the width of the Si-Si transverse
optic (TO) phonon peak in Raman scattering or the first sharp diffraction peak in x-
ray [52]. Measurements of Q~! of evaporated a-Si in magnetic fields up to 6T showed
only a weak magnetic field dependence and the authors concluded that TLS in a-Si are
atomic in origin and not due to dangling bonds [53]. Molecular hydrogen has been observed
in Q™! measurements as a peak at 7' = 13.8K, the hydrogen triple point.



2.4 Staebler-Wronski Effect

In 1977, Staebler and Wronski reported that the photo and dark conductivities of
a-Si:H decreased after prolonged exposure to light and that the original conductivity could
be recovered by annealing above 150°C [54]. It was later shown that the density of dangling
bond defects ng, increases from 10 cm™3 before light exposure to 1017 cm™3 afterward.
The dangling bond defects are neutrally charged and create states in the center of the
forbidden gap that act as recombination centers for electron-hole pairs. This phenomena
has come to be known as the Staebler-Wronski Effect (SWE) and it limits the efficiency of
of a-Si:H photovoltaics to 10% efficiency. However, a-Si:H remains an attractive system
because it supports both n-type and p-type doping and can be prepared at low cost in
thin-film form.

The SWE is thought to be due to the breaking of weak Si—Si bonds upon the
absorption of a photon and the stabilization of the broken bond by diffusion of hydrogen on
to the site forming a Si-H bond and a dangling bond [52, 55]. Annealing studies have shown
that the relaxation of the dangling bond defects obeys a stretched exponential relaxation
indicating that there is a distribution of energies for the weak bonds [56]. It has recently
been shown the SWE is reduced in a-Si:H films prepared by the hot-wire CVD (HWCVD)
process [24]. These films have low dangling bond defect densities and are more structurally
ordered as measured by the Si TO-TO like peak half-width in Raman scattering, the first
sharp x-ray diffraction peak, and the Urbach-Edge parameter which measures the number
of band tail states[57].

Metastable states in a-Si:H can be introduced not only by light-soaking but through
charge injection [58] and extraction [59] along with quenching from elevated tempera-
tures [56]. The light-induced metastability is typically discussed in terms of the dangling
bond defects that degrade the electrical transport properties. However, there is evidence
that large scale structural rearrangements are occurring as well [60]. In particular, the den-
sity of two-level systems (TLS) that are responsible for the low temperature properties of
glasses have been found to increase upon light soaking in a-Si:H [61]. The TLS are thought
to be due to single atoms or groups of atoms that have structural configurations that are
close in energy and, at low temperature, tunnel through the energy barrier separating these
configurations [4, 3]. These states have been shown to have an atomic not electronic origin
in amorphous silicon [53].
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Chapter 3

Survey of experimental methods

This chapter discusses the various experimental techniques employed in this work.
Thin-film calorimetry will be discussed generally here but a detailed discussion of the nano-
calorimeter will be delayed until Chapter 4.

3.1 Thin film growth techniques

3.1.1 Electron beam evaporation

Thin films of pure a-Si were prepared by electron beam evaporation in UHV de-
position chamber on nanocalorimeters along with MgQO, high resistivity silicon, and a-SiO»
and a-Si-N coated silicon substrates. The chamber base pressure was < 5 x 10~8Torr for
all samples and the growth rate was 0.5 — 1A/ s. The temperature of the sample holder Ty
was varied between 45° — 400°C +15°C during growth.

3.1.2 Hot-wire chemical vapor deposition

Samples of a-Si:H were prepared by hot-wire chemical vapor deposition (HWCVD)
at the National Renewable Energy Laboratory (NREL) in Golden, CO. The hot-wire process
uses a tungsten filament heated to 2000°C to decompose the silane gas to create Si and H
radicals that react at the growth surface to form an a-Si:H film. The base pressure of the
deposition chamber was < 5 x 10~ "Torr and the process pressure was 10mTorr with a gas
flow rate of 20sccm. In this system, the best quality films with a minimum in the dangling
bond defect density are grown at T's ~ 350°C resulting in 4 at.% H [62] while the films
with the lowest internal friction correspond to the low hydrogen content films grown at the
highest growth temperatures. As with other deposition methods, the H content ¢z decreases
with increasing growth temperature as H is driven out of the amorphous network [52]. The
dangling bond defect density also decreases with increasing growth temperature but then
goes through a minimum as the rate of H evolution exceeds the retention rate neccessary
to passivate dangling bonds [52]. In films prepared by Plasma-Enhanced CVD and glow-
discharge this minimum occurs a ~ 10 at.% H whereas in the HWCVD films this minimum
occurs at ~ 4 at.% H [63]. The minimum in the defect density corresponds with a minimum
in the Urbach edge which is a measure of the electronic joint density of states (JDOS)
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and thus a measure of the electronic disorder. The films studied here were grown with
Ts = 300 — 500°C.

3.2 Materials Characterization

3.2.1 Raman Scattering

Raman scattering measurements were performed with the 514.5 nm line of an
Ar-ion laser at 100mW. Argon gas was flowed across the sample surface to suppress the
rotational lines from ambient diatomic gases which dominate the spectra below 100 cm™!.
Raman spectra were recorded with a cooled R928 photomultiplier tube attached to a Jobin-
Yvon U-1000 double grating monochromator. Diffraction gratings with 1800 grooves/mm
were used and the entrance and exit slits were set at 500um with the two intermediate slits
set to 100um resulting in a spectral dispersion of 4.5cm~!. The relative intensity of the
Rayleigh scattered light is 1071 at 20cm™' but is still visible in the spectra due to the
high intensity of the laser. Figure 3.1 shows the measured Raman spectra for crystalline
and amorphous silicon. The Rayleigh scattered light from the crystalline silicon was fit to
a Lorentzian and subsequently subtracted from the amorphous spectra. The Raman active
mode of crystalline silicon is visible at 52lcm™'. An observable peak in the amorphous
spectra at 521cm ™! indicates the presence of a crystalline phase in the amorphous film [64].
In an amorphous material, k£ is no longer a good quantum number so the selection rules
are relaxed and all phonon modes can couple to the incident light [65]. The resulting
spectrum reflects the weighted phonon density of states that is considerably weaker than

but comparable to a broadened crystalline phonon density of states [65].

3.2.2 JTon-beam Analysis

Rutherford Backscattering (RBS) and Hydrogen forward scattering (HFS) spectra
were measured using the Pelletron tandem accelerator at the Lawrence Berkeley National
Lab Ion Beam Facility. Spectra were acquired with incident energies from 3.0 — 3.1 MeV
where the energy was increased to probe the oxygen resonance through the depth of the
film. The RBS data were acquired in the Cornell geometry at an incident beam angle of
55°. The HF'S scattering spectra were collected in the IBM geometry with an incident angle
of 75°. Charging of the mylar film in the detector prevented determination of an absolute
value of the H content but the relative values are consistent with the growth calibration.
RBS and HF'S spectra were modeled with the SIMNRA software package.

3.2.3 Sound velocity and thermal conductivity

Sound velocity and room temperature thermal conductivity measurements were
performed by David Cahill at the University of Illinois, Urbana-Champaign. Sound velocity
was measured by picosecond acoustics [7]. The picosecond acoustic method is a pump-probe
technique where the probe beam monitors the reflectivity change in an aluminum capping
layer due to heating from the pump beam and the subsequent echo after the sound wave
reflects from the film-substrate interface. This technique requires an acoustic impedance
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Figure 3.1: Raman scattering for crystalline and amorphous silicon. The peak at 521cm™!
is the first order Raman mode in crystalline silicon. The Raman spectrum of a-Si is propor-
tional to the phonon DOS. The upturn in the spectrum below 75¢cm™! is due to Rayleigh
scattered light from the laser.

mismatch between the sample and substrate. The longitudinal sound velocity v; = 21/At
where At is the time delay between the pump beam and the echo, and [ is the thickness of the
sample. The time-domain thermal reflectance (TDTR) technique was used to measure the
room temperature thermal conductivity [66, 67]. The TDTR method is also a pump-probe
technique where the thermal diffusion length depends on the probe beam frequency and the
thermal diffusivity of the film Dy = k¢/Cy where ky and C; are the thermal conductivity
and heat capacity of the film. The thermal conductivity in determined by comparing the
cooling curve after the pump pulse to a theoretical model of the film and interfacial thermal
conductances.

3.2.4 Internal Friction

Internal friction Q! measurements were performed between 0.3 — 300K by Xiao
Liu and Tom Metcalf at the Naval Research Laboratory in Washington, D.C. Q! measures
the relaxation process of acoustic waves interacting with TLS [19]. From the TLS model
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Q7! = % where P is the subset of TLS with level splittings that couple to the acoustic

t
waves, v is the coupling energy between the TLS and acoustic waves, p is the density and

v is the transverse sound velocity. We are interested in Q™! to compare the density of TLS
from heat capacity to the internal friction. Measurements were made using high purity,
single crystal silicon double paddle oscillators (DPO) operating in the antisymmetric mode
by exciting the DPO at 5500Hz [38, 14]. Thin films of e-beam a-Si were deposited at U.C.
Berkeley on the neck of the DPO. Film thicknesses were ~ 3000Aand the thicknesses were
checked with a KLA-Tencor Alphastep 1Q profilometer. By measuring @' of the DPO
before and after deposition of the film, it was possible to determine the shear modulus
G = pv} of the film. By measuring G' and p we were able to calculate v;. After the initial
measurement, films were light-soaked under a PV Measurements Inc. small area solar
simulator with care taken to keep the film from heating above 50°C to avoid relaxation of
light induced defects. Q™! was also measured on films after annealing. Heating and cooling
rates were ~ 5K /min.

3.2.5 Electron spin resonance

The density of dangling bond defects can be determined by measuring the signal
strength of the resonant transition between the Zeeman split energy levels of the paramag-
netic dangling bond defect [52]. The electron spin resonance (ESR) technique is sensitive
to dangling bond densities on the order of 10''em™'. Dangling bond defect densities for
the e-beam evaporated a-Si were determined by ESR measurements performed by David
Bobela at the National Renewable Energy Lab. The ESR signal was found to be isotropic

and have a Lande g-factor g = 2.0055 as is typical of dangling bonds in a-Si.

3.3 Calorimetry

3.3.1 Sample preparation

Thin films of a-Si were deposited on the nanocalorimeter through a micromachined
evaporation mask. The shadow mask is designed to sit in the etch pit on the backside of the
calorimeter so that films are only deposited in the central sample area of the membrane.

A special sample plate was manufactured for the growth of the hot-wire CVD films
so that the membrane sample surface was exposed to the reactive gas while protecting the
heaters and thermometers on the top surface. The delicate membrane of the calorimeter
will break if placed in contact with any surface so a depression was cut into the plate to
prevent contact. A pressure differential across the membrane could potentially cause the
membrane to break so a small ventilation channel was cut from the back of the sample
plate into the depression. The ventilation channel was sufficiently narrow and long to
prevent radicals from depositing a-Si:H on the front surface of the device. While Si and
H radicals were not present near the front surface, the Pt heaters and thermometers were
exposed to silane gas and for Tg > 370°C, Pt-Si formed on the top of the Pt layer [68].
The density of the Pt-Si layer was consistent with the formation of PtoSi. The thickness
of the Pt-Si silicide layer was determined by scratching off some of the silicide from the
Pt layer and measuring the underlying Pt thickness. The heat capacity of Pt3Si could not
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be found in the literature so the addenda were corrected with the Debye and free-electron
heat capacities from calculations of the elastic constants and electronic structure [69]. We
estimate that the uncertainty in the Pt-Si parameters introduces a negligible error in the
heat capacity since the correction to the low temperature heat capacity is dominated by
the electronic heat capacity of Pt which can be corrected by knowing the thicknesses of
the Pt layer on both the addenda and the sample device. The free-electron heat capacity
for a metal is Cy = 4T [11]. For bulk Pt, v, = 6.8mJ mol~! K~! and we estimate that
Yer = 0.64mJ mol~! K~ for Pt,Si. The Pt,Si heat capacity is < 4% at all temperatures
and is < 2% below 7K.

3.3.2 Patterning samples on the calorimeter

The shadow mask was not used for the CVD films as the growth process is not
directional for this process as it is for evaporation. Here the CVD film was allowed to
deposit on the entire back surface of the membrane to ensure a uniform film in the sample
area. Subsequently, an a-AlOx was sputtered on the central sample area through a shadow
mask and then a Cu film was evaporated through the deposition mask. The Cu layer acted
as an etch mask when the device was placed in a reactive ion etcher to remove the a-Si:H
from the membrane border. The a-Si:H layer was etched at 50W in SFg gas in 15 second
intervals until the film was visually removed. The removal of the film was confirmed by
reflectometry. Less than 5% of the total a-Si-N membrane thickness was etched during the
process so that the change in the total addenda heat capacity was less than 1%.

3.3.3 Measurement Apparatus

Heat capacity measurements were made in a one-shot ‘He cryostat from 2 —
300K [70]. The taper sealed cryostat was continuously pumped with a Turbo molecular
pump to a base pressure < 1 x 107" Torr as measured at the turbo pump. At low tempera-
tures, the pressure in the cryostat was likely lower due to cryo-pumping to the vacuum can
by the liquid He bath. The nanocalorimeter was thermally anchored to a copper sample
block and electrical connections were made to device by gold wire bonding. The temperature
of the cryostat was controlled with a Lakeshore 340 to better than 0.5mK at 2K.

3.3.4 Light-soaking

The heat capacity samples were light soaked under a PV Measurements Inc. small
area AM1.5G solar simulator for 7 days to fully saturate the samples. The samples were light
soaked through the top surface of the transparent membrane. The transmission through
the calorimeter was measured at 633nm with a HeNe laser. The 500A a-Si-N membrane
was found to be 60% transmissive and the 500A Pt film used for the heaters and leads was
50% transmissive. The heaters and thermomters cover ~ 20% of the sample area on the
membrane and partially shadowed the device during light soaking. We believe that this is
partially compensated by the reflection from the Cu conduction layer under the silicon film.
The resistance of the sample heater was monitored during the light soaking the temperature
remained below 30°C.
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3.3.5 Annealing

Heat capacity samples were annealed to relax the amorphous network, remove light
induced dangling bonds, and quench thermally induced dangling bonds. All of the heat
capacity sample annealing was preformed using the Pt sample heater on the membrane in
the high vacuum cryostat. Because of the low thermal mass of the membrane, the samples
could be annealed to hundreds of degrees centigrade with only a few milliwatts of power.
The low mass also results in a fast thermal response time. Heating and cooling rates of
~ 10*K /s were possible by turning on the heater with a current step as well as 5 — 10K /min
rates with current ramp. Quenching from 300°C to 6K was possible by turning off the
heater with a step function. The 2mW thermal load from the sample heater only raised
the temperature of the cryostat from 4.2K to 6K. The sputtered 200 — 300A a-AlO, buffer
layer was sufficient to prevent diffusion of the Cu into the a-Si. Without the buffer layer,
even modestly low temperature thermal treatments would result in rapid diffusion of the
Cu into the a-Si and a-Si:H films.
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Chapter 4

Thin-film nanocalorimetry

A silicon nitride membrane-based nanocalorimeter is described for measuring the
heat capacity of 30 nm films from 300mK to 800K and in high magnetic fields with absolute
accuracy ~ 2%. The addenda heat capacity of the nanocalorimeter is less than 2x10~7 J/K
at room temperature and 2 x 1070 J/K at 2.3K. This is more than 10 times smaller than
any existing calorimeter suitable for measuring thin films over this wide temperature range.
The heat capacities of thin Cu and Au films are reported and agree with bulk values. The
thermal conductivity of the thin low stress silicon nitride is substantially smaller than thicker
membranes while the specific heat is enhanced below 20K. Design of the nanocalorimeter
will be discussed along with fabrication details and calibration results. Reprinted with
permission from The Review of Scientific Instruments 80, 063901 (2009). Copyright 20009,
American Institute of Physics.

4.1 Introduction

Understanding the thermodynamic properties of nanoscale materials has become
increasingly important as samples with nanometer length scales are routinely produced in
the lab and semiconductor processing technologies shrink to tens of nanometers in size.
Heat capacity in particular reveals information about electronic, magnetic, and structural
properties. Measurements at the lowest temperatures tell us about the fundamental exci-
tations in a system while measurements to several hundred degrees centigrade are typically
most important for revealing phase transitions or determinations of total enthalpy and en-
tropy. Many of these materials (e.g. amorphous, multilayers, nano-structured) cannot be
produced as bulk samples and are not amenable to traditional measurement techniques.
Calorimetry measurements necessarily require that the heat capacity of the calorimeter be
measured along with the sample of interest. Heat capacity, ¢, is an extensive quantity and
a calorimeter suitable for measuring these small quantities should have a heat capacity,
and thus size, comparable magnitude to the nanoscale materials and films in addition to
operating over a wide range of temperatures and fields.

Microcalorimeters based on amorphous, low stress silicon nitride (Si-N) membranes
have been used for over a decade to understand the thermodynamics of thin films and small
(micrograms) samples. [71, 72, 73, 74, 75] Heats of fusion and heat capacities of ultra thin
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films and monolayers have previously been measured, but these measurements have been
confined to high temperatures and zero magnetic field. [72, 76] Films as thin as 200 nm have
been measured from 2-800K and in magnetic fields up to 8 Tesla with an absolute accuracy
~ 2%. (See Ref. [77] and the references therein.)

Here we describe the design and fabrication of a thin film nanocalorimeter for use
from 300mK to 800K and in high magnetic fields. This nanocalorimeter is a scaled down
version of the previously reported microcalorimeter [71, 77] and has more than 10 times less
addenda heat capacity over this wide temperature range, enabling the heat capacities of 30
nm films or sub-microgram samples to be measured with ~2% absolute accuracy. [78, 75]
Calibration measurements for the device will be discussed along with an analysis of the
specific heat and thermal conductivity of the amorphous Si-N membrane.

4.2 Device Description

The low thermal conductance and heat capacity of amorphous Si-N membranes
make them ideal for thin film calorimeters both because of their intrinsic properties (high
Debye temperature and corresponding low C') and their mechanical strength (can be made
extremely thin with a large area). [71, 79] These membranes are made from a low stress,
silicon rich film that is grown by low pressure chemical vapor deposition (LPCVD) and they
are commonly used for X-ray and TEM windows. [80]

Figure 4.1 shows a schematic (a) and cross section (b) of the new nanocalorimeter
with the sample heaters and thermometers labeled. All of the elements on the device are
lithographically patterned and their geometries are well known. The 2 mm x 2 mm x 30 nm
Si-N membrane acts both as a substrate for the thin film sample and a weak thermal link
between the sample and the Si frame. Samples are deposited onto the backside of the
membrane in the 1 mm x 1 mm sample area through a microfabricated deposition mask,
shown in Figure 4.1 (b). A Cu or Au thermal conduction layer is also deposited on the back
of the membrane in the same central sample area to ensure that the sample is isothermal with
the thermometers. [78] The sample heater is used to raise the temperature of the sample
area from fractions of a degree to several hundred degrees above the frame temperature
depending on the measurement technique.

The heat capacities of the membrane, thermal conduction layer, and sample, when
present, are the dominant contributions to the total measured heat capacity, ¢r. The
background, or addenda, heat capacity of the calorimeter, ¢,, is due to the membrane,
conduction layer, and thin film heaters and thermometers. The thermal link, K, that
couples the sample area to the environment includes contributions from thermal conduction
and radiation. The thermal conduction term depends on the elements that connect the
sample area and the frame: Si-N membrane and Pt leads for the heater and thermometers.
Heat loss due to radiation becomes appreciable above 100K and depends on the membrane
area and emissivity. [6]

The ability to reliably make thin membranes with a large area sets the minimum
possible size for the calorimeter. Here we describe how the important device properties
should scale in terms of the device parameters: membrane thickness ¢ and width x. In
scaling down the microcalorimeter to reduce c,, the membrane’s strength is kept relatively
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Figure 4.1: Schematic of the nanocalorimeter. (a) The sample and conduction layer are
in the 1x1 mm? square at the center of the 2x2 mm? membrane. The silicon chip is
5x5 mm?. Three sample thermometers (two a-Nb,Si;_, and one Pt) are located on the
sample area with impedance matched thermometers on the frame. Each thermometer’s
resistance is optimized for a different temperature range. A Pt sample heater is used for
all Ty to heat the sample area with respect to the frame. Lead resistances are <2% of
the measured resistance for the heater and over the range of each thermometer. The Pt
heater and thermometer are 12 pym wide. The a-Nb,Si;_, thermometers have the same
doping y and resistances that differ by a factor of 12.5 due to geometry. (b) The 30-50 nm
thick low stress, amorphous Si-N membrane is released by etching the Si wafer in KOH
and then removing the 100 nm oxide layer in buffered HF. The 10-20 nm thick Pt film
is lithographically patterned and etched prior to releasing the membrane. a-Nb,Sij_, is
deposited on the wafer with released membranes, patterned, and then etched. The sample
is patterned in the center of the membrane by depositing the film through a separately
micromachined deposition mask.
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constant by maintaining the ratio of membrane area to thickness, x?/t ~ constant. [80]
Membranes as thin as 30 nm are strong enough to withstand fabrication, processing, and
routine handling. To meet this constraint for a 30nm membrane, where ¢ is reduced by a
factor of 6 compared to the 180 nm membrane of the microcalorimeter, the membrane area
must be reduced by 6, hence from 5 mm X 5 mm to 2 mm X 2 mm, therefore reducing x
by 2.5.

The reduced size of the nanocalorimeter changes two thermodynamic quantities
that in turn control all the other measurement parameters: the addenda heat capacity c,
and the thermal link K connecting the sample to the environment. ¢, scales in a straight
forward manner as it depends only on the total mass m = pV of the elements on the
membrane. The membrane contribution scales as 2t and is reduced by a factor of 36 for a
2 mm x 2 mm X 30 nm membrane. The in-plane dimensions of the heater, thermometers,
and leads were reduced by the factor as x and their thicknesses by t¢;. If the scaling of
ti o< t, then the overall ¢, o x?t which is reduced by a factor of 36. K has contributions
from conduction through the membrane and the Pt leads and, for T" > 100K, a measurable
contribution from radiation. Since the device is scaled uniformly in the plane of the wafer,
all contributions from conduction scale as t; o< t. (z appears in both the numerator and
denominator of k, hence, canceling.) The radiation contribution K,.q = ceAT? depends on
the heated area of the membrane A o z?  t. Therefore, K o t since both contributions
separately scale as t. Thus, the heat capacity of films as thin as 30 nm can be measured
by scaling the microcalorimeter’s membrane thickness ¢ by 6 and area x? by 6 to decrease
cq- Furthermore, this scaling results in no change in systematic error for this measurement
since the systematic error depends on the ratio of the thermal conductances of conduction
layer and membrane which both scale at ¢. [77]

The measurement sensitivity is determined by the off-null voltage of the bridge
circuit AV = I;;, AR where I, is the current through the sample thermometer and AR =
AT(dR/dT) is the change in thermometer resistance upon heating the sample area. The
reduction of ¢t and z for the heaters and thermometers results in an increase in their resis-
tance that scales as ¢!, (since all elements’ lengths and widths scale as ) The sensitivity
of the scaled thermometers is evaluated by considering the bridge response as the relevant

figure of merit (FOM). It is shown in footnote [81] that FOM = (é)l/z ff—g% where
t and t;, are the thickness of the membrane and thermometer, respectively, and p is the
resistivity of the thermometer. For the Pt thermometer, where t/t;;, and p(T') are both
constant, FOM = constant and there is no loss of sensitivity upon scaling. For the low
temperature a-Nb,Si;_, thermometers, both ¢/t;, and p were varied to optimize the sensi-
tivity while keeping the resistance at a measurable value, typically, < 1 M. This will be

further discussed in section 4.3.

4.3 Fabrication

The thin film nanocalorimeters are fabricated in the U.C. Berkeley Microfabrica-
tion Laboratory on four inch (100) silicon wafers using MEMS processing techniques with
modifications required to protect the thin Si-N before and after releasing the membranes. A
100 nm oxide layer is grown by wet oxidation of both sides of the Si wafer at 1000°C. This
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Figure 4.2: Low temperature sensitivity figure of merit FOM = (ﬁ) / %//22%% of the

nanocalorimeter using a-Nb,Si;_, thermometers. The predicted nanocalorimeter FOM

(solid line) which is the same as the microcalorimeter, FOM for ﬁ = % and p = constant

(dashed line), and the measured FOM with ﬁ = constant and p decreased to reduce the
thermometer resistance below 1M(Q2.

oxide layer reduces the capacitive coupling between the heater, thermometers, and ground
through the silicon wafer. The oxide is etched from the back of the wafer using 5:1 buffered
HF (BHF) and low stress amorphous Si-N is deposited at 835°C in a low pressure chemical
vapor deposition (LPCVD) furnace using a 4:1 mixture of dichlorosilane and ammonia. The
Si-N on the front surface of the wafer forms the membrane and the Si-N on the back is the
mask for the subsequent silicon etch. Scratches in the thin Si-N film will result in unwanted
etching of the Si therefore a 200 nm film of Cr is deposited on the back surface of the wafer
to protect the Si-N during processing. A Pt film is sputtered onto the front of the wafers
where the heaters, thermometers, and leads are lithographically patterned and then etched
in aqua-regia at 85°C. The front surface of the wafer is then protected with photoresist and
the Cr film is removed from the backside. The Si-N on the back of the wafer is patterned
and etched. The membranes are released by etching the exposed Si in KOH at 80°C. The
top surface oxide layer is removed from the back of the membrane in 5:1 BHF leaving the
clean bottom surface of the Si-N as a growth surface for future sample deposition. Vacuum
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chucks are avoided for the remainder of the processing as the membranes are somewhat frag-
ile. The low temperature a-Nb,Si;_, thermometers are cosputtered, annealed, patterned,
and then etched in an SFg plasma. Thicknesses of the Pt, a-Nb,Si;_,, oxide, and Si-N
are measured either with a profilometer or optical reflectometer. A batch consists of 6-18
wafers with each wafer holding 52 devices and yields are typically 85%.

Residual stress is kept below 200 MPa for all films to reduce strain on the mem-
branes. The stress in the LPCVD Si-N depends on the deposition temperature and ratio
of dichlorosilane and ammonia precursor gases. [80] The stress in the sputtered Pt and
a-Nb,Sii_, films is controlled by varying the pressure of the argon gas. [82] Film stresses
are determined by measuring the Si wafer curvature before and after film deposition with
a Tencor FLX-2320.

The resistance of the a-Nb,Si;_, thermometers is a function of both doping y
and annealing temperature T)4. [83] Annealing the devices ensures that they are thermody-
namically stable and thus reproducible for sample preparation or measurements below 714.
A device’s operating temperature range is determined by the choice of y and T4. Ther-
mometers with R ~ 1 MQ at 300mK can be obtained for y ~ 0.1 when T4 = 300°C. The
operating temperature range can be expanded by increasing both y and T4. Low tem-
perature thermometers have been reliably produced by annealing films with y ~ 0.13 at
500°C. [83] Figure 4.2 shows the predicted FOM for the a-Nb,Si;_, where ﬁ and p are

both held constant. By holding p constant and decreasing ﬁ, the thermometer resistance
increases above 1 MQ2 and the FOM decreases. y was increased to compensate for the in-
creased thermometer resistance but this resulted in a decrease in the FOM. The FOM for
these thermometers can be further improved by annealing above 300°C and by decreasing
y and increasing t;, for future devices.

Samples and conduction layers are vapor deposited onto the small central sample
area of the membrane using a micromachined deposition mask. A 5 um gap between the
deposition mask and membrane is used to keep the error in sample area to < 1% from
typical shadowing effects during growth. These deposition masks are fabricated from six
inch silicon wafers with a nominal thickness of 650 pm. The wafers are coated with 400 nm
of Si-N, patterned on the front and back, and etched in KOH at 80°C. The resulting mesa
structure fits in the etch pit on the nanocalorimeter and has a through wafer opening in
the center that defines the 1 mm x 1 mm sample area. Appropriate choice of convex
corner compensation is required to prevent undercutting the mesa structure along the (411)
planes that are exposed at the corners. The convex corner compensation method laid out
by Fan [84] was found to be sufficient for this deposition mask structure.

4.4 Experimental Method

The nanocalorimeter is either mounted into a measurement system once the sam-
ple and conduction layer are deposited or the device is attached to a sample stage with
a deposition mask for in-situ deposition and measurement. In either case, the device is
clamped to a Cu block with a small amount of either Apiezon N or H grease applied to
the block to ensure good thermal contact. The device can be operated over a temperature
range of 300mK to 800K when they are prepared as described above. Electrical connections
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Figure 4.3: Total measured heat capacity c¢p of a 50 nm thick device with 86.4 nm of Cu
[contributions from: Cu conduction layer; Si-N membrane; Pt heater, thermometer, and
leads; and a-Nb,Si;_, thermometers (small and not shown)]. ccy, and cp; are calculated
from bulk data [5]. cg;—n is calculated from cp — coy — cpy. [6]

are made by gold wire bonding to the contact pads on the Si frame. A commercial Cernox
thermometer and temperature controller are used to measure and control the temperature
of the Cu sample block. During the measurement, each resistance thermometer on the
device is calibrated to the temperature of the block thermometer. The resistance of the
device sample thermometers typically vary by a small amount for devices from the same
wafer. This variation is due to either thickness or, for the a-Nb,Si;_,, small composition
gradients across the wafer. All measurements are made under high vacuum (< 1 x 1077) to
eliminate irreproducibility in ¢ or K from small amounts of gas or ice.

The small AT relaxation method [85, 71, 77| is typically used for heat capac-
ity measurements, however, the nanocalorimeter is compatible with other small sample
calorimetry techniques. For this measurement, the thermal link of the calorimeter K is
measured by applying a known power P to the heater and then measuring the steady state
temperature rise AT of the sample area above the Si frame which is held at the temperature
of the block Tjy. Solution of the steady state heat flow equation gives K = P/AT. P is then
set to zero and the subsequent exponential temperature decay is recorded as a function of
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time. The time constant of the temperature decay 7 = ¢y /K where c¢p = ¢, + ¢; is the total
heat capacity of the calorimeter, sample, and conduction layer.

This simple model for heat flow in the device applies when the sample area is
isothermal and both K and ¢ do not change appreciably during the measurement. Temper-
ature gradients in the sample area have been shown to be < 2% when using a conduction
layer with a high thermal conductivity, such as Au or Cu, that has at least the same
thickness as the membrane. [78] Changes in K and c are kept sufficiently small with the
appropriate choice of AT. For the steady state measurement of K, AT in the range of
1 — 10% of Ty maintains the linearity of K over the temperature interval Ty to Ty + AT.
For the temperature decay, AT of 1-2% of Ty is used and results in an error in ¢ that is
< 0.01%. A detailed discussion of this technique along with a comparison to both a 1D
model and 2D numerical simulation are reported elsewhere. [85, 71, 78, 77]

To measure AT, either the Pt or one of the a-Nb,Si;_, sample thermometers
(depending on temperature Tp) is connected to a lock-in amplifier through an auto-balancing
bridge which references a matching thermometer on the device’s frame. (See Figure 4.1)
The temperature of the block is held stable at Tj, the bridge is balanced, and the resistance
of the sample thermometer is measured along with the temperature of the calibrated block
thermometer. The bridge is then driven off balance by an amount AV when power P is
supplied to the sample heater. AT of the sample is then determined from the measured
R(T) calibration for the sample thermometer. [71, 86] For a given T}, several heater powers
are applied corresponding to %AT, AT, %AT, 2AT to test linearity of K around Tgp + AT.

A Signal Recovery model 7265 DSP Lock-in amplifier provides the excitation volt-
age for the bridge and records the relaxation time constant 7 using an internal fast A/D
converter. An excitation frequency of several hundred Hz to a few kHz is used for measure-
ment of the decay. Between 25 and 100 decays are averaged at a single temperature. The
resistance of the a-Nb,Si;_, sample thermometer is 500 kQ2-1 M at low temperatures and
this leads to an RC attenuation of the off-null voltage of the bridge for frequencies above
~ 3 kHz. This attenuation is acceptable for the time dependent measurement as only the
time constant of the decay is important but it is unacceptable for K where an accurate
measure of AV of the bridge is needed to determine AT. A low frequency, typically 17 Hz,
is therefore used for the steady state measurement to avoid this RC attenuation.

Usually, one nanocalorimeter per wafer is measured (with a conduction layer) to
determine ¢, for all devices from the wafer. The remaining devices have both a sample and
a conduction layer deposited on them. The sample’s heat capacity, cg, is determined by
subtracting the addenda from the total measured heat capacity, ¢s = ¢ — ¢, The small
variations in ¢, for each device due to differences in Pt and conduction layer thicknesses
between the addenda and sample devices are calculated and corrected.

The data presented below are for devices with varying conduction layer thicknesses
and materials. The membrane thickness for these nanocalorimeters is 50 nm though devices
with 30 nm membranes have been fabricated. Additionally, process variations resulted in
the thickness of the Pt heater and thermometers being greater than the desired value from
scaling. The increased thickness of Pt increases ¢, and the conduction term in K. All
measurements were performed in a “He cryostat over the temperature range 2-300K. The
resistance of the a-Nb,Si;_, thermometers were successfully measured down to 300mK in
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Figure 4.4: Measured total thermal link K = P/AT of a 50 nm nanocalorimeter shown with
the contributions from Si-N membrane, Pt leads, and radiation. Kp; is calculated using
the Wiedemann-Franz law with the measured o(7") of the Pt heater. Kg;_x is calculated
by subtracting the contributions from Pt leads and radiation. K,,q is taken as the 72 term
in K — Kpy. [6] Inset: K for two devices from different wafers in same process lot.

a 3He cryostat. The Pt thermometers were tested up to 800K in vacuum both by raising
the temperature of the sample block and monitoring the resistance of thermometer and also
by holding the sample block and silicon frame of the calorimeter at room temperature and
heating the sample area of the membrane up to 800K. For the remainder of the paper, we will
refer to the heat capacity of the Si-N membrane, heaters, and thermometers as the addenda
and treat the conduction layer as the sample. It should be noted that a measurement of
a device without a conduction layer is not meaningful since the isothermal criterion is not
satisfied.
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4.5 Results

Figure 4.3 shows cr for a device with 86.4 nm thick Cu conduction layer. Also
shown are calculated ¢ for each component; Si-N membrane, Pt elements, and Cu conduction
layer. The heat capacity of the a-Nb,Si;_, thermometers is not shown; as previously
discussed in Ref. [6] as it makes a negligible contribution. For this sample, the bulk specific
heats of Cu and Pt are used to calculate the corresponding thin film contributions which is a
reasonable assumption given the results presented below [5]. ¢cy, is shown for the thickness
of Cu in the 1 mm x 1 mm sample area. cp; is a combination of ¢ for all of the Pt in the
sample area along with 29% of ¢ for the Pt on the membrane border. This geometric factor
for the border contribution is a result from 2D heat flow simulations. [78] The Si-N’s heat
capacity is calculated from cg;_ny = ¢ — coy — cpt. Knowing each of these contributions
allows ¢, to be calculated for any device to within 2% as is demonstrated below.

Figure 4.4 shows the temperature dependence of K, the measured thermal link of
the nanocalorimeter, and the various components that contribute to this value. Measure-
ments of K for devices from the same wafer agree to within 3%. The inset in Figure 4.4
shows K for devices from wafers A and B that are from the same process lot. Variations in
the thickness of the Pt and Si-N account for the difference between the measured K. The
thickness differences between wafers for the Si-N and Pt are 1.5% and < 10%, respectively.
Correcting for these different thicknesses reduces the variation to < 2% which is within the
measurement error.

The contributions to K shown in Figure 4.4 were calculated following the procedure
detailed in Ref. [79]. The thermal conductance of the Pt leads Kp; is calculated from
the thermal conductivity given by the Wiedemann-Franz law (k/o = LoT). The electrical
conductivity o of the Pt is calculated from the measured R(T') of the Pt heater which, along
with the thermometers and leads, is lithographically patterned and its geometry well known.
K p; is subtracted from K and the resulting curve is fit to a functional form a+bT+cT? above
100K. The cubic term is assumed to be due to the leading term in the radiation contribution
Proa = AeffEU[(TO + AT)4 — Tél] ~ AeffEO'T3AT = K, AT with K,.q = AeffEO'Tg.
From this we can find the contribution from the Si-N Kg;—ny = K — K.qq — Kp¢. [6] The
contribution from K, .4 scales as the exposed surface area A.ry and is in good agreement
with the predicted reduction of z2.

Heat capacity measurements were also made on 52.5 nm and 30.3 nm thick Cu
films and a 54.6 nm Au film. In all cases, the temperature decays were verified to be
single exponential over 67. The nanocalorimeter for the Au film was from wafer A and the
nanocalorimeters for the Cu films were from wafer B. All of the sample films were grown by
thermal evaporation at a base pressure of 2 x 1076 Torr and a deposition rate of 2-5 A /s.
Film thicknesses were monitored during growth with a quartz crystal thickness monitor and
verified by measuring the thickness of a neighboring sample with a KLA-Tencor Alphastep
IQ surface profilometer. The uncertainty in film thickness is 1.5% for these samples.

Figure 4.5(a) shows Cy for several thicknesses of Cu. Here we choose to find Cj
by taking the difference between 7 for each of the measured samples and multiplying the
result by an average K for this wafer. This subtraction removes the contribution of ¢, and
the thinner conduction layer by treating the extra Cu of the thicker layer as the sample,
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Figure 4.5: Specific heat of Cu (a) and Au (b) films of various thicknesses. Bulk values
(solid lines) are from Ref. [5]. Data in (a) is the difference between devices with thick and
thin Cu films. The specific heat of Au (b) was determined as described in the text. Insets:
C/T vs. T? for 56.1 nm Cu (a) and 56.3 nm Au (b).
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since K for each device was measured to be the same, and similarly for 56.1 nm = 86.4 nm—
30.3 nm and 22.2 nm = 52.5 nm — 30.3 nm. The assumption of an average K, and thus
Ca, introduces an additional error that depends on small differences in Pt lead thickness
for each device. The resulting data are normalized to their molar mass and are in good
agreement with the literature values for bulk Cu which is shown as well [5].

Figure 4.5(b) shows Cy for a 54.6 nm thick Au film. For this sample, ¢, was
calculated as described above based on the measured thicknesses of the Si-N and Pt for this
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wafer compared to wafer B. The specific heat for bulk Au (Ref. [5]) is shown and is in good
agreement with the measured value. This agreement validates the differential method for
measuring heat capacity along with verifying that the extracted heat capacity of the Si-N is
correct since Ccy (7') is very different than Ca,(7"). The agreement of the Cu and Au films
with bulk specific heat values also indicates that both electronic and lattice contributions
to the specific heat are not changed for films as thin as 30 nm.

We turn now to the intrinsic values of k and C for the Si-N extracted from the
measured values of K and ¢,. [79] We use the results of 2D heat flow simulations that show
how contributions from the membrane border area need to be considered. [78] The intrinsic
thermal conductivity of the Si-N kg;—ny = Kg;—n/at where ¢ is the thickness of the Si-N and
a = 10.33 is a geometric constant obtained from the simulations, somewhat equivalent to the
ratio of the path length to width. The intrinsic specific heat of the Si-N, C's; _n, is calculated
from cg;_ . From the 2D simulations, the effective volume of Si-N is the sum of the central
sample area and border contributions, Vs = [1 mm?+0.24((2x 2)— (1 x 1)) mm?] x 50 nm
where 0.24 is a geometric factor taken from the simulations in the limit of a good thermal
conduction layer, as here.

Figure 4.6(a) shows the thermal conductivity of Si-N for a 50 nm and several
200 nm membranes. [79] The thermal conductivity for 200 nm membranes below 10K was
reported to be sensitive to the surface roughness of the membrane which is primarily deter-
mined by oxide preparation technique. [79] Phonon scattering from the rougher surfaces is
believed to be diffuse and leads to a decrease in thermal conductivity. k& for the nanocalor-
imeter’s 50nm membranes is reduced over the entire measured temperature range up to a
factor of 3 when compared to 200 nm membranes prepared under similar conditions. The
reduction in k is likely due to boundary scattering of long wavelength phonons from the sur-
faces of the membrane. Recent thermal conductivity measurements of an a-Si:H film using
time-domain thermoreflectance have shown that a large fraction of the room temperature
thermal conductivity is due to phonons with wavelengths of several nanometers and mean
free paths of hundreds of nanometers. [26] We suggest therefore that boundary scattering in
the thinner nitride films reduces the mean free path of the phonons which in turn reduces
k over the entire measured temperature range.

Figure 4.6(b) shows the specific heat (J g=! K~1) of the 50 nm Si-N compared
to 200 nm Si-N membranes. Above 20K, Cg;_n for both samples agrees to within a few
percent and rules out any thickness errors that might account for the discrepancy seen in
k. Below 20K, the 50 nm films show an increase in C' as compared to 200 nm films.

Rutherford Backscattering (RBS) measurements for Si-N films reported here and
previously [6] show the stoichiometry to be SiNj 154005 with < 1 at. % hydrogen as mea-
sured by hydrogen forward scattering (HFS) in agreement with previous results. [87] The
density, also determined from RBS, for these films is p = 2.68 + 0.07 g/cm®. There was
no depth dependance to the composition found from the RBS measurements. The index
of refraction, which is a measure of film composition and stress, measured by spectroscopic
ellipsometry is 2.15 + 0.05 for all of these films as well. [80] From these measurements, all
of the films in Fig. 4.6 appear to be very similar chemically and it seems unlikely that any
remaining small variations in stoichiometry or density would lead to the differences seen in
k and C.
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Figure 4.6: Thermal conductivity (a) from 50 nm Si-N membranes ( ®) compared to values
for 200 nm membranes (H) grown in the same furnace as the 50 nm membranes and previ-
ously reported 200nm films (circles and triangles) [6]. Room temperature values for 200 nm
(x) and 50 nm (+) are measured by the time-domain thermoreflectance technique [7]. Spe-
cific heat (b) from 50 nm (®) and 200 nm () Si-N membranes.

Room temperature acoustic measurements on the 50 nm films give the longitudinal
speed of sound v; = 11.7 x 10% cm/s which is ~ 6% larger than v; for 200 nm thick Si-
N [6, 8]. The previous result from Ref. [8] are corrected here for the measured density.
Room temperature measurements of k have been made on 50 nm and 200 nm Si-N films
using the time-domain thermal reflectance technique. These values are systematically 14%
lower than the values determined from calorimetry measurements and lie slightly outside
of the room temperature 10% error bar in k that is dominated by uncertainty in the model
for radiation. All of these differences are negligible compared to the factor of 3 change in &
at all temperatures and the factor of 5 change in C' by 2K.

Figure 4.7 shows the specific heat of Si-N plotted as C' x 0p /T versus T'/0p along
with vitreous silica from Ref. [1]. Deviations from Debye like specific heat, such as a linear
term below 1K in C', are commonly seen in amorphous materials [1]. The linear term, which
appears as an upturn in C'/T3, is attributed to degeneracies in the amorphous matrix that
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Figure 4.7: Reduced specific heat (J mol~! K~!) of silicon nitride (50 nm, 200 nm) and
vitreous silica [1] plotted as Cp x (6p/T)? versus reduced temperature T/0p. The dashed
line is the Debye specific heat. Debye temperatures were calculated from the measured
sound velocities [8, 7, 1]

give rise to tunneling states and is believed to be universal to all amorphous materials [18].
The linear term in Si-N is appreciable below 6K in 200 nm films and 20K in the 50 nm
films. [6] The large linear term and high onset temperature are both surprising given that
Si-N appears to have a low density of tunneling states, as measured by internal friction,
which is well outside of the universal regime [88, 19]. Measurements below 2K are still
needed to confirm these results.

From a measurement perspective, the reduction of kg;_n is beneficial as a de-
creased thermal conductance leads to increased thermal isolation of the sample. This means
that ¢, can be reduced by using a thinner conduction layer and still satisfy the isothermal
condition for 2% accuracy. [78] However, the increase in Cg;—y below 20K results in an
addenda that is 5 times larger than expected at 2K.
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4.6 Conclusions

A thin film nanocalorimeter for measuring the heat capacities of 30 nm thin films
with ~ 2% absolute accuracy has been designed, fabricated, and tested. We present heat
capacity measurements from 2-300K; device thermometry has been tested from 300mK
to 800K. Heat capacities of several Cu and Au films were measured and show that the
nanocalorimeter can be used to measure the heat capacities of films as thin as 30 nm
with absolute accuracy <5%, limited by a combination of electrical noise, film thickness
uncertainty, and <2% systematic error from the measurement technique. The specific heat
and thermal conductivity of the thin amorphous silicon Si-N membrane have been extracted
and compared to data on thicker membranes. k is reduced by approximately a factor of
3 over the entire temperature range while an increase in C' is found below 20K and is a
factor of 5 at 2K. The data presented here for amorphous Si-N and recent results for a-
Si:H suggest that the current models for amorphous materials may need to be revisited
as new measurement techniques such as this allow investigations of materials not available
for bulk measurement techniques. When scaling down the thin film calorimeter, it was
necessary to optimize the electrical and thermodynamic response of the device around the
strength of the supporting Si-N membrane. It is possible to further reduce the size of the
calorimeter, however, the ability to reliably make ultra thin membranes will determine the
lower limit on the membrane thickness and, thus, set a lower bound on the heat capacity
of the calorimeter.
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Chapter 5

Specific heat of electron beam
evaporated amorphous silicon

The specific heat and internal friction of e-beam evaporated a-Si were measured
to determine if this tetrahedrally bonded, amorphous material has the low energy excita-
tions that give rise to the universal low temperature properties found in traditional glasses.
Specific heat was measured from 2 — 300K and, below 20K, an excess heat capacity is
observed in some samples. Internal friction @' measurements from 0.3 — 300K show a
plateau below 12K. The observed linear specific heat and plateau in the internal friction
indicate that the two-level systems (TLS) that ubiquitous in glasses are present in some of
these a-Si films. The Debye heat capacity is calculated from the measured sound velocity
and in the samples with TLS we find an additional 7% heat capacity that is proportional
to the density of TLS. The density of low energy excitations is found to be highest in low
density films. The high density films have Debye like heat capacity and very low internal
friction. The density dependence suggests that the low energy excitations form either in
voids or low density regions and are not intrinsic to the amorphous silicon network. By
comparing internal friction and heat capacity measurements we find that only 1 — 4% of
the TLS measured in heat capacity contribute to the internal friction.

5.1 Introduction

The low temperature thermodynamic properties of amorphous, electrically insu-
lating materials are known to be markedly different than their crystalline counterparts [1].
In addition to the T3 Debye heat capacity calculated from the sound velocity, there is a
T3 contribution from excess harmonic modes and a linear term that dominates at low tem-
perature. Around 10K, the so-called Boson peak is observed in the specific heat and is
associated with localized transverse acoustic like vibrational modes [37]. The thermal con-
ductivity decreases with decreasing temperature, has a plateau near 10K that is thought to
come from scattering from localized vibrational modes, and at lower T decreases as T2. The
linear heat capacity and 7 thermal conductivity have been described by a phenomenolog-
ical two-level systems (TLS) model [3, 4]. This model assumes that there are low energy
excitations in an amorphous material due to single atoms or groups of atoms that have
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energetically similar spatial configurations. At low temperature, thermal activation over
the energy barrier separating these configurations is no longer possible but a finite prob-
ability exists to tunnel through the barrier and this splits the ground state energy. It is
excitations of the tunnel split ground state energy that leads to the linear heat capacity due
to a constant (energy independent) density of states. The TLS model only describes the
low temperature excitations and it is not clear if the excess T3 specific heat, Boson peak, or
thermal conductivity plateau are related to the TLS. Several models have tried to capture
these higher temperature features including the defect model of Ref. [89] which includes
local scatterers that give rise the Boson peak in specific heat and the plateau in thermal
conductivity, the soft-potential model that considers quartic potentials with continuously
varying barrier heights [90], and collective vibrations resulting from groups of atoms that
have structural correlations that are frozen at the glass transition [91].

The low temperature specific heat of an electrically insulating glass has been found
to fit well to the form [2], C' = ¢;T + ¢3T3. The coefficient of the linear term ¢; = 7%—2k‘)29n0
is due to the density of TLS ng [3, 4]. TLS densities are ~ 10%° — 10%J7'm =3 in most
glasses [2]. The T° term c3 = CDebye + Cex Where cpepye is the prefactor for the Debye heat
capacity determined from the sound velocity and c., is an excess heat capacity found to
date in all glasses [37]. cep ~ 0.1 —1 x 1074J mol~! K=* and is typically within an order of
magnitude of cpepye [2]. A generally accepted theory for the origin of ¢, is missing.

The structural interpretation of the TLS model requires that the amorphous net-
work have sufficient flexibility to accommodate structural rearrangements. Examples in-
clude the under co-ordination in certain chalcogenide glasses, Si-O-Si bridges in vitreous
silica, and polymer chains. However, it should be stated that no mechanism has been iden-
tified as the source of TLS. Phillips [3] suggested that materials like a-Si and a-Ge would
not have TLS due to the over-constrained nature of tetrahedral bonding. a-Si and a-Ge,
however, cannot be quenched fast enough from the liquid state to form a glass so it can
only be prepared by thin film deposition methods. The difficulty in preparing the several
milligrams of material needed for a conventional calorimeter has meant that few results are
found in the literature and these results are restricted to very low temperatures where the
background heat capacity of the calorimeter is small or to thick films with poor quality.

Lohneysen’s group measured the low temperature heat capacity of evaporated
films of a-Si and a-Ge where they found a magnetic field dependent heat capacity below
1K [41, 42]. From the field dependence they concluded that the excess was due to exchange
coupled electronic states associated with dangling bonds, not atomic TLS. The heat capacity
and dangling bond density of the a-Ge film was reduced upon annealing and the authors
interpreted this as further evidence that the excess was due to dangling bonds and not
atomic TLS. By contrast, Graebner et al. showed that the 72 TLS contribution to thermal
conductivity of evaporated a-Ge scaled with the film density and suggested that the TLS
were atomic in origin and associated with low density regions in the film [47, 48, 49]. The
TLS in glasses may also be probed by low temperature internal friction Q! which measures
the damping of acoustic waves from absorption by TLS [19]. Metcalf et al. showed that
TLS are present in evaporated a-Si but at a lower density than in other glasses and that
these TLS are atomic in origin since they are only weakly affected by magnetic field [53].

Above 2K, Mertig et al. measured the heat capacity from 2 — 50K of 35um sput-
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tered a-Si film grown at T's = 300°C with density p = 2.29g cm ™ and Zink et al. measured
the heat capacity from 4 — 300K of a 4000A thick film grown at 45°C with p = 2.09g cm 3.
Neither film showed a significant linear heat capacity contribution. Mertig assumed that
cs = cp and calculated the Debye temperature to be 0p = 528K. Zink et al. measured
the longitudinal sound velocity from which they calculated 8p = 487K and found that
€3 = Cpebye Which implied that c., = 0. The disappearance of both ng and c., suggests that
there may be a correlation between them. Both films had a Boson peak around 30K which
is decreased from the peak in crystalline silicon that occurs at 40K. This decrease in the
peak temperature is consistent with the decrease found in other amorphous materials [30].

In this chapter, we present specific heat C'p results from 2 — 300K for several a-Si
films grown on membrane-based nanocalorimeters by e-beam evaporation. These results
show that TLS are absent in high density a-Si but present in low density a-Si with a density
ng that depends on the Si number density ng; and growth temperature Ts. These results
suggest that TLS are not intrinsic to the tetrahedrally bonded network but rather occur in
low density regions of the films. Additionally, there is a 72 contribution to the specific heat
that is in excess of Debye specific heat calculated from the measured sound velocities which
also depends on ng; and Tg. A correlation between ng and c., is found. No significant
change in the heat capacity was found in magnetic field. Films with increased ng also
have an increased internal friction Q! plateau below 12K indicating an increase in TLS.
By comparing Cp and Q! we find that only 1 — 4% of the TLS are strongly coupled to
acoustic waves which is lower than what is found in traditional glasses.

5.2 Experimental Procedure

Amorphous silicon thin films were prepared by e-beam evaporation at a base
pressure of ~ 1 x 10~8Torr, with a source to substrate distance of 36cm, and a growth
rate of 0.5 — 1A /s. Growth temperature T's was varied from 45° — 400°C. Films were grown
on nanocalorimeters, MgQO, high resistivity silicon, oxide coated silicon and nitride coated
silicon substrates. After evaporation of the a-Si onto the nanocalorimeter, a 200A a-AlO,
film was sputtered onto the sample followed by a 300A thermally evaporated Cu conduction
layer. The a-AlO, layer is used as a diffusion barrier between the a-Si and Cu films. One
film (1120A thickness) grown at Ts = 45°C did not have the a-AlO, layer. This film
was not annealed and there was no visible sign of alloying between the copper and silicon.
The films were deposited through a micromachined deposition mask to confine the film
to the 1 x 1mm? sample area of the nanocalorimeter [70]. A nanocalorimeter with only
the a-AlO, and Cu films was measured to determine the background heat capacity of the
addenda. Details of the nanocalorimeter fabrication process and measurement principles
can be found in Chapter 4. ESR measurements were performed on films grown on high
resistivity Si substrates and all films were found to have spin densities of ~ 10c¢m ™3 with
an isotropic value of g = 2.0055 as is typical for isolated, neutral dangling bonds in a-
Si [52]. Film thicknesses were measured on a neighboring substrate with a KLA-Tencor
Alpha-Step 1Q profilometer with an error of 2 — 5% depending on the film thickness. The
uncertainty in film thickness is the dominant source of error in all measurements except at
low temperatures where the heat capacity below 10K of some samples was less than 10% of
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the total measured heat capacity; in that case random error in the measurement dominates.

Rutherford Backscattering (RBS) spectra were measured using the Pelletron tan-
dem accelerator at the Lawrence Berkeley National Lab Ion Beam Facility to determine the
density of the films and test for oxidation. Spectra were acquired with incident energies from
3.0—3.1 MeV where the energy was increased to probe at oxygen resonance energy through
the depth of the film. RBS spectra were modeled with the SIMNRA software package.
Longitudinal sound velocities v; were measured using a picosecond ultrasonic pump/probe
technique [7].

A set of 3000A thick films were prepared with varying T under the same growth
conditions on high purity single crystal silicon double paddle oscillators for shear mod-
ulus G and internal friction @' measurements from 0.3 — 300K at the Naval Research
Laboratory [92]. Transverse sound velocities v; were determined from G and mass density
p=1t"1(Ng; - Ms; + No - Mp) measured from RBS where, ¢ is the film thickness, Mg; and
Mo are the atomic mass, and Ng; and Np are the areal density of silicon and oxygen,
respectively.

Raman scattering spectra were measured on the 3000A films with a 514.5nm line
of an Ar ion laser and a Jobin-Yvon U-1000 double grating monochromator with the slits set
at 500um for a resolution of 4.5cm™! [93] to compare the degree of ordering and vibrational
spectra of the films. Ar gas was flowed across the surface of the samples to suppress the
rotational lines of nitrogen. The background due to scattered laser light in the monochro-
mator was determined by measuring crystalline silicon from 20 — 200cm™!. The scattered
light was fit to a Lorentzian and subtracted from the Raman spectra of the amorphous
films.

Heat capacity measurements were performed from 2 — 300K in a high vacuum
cryostat using the small AT technique [70, 71, 77, 94]. After the initial heat capacity
measurements, samples were annealed at 200°C for 10* seconds in the vacuum cryostat
using the sample heater on the device [56]. With the silicon frame of the nanocalorimeter
thermally anchored to the copper sample block at room temperature, ImW of power applied
to the sample heater on the membrane was needed to anneal the sample at 200°C. The
temperature of the copper sample block increased by only 1K above room temperature due
to the low power needed to heat the membrane. The heater current was incremented in
AT = 0.5pA steps to give a heating and cooling rate of < 5K/min. Constant current steps
do not lead to a constant change in temperature since the temperature rise of the membrane
is AT = % where P = I’R is the power dissipated in the heater and K is the thermal
conductance between the sample area and the frame. Radiation is the dominate conductance
mechanism above room temperature and increases as T° whereas the heater resistance
R ~ T. The temperature dependence of R and K result in a decrease in temperature
change AT ~ T2 of the membrane sample area with increasing 7 for constant current
steps Al

5.3 Results

The room temperature Raman spectra for the 3000A films are shown in Fig. 5.1.
Due to the lack of translational invariance in an amorphous material, the momentum se-
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Sample Ty t p G Q! U T Af
°C A gem® GPa x107* x10°¢m s ! cm™! °
T10-33 45 3029 2.08 35.1 1.7 4.11 76 10.2
T11-13 200 3078 2.04 46.1 0.58 4.75 72 9.5
T11-12 400 2990 2.20 58.0 0.026 5.13 64 8.2

Table 5.1: Summary of data for Q! and Raman scattering samples. Samples are identified
by run number. T is the growth temperature. t is the sample thickness. p is the density.
G is the shear modulus determined during the Q! measurements. The values of Q' at
2K are listed. The transverse sound velocity v, is calculated from G as described in the
text. I' is the width at half maximum of the TO-like peak in Raman scattering and A# is
the calculated bond angle deviation.

lection rules are relaxed and all phonons are optically active [65]. The resulting spectrum
is proportional to the vibrational density of states (VDOS) which is a broadened version of
the crystalline phonon density of states [95]. The transverse acoustic (TA) like peak occurs
below 200cm ™! and this feature is often referred to as the Boson peak. The longitudinal
acoustic (LA) and longitudinal optic (LO) like modes occur between 200 — 420cm ™! with
the transverse optic (TO) like peak centered at 475cm~!. Lannin et al. reported that
the relative intensity of the TA to the TO peak increased with increasing Ts along with a
sharpening of the LA like peak. We see the sharpening of the LA and TO like peaks with
increasing Ts but no change in the TA peak. The TO like peak narrows and sharpens with
increasing Ts. By comparing the simulated Raman scattering from several structural mod-
els of a-Si, Beeman et al. showed that the RMS distortion of bond angles Af with respect
to the tetrahedral angle of & = 109° can be obtained from the width of the TO-like Raman
peak I' = 6Af + 15 where I and A# are in units of cm~! and degrees respectively [96]. The
widths of the TO-like peak are determined by measuring the half-width of the peak on the
high energy side as the low energy side of the peak has a shoulder from the LO peak. The
peak widths and bond angle deviations are listed in Table 5.1.

The atomic density of the a-Si films was measured with RBS. Figure 5.2 shows
the RBS spectra of samples grown at Tg = 45°C and 200°C on MgO as a function of
incident energy Fy. Scattering from the silicon gives a feature with an onset of ~ 1800keV
and a width due to the Si thickness. The MgO substrate results in scattering at 1500keV
from the Mg and at 1000keV for the oxygen in the substrate. Scattering from oxygen
in the @-Si film is weak due to the low oxygen content and it is coincident with the Mg
signal. By setting the energy to the oxygen resonance Ey = 3.040MeV we are sensitive
to oxygen in the top ~ 50A of the film. The resonant scattering results in a peak in the
RBS spectrum. Increasing Ey probes deeper in the bulk of the film at the oxygen resonant
energy by compensating for the energy loss of the alpha particles as they interact with the
electrons in the film [97]. It can be seen from Fig. 5.2 that the oxygen resonant signal for
the T's = 45°C persists through the entire film until the resonance from the MgO substrate
is observed. This indicates that oxygen is present throughout the 45°C film whereas the
200°C film only has oxygen near the surface.

The RBS spectra of the films was fit using a 2 — 4 layer model with different Si—O
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Figure 5.1: Raman scattering spectra for a-Si measured at room temperature with the
Rayleigh scattered light subtracted. The film thicknesses are ~ 3000A. The TA-like modes
result in the Boson peak at 150cm™' and the TO-like peak is visible at 475cm™'. The
TO and LA peaks sharpen with increasing Ts indicating that the local structural order in
the film is increasing. The bond angle disorder is obtained by fitting the half-width of the
TO-like peak as described in the text and shown in Table 5.1. There is no significant change
in the TA peak with Tg.

compositions and thicknesses to account for the decrease in oxygen away from the surface
of the film. The model was always constructed to use as few layers as possible to account
for the oxygen concentration gradient. The summary of the modeled data is presented
in Table 5.2. In all films, ~ 10 — 30A at the surface could be attributed to SiOs. The
layer thicknesses were calculated assuming uniform total number density throughout the
film. This assumption overestimates the thickness of the layers containing oxygen as these
layers likely have a higher density due to the additional oxygen atoms. However, this over-
estimate is small since the oxygen in the bulk of the film was found to be only a few percent
and decreases with increasing depth. This decrease in oxygen with depth is consistent with
oxygen diffusion into the film after growth rather than during the growth which would result
in a constant oxygen concentration through the film [98]. Higher growth temperature films
were found to be denser and contain less oxygen. The mass density p of the film listed in
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Figure 5.2: RBS spectra for films grown on MgO substrates at (a) 45°C and (b) 200°C
as a function of incident energy Ej. The silicon number density in the film is determined
from the area of the silicon peak which has an onset energy ~ 1750keV. By setting the
energy to Ey = 3.040MeV a-particles resonantly scatter from oxygen in the top ~ 50A of
the film. Increasing Ej probes deeper in the bulk of the film at the oxygen resonant energy
by compensating for the energy loss of the a-particles as they interact with the electrons in
the film. The 45°C film has ~ 2% oxygen throughout the bulk of the film while the 200°C
sample has only an oxide layer near the surface. Only a ~ 10 — 30A surface layer can be

attributed to a-SiOs and the remainder is due to an oxygen concentration gradient in the
bulk of the film.
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Figure 5.3: RBS Oxygen spectra for a-Si grown on MgO at 45°C (2775A), 200°C (3191A),
and 400°C (1497A) with the incident energy at the oxygen resonance Ey = 3.040MeV.
The oxygen spectrum is obtained by subtracting the model data for Si and Mg from the
measured spectrum. The resonant peak is due to oxygen near the surface of the film. Films
grown at higher temperature are found to have a higher Si density and lower oxygen content.
The oxygen in the bulk of the film is measured by increasing Fy as is shown in Fig. 5.2.
The vertical arrows indicate the onset of the oxygen signal from the MgO substrate which
shifts to lower energy due to increased energy loss in the thicker a-Si films.
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Figure 5.4: RBS oxygen spectra for a-Si grown on MgO at (a) 45°C and (b) 200°C for
several different film thicknesses. The 4150A film is the sample from Ref. [9] which only has
a film is a 30A surface layer of SiO with no oxygen detected in the bulk of the film. This
film is grown on a Si-N substrate and does not have an oxygen signal from the substrate.
In the films prepared for this study the oxygen content decreases with increasing 7.
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Table 5.3 is calculated from the total areal densities of silicon and oxygen.

Figure 5.3 shows the oxygen spectra for several a-Si samples with Fy = 3.040MeV
which are obtained by subtracting the modeled spectra of the Si in the film and the Mg
in the substrate from the measured spectrum. This plot shows that the oxygen content
decreases with increasing growth temperature. The resonant peak comes from the surface
oxide layer. Figure 5.4 compares the RBS oxygen spectra of films for various thicknesses
with the same Tg. The oxygen spectra are similar for a given Tg indicating that the
diffusion of oxygen into the films is similar for the thick and thin films. The oxygen content
is likely a measure of the void density in the films. Foti et al. [98] demonstrated that e-
beam evaporated a-Si is susceptible to diffusion of oxygen into the film through a connected
network of microvoids. The RBS data in Fig. 5.3 and Fig. 5.4 show that higher Tg results in
less oxygen being incorporated into the film. A notable exception is the 4150A film grown
at 45°C and reported in Ref. [9]. This film has only a ~ 30A surface oxide with no oxygen
in the bulk of the film and a mass density comparable to the higher growth temperature
films. TEM measurements on this film showed no sign of voids or columnar microstructure.
This film was grown in the same deposition system as the films prepared in this work and
it is currently unclear why the density of this film is substantially higher. The film was
found to be amorphous from x-ray and appeared uniform and dense in TEM with no sign
of voids or microstructure. A TEM study is currently planned for the films reported here
to investigate the microstructure further.

Figure 5.5 shows the temperature dependence of Q' for 3000A thick a-Si films
with varying Ts. The magnitude of the low temperature plateau is due to damping of

acoustic waves by scattering from TLS: Q! = 5 (%:%2) where P is the density of TLS
that are strongly coupled to acoustic waves with eneré;y v, p is the mass density, and v,
is the transverse sound velocity [14]. The magnitude of the Q! plateau decreases by
orders of magnitude with increasing growth temperature. The Q™! data for the 45°C
film is comparable to a previously measured e-beam evaporated a-Si film grown at room
temperature [10]. Also shown in Fig. 5.5 is the film grown at room temperature from
Ref. [10] after annealing at 350°C for 5 hours. This annealed film is comparable to our
film grown at 200°C. The shear modulus G of the film can be measured by comparing the
total @' of the double paddle oscillator before and after deposition of the film, from which
vy = \/G/p can also be determined [92]. As is shown in Tables 5.1, both G and p increase
with growth temperature but their increase is small compared to the large decrease in Q!
therefore Py? decreases with increasing Ts. The effect of annealing on Q! is currently
under investigation.

Figure 5.6 shows v; and v; compared to the average of the [100] and [110] sound
velocities of crystalline silicon calculated from the elastic constants [11]. The Debye temper-
atures are shown as a function of growth temperature in Fig. 5.7. The Debye temperature
Op = r;;’—ﬂf’ (6m%n) where n is the total atomic number density determined from RBS and
vp = {%vl_g + %v[g} 1/3.

The specific heat Cp of several 3000A thick films is shown in Fig. 5.8 plotted as
Cp/T? on a log-log scale to emphasize the deviation from the Debye T2 specific heat at
low temperatures which appears as a horizontal line on this plot. The films grown at 45°



Sample Ts t layer 1 layer 2 layer 3 layer 4 P ng;
°c A Si/0  t(A)  si/0  t(A)  Si/O t(A) Si/O ti(A) gem™3  x10?2 cm™3

T08-026 45 1120 0.33/0.67 12  0.95/0.05 485 0.97/0.03 623 - - 1.99 4.14
T09-061 45 2775 0.33/0.67 11  0.93/0.07 856 0.96/0.04 1909 - - 2.08 4.33
T09-063 400 1497 0.33/0.67 11  0.98/0.02 310 1.00/0.00 1175 - - 2.09 4.47
T09-064 200 1528 0.33/0.67 11  0.94/0.06 253 0.98/0.02 528 1.00/0.00 735 2.01 4.26
T10-067 200 3191 0.33/0.67 11  0.96/0.04 341 0.98/0.02 568 1.00/0/00 2271 2.05 4.35
T11-012 400 2990 0.33/0.67 28 0.97/0.03 212 1.00/0.00 2751 - - 2.20 4.69
T03-09 45 4150 0.33/0.67 33  1.00/0.00 4117 - - - - 2.09 4.47

Table 5.2: Results from fits to the RBS spectra using SIMNRA. Samples are identified by run number. Tg is the growth
temperature. t is the total film thickness. The data were modeled as multiple layers with decreasing oxygen content with layer
1 at the top and composed of SiO,. The relative silicon and oxygen concentrations for a model layer are given along with the
thickness of the layer ¢;. The average number density of the film was used to calculate the model layer thicknesses. p is the
mass density of the film and ng; is the silicon number density.

v
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Figure 5.5: Internal friction Q' for several ~ 3000A evaporated a-Si films measured at
5500Hz. The plateau below 10K is due to those TLS with the appropriate energy splitting
to scatter acoustic waves. Also shown is @~! from Ref. [10] for an e-beam evaporated a-Si
film grown at room temperature (dashed line) and the same film after annealing at 350°C
for 5h (dotted line).
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Figure 5.6: The transverse and longitudinal sound velocity of a-Si compared to the average
of the [100] and [110] longitudinal (dashed line) and transverse (dotted line) sound velocities
of crystalline silicon calculated from the elastic constants [11]. v, (®) was determined from
the shear modulus G and density p and are listed in Table 5.1. v; was measured by an
ultrasonic picosecond acoustic technique [12] v; are shown for the thin (<) and thick (4A)
samples listed in Table 5.3. v; for the sample from Ref. [9] is shown for comparison (®).

and 200°C both have Cp in excess of the Debye specific heat whereas the 400°C sample is
close to the Debye value. Figure 5.9 shows the specific heat for films of different growth
temperature and thickness plotted as Cp versus 1" on a log-log scale to emphasize the
temperature dependence of the specific heat which decreases rapidly at low temperature.
The 45°C films are compared to the results from Ref. [9] where the specific heat of a
4000A thick e-beam a-Si film was found to agree well with the Debye specific heat. It is
clear in Fig. 5.9 that the thinner films have a larger specific heat at low temperature than the
thicker films. The room temperature specific heats of all films agree to within the error in
thickness, confirming that the differences in the low temperature specific heat are not due to
normalization errors. The excess heat capacity does not scale with the oxygen concentration
as measured from RBS. The data below 12K have been fit to the form C/T = c; + c3T?
and the results are summarized in Table 5.3. Annealing at 200°C resulted in a reduction
of ¢; by a factor of 2.5 for the 45°C film while there was no change in the T = 200°C film
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Figure 5.7: The Debye temperature 6p as a function of growth temperature T for the thin
(A) and thick (®) a-Si films listed in Table 5.3. The Debye temperature is calculated from
the measured transverse and longitudinal sound velocities and the total number density
from RBS. Using only the silicon number density changes #p by < 5%. The error bars are
due to the uncertainties in film thickness and RBS areal density. The Debye temperature
of crystalline silicon (- - -) with p = 645K and the film from Ref. [9] (®) with 0p = 487K

are shown for comparison.
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Figure 5.8: Specific heat of ~ 3000A thick a-Si films plotted as C' /T3 versus T for several
growth temperatures. Only representative error bars are shown for clarity. The Debye heat
capacities were calculated from the measured sound velocity as described in the text and
at low temperature appear as a constant on this plot. The calculated fp are listed in the
figure. The data for a-Si from Ref [9] (dashed-dotted line) and crystalline silicon (solid line)

are shown as a reference [5].

Ts.

0p = 645K for crystalline silicon. The specific heat of the
45°C and 200°C films is in excess of the Debye specific heat as is typical of an amorphous
material while the 400°C sample is comparable to its Debye specific heat. The vertical
arrow identifies the location of the Boson peak which shows no substantial dependence on
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Figure 5.9: The specific heat of thick and thin films of a-Si grown at (a) 200°C and (b)
45°C. Closed symbols are as-prepared films. Only representative error bars are shown for
clarity. The 200°C (3191A) and 45°C (2775A) films were annealed at 200°C (open symbols)
for 10%s. Annealing the 3191A45°C at 200°C resulted in a decrease in ng by a factor of 2.5
but ¢, changed by less than 2%. Changes in the specific heat of the Ts = 200°C film after
annealing were negligible. Also shown are the Debye specific heats (dashed line) calculated
from the sound velocities of the ~ 3000A thick films. The data from Ref [9] are shown
for comparison (solid line) which has film density p comparable to the 400°C sample (not
shown) as seen in Table 5.3. A linear temperature dependence is shown for comparison
(dotted line).
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Sample  Tg t p ns; Uy Op no Cea NESR
x 1022 x 1046 x1075 x1018
°C A gem™3 em™® nmpst K J!'m? Jmol'K* cm3

T08-026 45 1120 1.98 4.14 8.61 476  36=£3 41+04 6.6
T09-061 45 2775 2.08 4.33 7.38 479 46=+1.0 2.1+0.1 6.0
T09-064 200 1528 2.01 4.26 8.49 550 53 +£6 5.8+ 0.5 6.7
T10-067 200 3191 2.04 4.36 8.80 560 4.3+£1.3 1.1£0.2 5.8

T09-063 400 1497 2.09 4.47 9.08 - - - 5.1
T10-034 400 3100 2.09* - 8.66 611 0.2=£0.7 04=£0.1 -
T03-09 45 4150 2.09 4.47 7.51 485 - 0£0.8 ~ 10

& The RBS sample for T10-034 was inadvertently used for another experiment so the density
for T09-063 is used for the analysis of the heat capacity.

Table 5.3: Summary of data for heat capacity samples. Tg is the growth temperature. t is
the sample thickness. p is the mass density determined from RBS and thickness measure-
ments. v; is the longitudinal sound velocity determined from picosecond acoustic measure-
ments. 0p is the Debye temperature calculated from the sound velocity. ng is the density
of states of TLS as determined from heat capacity measurements. ce; = 3 — Cpepye is the
excess T? specific heat as explained in the text. nggpr is the dangling bond defect density
from ESR measurements. Sample T03-09 is the a-Si film reported in Ref. [9].

after annealing. Measurements were also made in high magnetic field for a film in the light
soaked state and no significant field dependence was found. The results for the light soaked
films will be discussed in Chapter. 7.

The heat capacity of the 2775A film grown at T = 45°C is shown in Fig. 5.10
compared to the heat capacity of the oxide in the film assuming that all the oxygen has
formed a-SiO2 and has the bulk heat capacity of vitreous silica from Ref. [1]. The total
number of oxygen atoms in the film determined from RBS is only 5% of the total number
of atoms. The heat capacity of the SiOs is correspondingly small and cannot account for
the increase in the low temperature heat capacity.

Figure. 5.11 shows ng and ce;, which are determined from the fits to the low
temperature heat capacity, versus the number density of silicon atoms in the film ng;. Both
no and ¢, decrease with increasing ng; suggesting that the increase in the low temperature
specific heat is due to low energy excitations in either low density regions or voids in the
film. There is no correlation when the data are compared to the oxygen content. The inset
of Fig 5.11 shows that ?72 decreases with increasing ng; as well. ng versus c.; is plotted
in Fig. 5.12 where a correlation between the linear and excess 72 specific heats is observed.
This correlation suggests that these two features have the same origin.

5.4 Discussion

The specific heat measurements in Fig. 5.8 and Fig. 5.9 show that there are low
energy excitations in evaporated a-Si. The density of these excitations is highest in films
with a low silicon number density suggesting that they occur either in voids or low density
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Figure 5.10: Heat capacity of the 2775A film grown at T's = 45°C plotted as C'/T3 compared
to the heat capacity of a-SiO2 assuming all of the oxygen in the film is in the form of a-
SiOs. The film is shown before (®) and after () subtracting the calculated heat capacity
of a-SiO4 (solid line). The bulk heat capacity of a-SiOj is from Ref. [1].

regions in the film and do not occur in the dense amorphous silicon network. High density
films such as the 400°C film reported here and the 45°C film reported in Ref. [9] have
specific heats that are close to the Debye specific heat. The Q~! measurements in Fig. 5.5
show a similar decrease in the magnitude of the low temperature plateau which is consistent
with a decrease in low energy excitations due to atomic TLS [10, 53]. We can compare n
from Cp to P from Q! to determine how strongly the TLS are coupled to the acoustic
waves by using v = 0.36eV as was found by Duquesne and Bellessa for a-Ge from the real
part of the acoustic attenuation coefficient at high frequency [10, 99]. 7 has been shown
to increase with increasing elastic constant and by comparing to the Ts dependence of
the shear modulus and sound velocity we estimate that ~ increases by 20 — 30% between
Ts = 45°C and 400°C [100]. However, for this analysis we use v = 0.36eV since Q!
changes by several orders of magnitude which cannot be accounted for by an increase in ~.
We find for the 3000A films that P/ng ~ 0.01 — 0.04 as compared to P/ng ~ 0.05 — 0.1 as
is reported for other glasses [100]. This suggests that most of the TLS measured by specific
heat are weakly coupled to acoustic waves.
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Figure 5.11: Specific heat fitting parameters ny () and ce;, = ¢3— cpepye (©) as a function
of the Si number density as determined from RBS illustrating the correlation between the
excess heat capacity and the silicon number density. There is no correlation when ng and
Cex are plotted against oxygen content. The lines are a guide to the eye. Inset: P~+? from
Q! plotted versus the silicon number density.
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Figure 5.12: ng and ¢, determined from fits to the specific heat as described in the text.
The data are identified by growth temperature 45°C (M) 200°C (A), and 400°C (®).
Open symbols are annealed samples. ng is the density of two-level systems (TLS) that are
responsible for the linear heat capacity in amorphous materials. ce, = ¢3— Cgep 18 the excess
T3 specific heat presumably due to localized harmonic excitations.

Van den Berg et al. attributed an excess heat capacity below 1K in evaporated
a-Si and a-Ge to dangling bonds [42]. The dangling bond density of the films reported here
was found to be 5 — 7 x 10®¥cm ™ while the films from Ref. [42] had ~ 10Y ecm™3. The
excess heat capacity in these films does not come from dangling bonds since there is no
significant difference in the dangling bond density and these measurements are above 1K
and show no magnetic field dependence. Nor is it likely that the excess is due to oxygen.
Figure 5.10 shows the heat capacity of the 2775A film grown at Ts = 45°C after subtraction
of the oxygen contribution. Bulk a-SiOs cannot account for the excess heat capacity nor
can localized excitations due to oxygen atoms as neither ng nor c., scale with the oxygen
content.

The film grown at 400°C reported here and the sample measured by Zink et al.
grown at 45°C have specific heats that are comparable to the Debye specific heat. The
density and composition from RBS shows that the film from Ref. [9] and the films grown at
Ts = 400°C have 90% of the bulk number density and little oxygen in the film. Graebner et
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al. found that the thermal conductivity of low density films of a-Ge had increased scattering
from TLS and columnar voids. The increase in the specific heat found here and the decrease
in the thermal conductivity reported in Ref. [49] suggests that TLS form in the low density
regions and are not intrinsic to the amorphous tetrahedral network, as originally suggested
by Phillips [3].

The TLS model assumes groups of atoms can change configurations by tunneling
through an energy barrier. The tunnel splitting of the ground state energy gives rise to the
linear temperature dependence but the model does not describe a mechanism for the excess
T3 term in the specific heat. It is clear from Figs. 5.11 and 5.12 that there is a correlation
between ng and ce, and that they both scale with the silicon number density. There is
no generally accepted model for ¢, but evidence for an acoustic origin has been detected
from inelastic neutron scattering and in some simulations. Low energy modes in excess
of the Debye VDOS have been seen in the inelastic neutron scattering from a sputtered
a-Si film [101]. Low energy modes have also been seen in inelastic neutron scattering
measurements of vitreous silica and were attributed to excitations of localized acoustic
modes [102]. However, Kamitakahara et al. speculated that the excess modes in a-Si were
not intrinsic to the amorphous network but instead due to scattering from surface modes
associated with microvoids in the film. The presence of additional modes due to surfaces
is consistent with the increase in specific heat that we find in low density films. Numerical
calculations of the eigenmodes of a-Si models made by Feldman et al. can account for
much of the structure in the VDOS but they report no evidence of excess low frequency
modes [103, 104]. A set of quasi-localized states found at low frequency in the calculation
were attributed to finite size artifacts and not intrinsic to the amorphous network. The lack
of excess modes in the amorphous silicon network is consistent with the Debye like heat
capacity in the high density a-Si films reported here and in Refs. [9] and [46].

Molecular dynamics simulations have shown that the vibrational spectrum for an
a-Si network with voids has low energy vibrational modes that can be associated with the
voids and strained regions in the amorphous network [105]. These modes result in peaks
in the low temperature heat capacity for 7' < 2K that depended on the void size. The
simulations did not elucidate a clear mechanism for the appearance of the low energy states
but the results suggest that the low energy modes are due to a subset of void geometries.
For a distribution of void sizes, as would be found in an actual thin film, it seems likely
that the structure of an individual peak would be lost resulting in an overall excess heat
capacity. These simulations support our interpretation of the excess heat capacity resulting
from low density regions or voids and not being intrinsic to the a-Si network.

5.5 Conclusions

We have shown with both heat capacity and internal friction measurements that
low energy excitations are present only in evaporated a-Si with low Si number density. The
low temperature heat capacity in high density films is comparable to the Debye specific
heat. This suggests that these excitations form either in voids or low density regions and
are not intrinsic to the tetrahedrally bonded amorphous network as was originally suggested
by Phillips in his formulation of the TLS model. The low energy excitations have the form
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of both TLS and excess harmonic modes as the linear and T heat capacities both increase
in the low density films. We have shown that there is a correlation between the density of
TLS and the excess T° heat capacity.
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Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division, of
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Chapter 6

Specific heat of hydrogenated
amorphous silicon prepared by the
hot-wire CVD technique

In this chapter we report specific heat measurements from 2—300K of hydrogenated
amorphous silicon (a-Si:H) prepared by the hot-wire chemical vapor deposition (HWCVD)
technique. The low temperature heat capacity is significantly in excess of the Debye heat
capacity calculated from the sound velocity. In the as-prepared films, a broadened Schottky
anomaly is observed in the low temperature specific heat which is due to hydrogen located
in metastable positions in the amorphous network. Annealing irreversibly reduces the heat
capacity by over an order of magnitude below 12K. The films have a density of two-level
systems (TLS) that is orders of magnitude larger than what is expected based on internal
friction measurements. This large TLS density is suggested to result not from a local Si-H
excitation but instead from the presence of local regions of high hydrogen density in the
amorphous network. Hydrogen lowers the energy barriers for structural rearrangements
resulting in the formation of TLS. The specific heat decreases at all temperatures upon
annealing as the H diffuses away from the clustered regions and into the amorphous network.
Comparison of the heat capacity to the internal friction suggests that the addition of H
decouples the TLS from the acoustics waves.

6.1 Introduction

The low temperature thermodynamic properties of amorphous materials are known
to be markedly different than their crystalline counterparts [1]. In addition to the 7% Debye
heat capacity calculated from the sound velocity, there is a 7% contribution from excess
harmonic modes and a linear term that dominates at low temperature. The low energy
excitations responsible for the excess linear heat capacity are described by the phenomeno-
logical two-level systems (TLS) model [3, 4]. This model assumes that there are low energy
excitations in an amorphous material due to single atoms or groups of atoms that have en-
ergetically similar spatial configurations. At low temperature, thermal activation over the
energy barrier separating these configurations is no longer possible but a finite probability
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exists to tunnel through the barrier and this splits the ground state energy. It is excitations
of the tunnel split ground state energy that leads to the linear heat capacity. These states
must be uniformly distributed in energy and space to correspond to the experimental ob-
servation of a linear low temperature heat capacity [1, 3, 4]. Phillips originally proposed
that TLS could occur in open structures with low coordination where there was sufficient
flexibility of the amorphous network to accommodate the rearrangements [3]. He also sug-
gested that TLS should not occur in a-Si due to the over-constrained nature of tetrahedral
bonding.
The low temperature specific heat of a glass has been found to fit well to the
form [2]
C=cT+ C3T3. (6.1)

The coefficient of the linear term ¢; = ’T6—2k:j23n0 is due to the density of TLS ng present [3, 4].
In most glasses, ng ~ 10%° — 10%6J=1 m~3 [2]. The T® term c3 = CDebye 1 Cex Where Cpepye
is the prefactor for the Debye heat capacity determined from the sound velocity and c.,
is an excess heat capacity found in all glasses [37]. cer = 0.1 — 1 x 1074J mol~! K=* and
typically within an order of magnitude of cpepye [2].

Several attempts have been made to find evidence of TLS in a-Si:H [40, 44]. Spe-
cific heat measurements below 5K have shown an excess heat capacity with ngy similar to
bulk quenched glasses and ce; ~ Cpepye- The 5mg sample from Ref. [40] was grown by
glow-discharge at room temperature and had low density p = 1.5g/cm?® with 35 at.% H.
A Schottky anomaly was found below 1 K due to a high density of dangling bond defects
nagy = 10¥cm™3 and after annealing at 210°C ngy, reduced by a factor of 10 and the heat
capacity was reduced by a factor of 2. The 40mg sample from Ref [44] was prepared by
glow-discharge at 230°C with density p = 2.00 g/cm?, ng = 10*cm=3, and 17 at. % H. No
Schottky anomaly was found in this film which suggests that the dangling bonds are respon-
sible for the anomaly. Both films had a low temperature heat release due to conversion of
molecular hydrogen Hy from the J = 1 ortho-state to the J = 0 para-state [45, 106, 107, 108].
The equilibrium concentration of ortho molecules in Hy is temperature dependent and sat-
urates at 75% above 150K. The ortho concentration is dependent on the cooling history of
the sample and rapid cooling is required to quench the ortho state to low temperatures.
Graebner et al. demonstrated that rapid cooling increased the heat capacity below 5K due
to an increase in ortho-state hydrogen. This increase in the heat capacity slowly decreased
with time as the ortho state converted to the para state. Annealing a-Si:H at temperatures
T's above the growth temperature Ts increases the concentration of Hy as weak Si-H bonds
are broken with the atomic H forming He. The annealed a-Si:H film measured by Graebner
was shown to have increased heat capacity due to additional Hs in the ortho-state [108].
Both of these films have a high hydrogen content and neither is considered to be of device
quality.

It was shown recently with internal friction Q' that the scattering of acoustic
waves from TLS in amorphous silicon is strongly dependent upon sample preparation con-
ditions with Q= ~ 1077 — 107 [19, 14]. This is unlike other bulk glasses where the
scattering from TLS is found to be roughly of the same magnitude (10=* — 1073) and in-
dependent of preparation technique for a given material [1, 19]. a-Si:H prepared by the
hot-wire chemical vapor deposition (HWCVD) technique is of particular interest because
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Q~', and presumably the density of TLS, is orders of magnitude lower than any other
amorphous material when grown at high Ts. Q™! increases toward the glassy regime with
decreasing T&s.

It is well known that the electrical and structural properties of a-Si:H are depen-
dent upon preparation conditions but little is known about how the thermal properties
change [13]. Materials that are considered device quality have low densities of dangling
bond defects and few band tail states [52]. The dangling bond defects are due to unpaired
neutrally charged bonds that create states in the center of the gap. These states act as re-
combination centers for electron hole pairs and degrade device performance. Hydrogenation
during growth passivates many of these bonds resulting in ng, = 10'°cm =2 for hydrogenated
films as opposed to 10”cm ™2 for pure a-Si films. The band tail states are localized elec-
tronic states resulting from disorder and have an exponential density of states that extends
into the gap. These states are responsible for hopping transport of both electrons and
hydrogen [52]. The lowest energy band tail states are due to weak Si-Si bonds that are
easily broken with increasing measurement/annealing temperature. These broken bonds
are stabilized by H diffusing into the site and forming a strong Si-H bond and a dangling
bond. The dangling bond defects resulting from breaking of weak Si—Si bonds is in thermal
equilibrium above a temperature Tr ~ 200° for undoped a-Si:H and result in an increase
in ng as the temperature is increased [109, 52, 110]. Below Tg, these thermally induced
defects relax slowly with a stretched exponential time dependence as H is released from the
broken bond sites of varying energy and the weak Si—Si bond is reformed. It is possible to
freeze in the high temperature state by rapidly quenching through Tx [52].

In this chapter we report heat capacity measurements on thin films of a-Si:H
prepared by the HWCVD technique from 2 — 300K using a membrane-based calorimeter.
In the as-prepared state, a large heat capacity with a sublinear temperature dependence
is found below 12K that corresponds to the high temperature side of a peak that has a
maximum at or below 2K. After annealing, the heat capacity is greatly reduced, the peak
is no longer observed, and the linear temperature dependence due to TLS is decreased. We
suggest that the remaining TLS are associated with clustered monohydride (Si—H) resulting
in underconstrained Si atoms and annealing leads to a more homogeneous distribution of
Si-H which reduces ng. There is little change in c., upon annealing suggesting that the
large value of ng in the as-prepared films has a different origin. The low temperature heat
capacity is found to be independent of the cooling rate indicating that neither thermally
induced dangling bonds nor ortho-Hs are the source of the increase over the Debye heat
capacity.

6.2 Experimental Procedure

Thin films of undoped a-Si:H were grown at various growth temperatures T by
the HWCVD technique at the National Renewable Energy Lab (NREL) [22]. The samples
are identified by the NREL run number. These films have been shown to consist of singly
bonded Si-H with no polysilane SiH, (z = 2,3) detected in infrared absorption [25]. H
content in the film decreases with increasing T as the thermal energy at the surface of
the film increases the reaction rate between the impinging radicals and the bonded H.
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Films prepared by HWCVD with ~ 1 — 6 at.% H (Ts = 450 — 350°C) are considered
device quality and have previously been shown to habe ng ~ 10°cm ™ and Urbach Edge
parameter Ey ~ 50 meV [22]. Ey, determined from optical absorption, measures the slope
of the exponential band tails and is a measure of the disorder in the film.

Both ~ 700A and ~ 6000A thick a-Si:H films were prepared by HWCVD on
a variety of substrates including MgO, high resistivity silicon, oxide coated silicon, and
nitride coated silicon. Heat capacity samples were ~ 700A thick and grown on a-Si-N
membrane-based nanocalorimeters with 50nm thick membranes [70]. Typically films are
deposited onto the nanocalorimeter using a micromachined shadow mask so that the thin
film sample is confined the sample area in the center of the membrane preserving the weak
thermal link through the membrane border. This method is suitable for a line of sight
deposition as in PVD growth but is not effective at confining the reactive species during the
CVD growth process. For these samples, the a-Si:H films were deposited across the entire
membrane surface and the sample area was defined after the growth. A 200A a-AlO, film
was sputtered onto the a-Si:H through a deposition mask followed by thermal evaporation
of a 300A Cu film. The Cu layer ensures that the sample area is isothermal. The a-AlO,
layer is used as a diffusion barrier between the a-Si:H and Cu films. Deposition of these
two layers through the shadow mask defines the 1 x 1 mm? sample area. The unprotected
a-Si:H on the border of the membrane was then etched with SFg in a reactive ion etcher at
50W until the a-Si:H on the device border was removed, typically after 30 seconds. There
was no measurable etch rate for the Cu layer; the film did not appear rough or discolored
after etching.

Heat capacity measurements were performed from 2 —300K in a LHe cryostat [94].
Details of the heat capacity measurement can be found in Chapter 4 and Refs. [70, 71,
77]. All annealing measurements were performed on the same sample after the initial heat
capacity measurement in the as-prepared state. Films were annealed in the vacuum cryostat
using the thin-film sample heater on the nanocalorimeter which allows a very rapid annealing
cycle. Samples were annealed at T4 = 200°C and 300°C for 10 seconds with the silicon
frame of the device thermally anchored to the copper sample block held at either 4.2K or
300K. Only 1 —2 mW of power was needed to heat the sample on the membrane from the
base temperature (4.2K or 300K) to T4 which resulted in the copper sample block rising
in temperature by ~ 1K at room temperature and only by ~ 2K with the sample block
at 4.2K. For slow cooling, the sample heater current was incremented in 0.5uA steps for a
cooling rate of ~ 5K/min. For fast quenching through T after annealing, the current to
the sample heater was set to zero and the sample cooled with an exponential temperature
decay. Due to the low thermal mass and fast response time of the thin film calorimeter,
the cooling rate through Tr was ~ 10%K/s for the fast cooled sample which is sufficient
to quench thermal defects and high temperature population of ortho-Hy. Annealing was
always performed first at the lower T4. Measurements were also made in high magnetic
field for the film grown at Ty = 430°C in the light soaked state and no significant difference
was found between zero field and 8T data for that film. The results for the light soaked
films will be discussed in Chapter. 7.

Film thicknesses were measured with a KLA-Tencor Alphastep 1Q profilometer
with an error bar of 2 — 5% depending on the film thickness. The uncertainty in film
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Sample Ty vy n ng; P CH
°C  nmps~!  x102 ecm™3 x10*2 cm™3 g cm ™3 at.%
T3799 500 7.75+0.39 4.564+048 4494047 2.09+0.22 2
T3797 470 8.05+£0.40 4.394+0.39 4.264+0.38 1.99+£0.18 3
T3530 430 8.10+£0.40 5.044+042 4844040 2.26+0.21 4
T3531 370 - 5.17+0.49 4844045 2.26+0.21 7
T3533 300 7.92+0.40 4.67+043 4.254+0.39 1.99+0.16 9

Table 6.1: HWCVD a-Si:H results summary for 700A samples. Samples are identified by
their NREL run number. Ty is the substrate temperature during growth. v; is the longitu-
dinal sound velocity measured by the picosecond ultrasonic pump-probe technique. ng; is
the silicon number density determined from RBS. cy is the hydrogen content determined
from growth calibration and verified by RBS. n is the total number density and p is the mass
density which are both calculated from ng; and cg. For crystalline silicon ng; = 5.00 x 1022
atoms/cm? and p = 2.33g/cm?. The error on cy is 1% and is estimated from the relative
difference in the intensity of the hydrogen peak HF'S as compared to the expected differences
from the growth calibration. An absolute measure of ¢y was not possible due to charging
of the mylar film in the HF'S detector.

thickness is the dominant source of error in all measurements except at low temperatures
where the sample thermometers are susceptible to noise which leads to > 5% error bars.
The atomic density of the films was determined by Rutherford Backstattering; oxygen
resonant scattering was used to look for oxygen but none was detected in the films. The
error in the incident flux of «a particles is 3 x 10'6 and leads to a large error bar in the
number density for the thin films. Hydrogen content cg is calculated from the growth
calibration and verified by hydrogen forward scattering (HFS). Charging of the mylar film
used in detector prevented an absolute measure of ¢y but the relative values are consistent
with the growth calibration values. (Table 6.1) 6000A thick samples prepared for RBS
measurements were annealed in a high vacuum chamber for 10 seconds to check for changes
in H content and density after annealing at 200°C and 300°C. There was no change in either
H content or density. Longitudinal sound velocities were measured at room temperature by
a picosecond ultrasonic pump-probe technique for both the thick and thin samples and the
room temperature thermal conductivity was measured by time-domain thermal reflectance
on the thick samples [7]. A separate 1um thick film was grown at T's = 370°C on a single
crystal double paddle oscillator (DPO) for internal friction measurements [38]. No sign of
H; bubbles were found during inspection of the films under an optical microscope for films
grown on amorphous substrates and calorimeters but the films grown on MgO did have
visible bubbles and were not used for any measurements.

6.3 Results

The longitudinal sound velocity v; for the 700A and 6000A thick as-deposited
HWCVD ¢-Si:H films are reported in Table 6.1 and shown in Fig. 6.1 where they are
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Figure 6.1: Longitudinal sound velocity measured at room temperature for several 700A (A)
and 6000A (M) thick HWCVD a-Si:H films prepared at NREL as a function of growth
temperature Ts. The data from Ref. [13] for ~ 2000 HWCVD films grown at UTUC (V)
are shown for comparison. The average longitudinal sound velocity of crystalline silicon is
shown as a reference (- - -). The error bars are due to the uncertainty in the film thickness.

compared to the results from Ref. [13]. The error bars for v; are from the uncertainty in
film thickness. The crystalline longitudinal sound velocity is taken as the average of v; in the
[100] and [110] directions calculated from elastic constants [11]. v; for the 700A films agrees
well with the HWCVD films reported in Ref. [13]. v; for the 6000A films is larger than the
thinner films. The room temperature thermal conductivity is lower than the anomalously
high value found in the previous films prepared at NREL that also had very low Q! [20, 26].
The thick and thin films were prepared 16 months apart and the differences are likely due
to variability in the process due to conditioning of the chamber or tungsten filament.

The sound velocity v used to estimate the Debye heat capacity is calculated from
v = ;’—lévc where v; is the measured longitudinal sound velocity shown in Fig. 6.1 and vj and
v¢ are the calculated longitudinal and average sound velocities respectively for crystalline
silicon. The crystalline sound velocities are the average in the [100] and [110] directions cal-

1
culated from elastic constants [11]. Table 6.2 lists the Debye temperatures 6p = Z—; (67%n)3
where n is the total atomic density determined from RBS. (Shown in Table 6.1) v; has been
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Figure 6.2: Room temperature thermal conductivity of 6000A HWCVD a-Si:H films (™)
prepared at NREL as a function of growth temperature Ts from this work. Shown for
comparison are HWCVD films from UTUC (©) and NREL (2) from Ref. [13]. The two
high thermal conductivity films are the low Q! films from Ref. [14].
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assumed not to change upon annealing.
The specific heat of several a-Si:H films is shown in Fig. 6.3.a plotted as C//T? vs.
T on a log-log scale. The specific heats of crystalline silicon [5] and vitreous silica [1] are
shown for comparison along with the Debye specific heat calculated from the sound velocity
and an e-beam evaporated film grown at Tg = 400°C. The contribution from the Boson
peak is visible at ~ 35K and is negligible below ~ 12K in the e-beam a-Si film and it is
assumed it is similarly small below 12K for the a-Si:H films reported here. The as-prepared
a-Si:H films all have a very large non-7" contribution to the specific heat that is appreciable
well above 1K. The heat capacity is non-monotonic in either Ts or hydrogen content. Theses
films also have a sublinear temperature dependence below 7K which we suggest is the high
temperature shoulder of a peak with a maximum either at or below ~ 2K since C' must
smoothly go to zero as T' — (0. This sublinear temperature dependence is clearly visible on
the plot of C'/T in Fig. 6.3.b where a peak at ~ 2K is possibly visible. The low temperature
heat capacity of the as-prepared films was fit to a model using a Schottky anomaly and the
usual glass form of Eq. 6.1
C(T) =cT+ 63T3 + Cgen (6.2)

where ¢; and c3 are the parameters described in Eq. 6.1 and Cg., is the Schottky heat
capacity for an ensemble of two-state systems with the same energy splitting 9,

y7__e(3)
Cset. = nigeh k5 § (T) {1 +g eXPT(%)r'

(6.3)

where g = 1 is the ratio of the degeneracies of the states and ng., is the number of states
per cm®. Note that for a Schottky anomaly to occur in the heat capacity there must be a
large density of systems with energy splitting  whereas the TLS model assumes that each
atomic TLS has a Schottky heat capacity that, when averaged over the uniform distribution
of energy splittings, leads to a linear heat capacity. Figure 6.3.b shows the fits of the as-
prepared films to Eq. 6.2 plotted as C/T versus T2 to highlight the deviation from the
temperature dependence of Eq. 6.1. The results for all of the a-Si:H films are summarized
in Table 6.2. The density of systems responsible for the Schottky anomaly is on the order
of the H content of the film.

Clgep, 18 less than 10% of the total specific heat by 7K. Fitting the as-prepared data
from 2 — 12K with Eq. 6.2 as opposed to fitting from 7 — 12K using Eq. 6.1 results in ng
and ¢, differing by 5 — 30%. There is considerable uncertainty in the fitting parameters
for the anomaly as only part of the peak is visible. Measurements below 2K are required
to better understand this feature. The value of ng obtained from the fit to Eq. 6.2 seems
unreasonably large. A more realistic model that would provide a better estimate of ng is an
ensemble of Schottky systems with a distribution of ¢ [111]. The high temperature tail on
a fit of this form could account for the increase in ¢; and decrease in c3 for the as-prepared
state. Without more knowledge of the distribution of § this type of fit is underconstrained
and provides no more information than Eq. 6.2. Figure 6.5 shows n., as a function of Tg.
Both the Urbach edge and dangling bond density show a similar minimum with growth
temperature [24] which suggests that the Schottky states are associated with the disordered
regions in the system. However, no decrease of E, has been reported upon annealing.
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Figure 6.3: Specific heat of as-deposited HWCVD a-Si:H films for various growth temper-
atures. Plotted as (a) C/T? versus T to show the deviation from the Debye heat capacity
and (b) C/T versus T? to show the sublinear temperature dependence. The error bars
for the HWCVD samples are the same size as the data points and not shown. Increasing
growth temperature corresponds to decreasing H content as shown in Table 6.1. Shown for
comparison are the specific heats of ¢-Si [5], a-SiO2 [1], and e-beam evaporated a-Si grown
at Ts = 400°C (©). The dashed lines in (a) are the maximum and minimum Debye heat
capacities for the a-Si:H films shown and have been calculated from the measured longitu-
dinal sound velocity as described in the text. The solid lines in (b) are a fit to Eq. 6.2 for
the HWCVD films and Eq. 6.1 for the e-beam film.
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Figure 6.4: Specific heat of a-Si:H prepared at various Ts after annealing at T4 = 200°C.
Only representative error bars are shown for clarity. Shown for comparison are the specific
heats of ¢-Si [5], a-SiOy [1], and e-beam evaporated a-Si grown at Ts = 400°C (<). The
dashed lines are the maximum and minimum Debye heat capacities for the a-Si:H films
shown and have been calculated from sound velocity as described in the text. The Tg =
430°C and 370°C films were fast quenched and the 300° film was slow cooled from T4 =
200°C. The dashed lines in (a) are the maximum and minimum Debye heat capacities for
the a-Si:H films shown and have been calculated from sound velocity as described in the
text. The solid lines in (b) are a fit to Eq. 6.1.
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Figure 6.5: ng.p, versus Tg for as-prepared HWCVD films determined from the fit to Eq. 6.2.
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Figure 6.6: Specific heat of a HWCVD a-Si:H film grown at (a) T's = 430°C (4 at.% H) and
(b) Ts = 370°C (7 at.% H) in the as-prepared (®) and 200°C (®) and 300°C (A )annealed
states. The film was either fast-quenched (open symbols) or slow-cooled (closed symbols)
after annealing as described in the text. The insets show the same data at high temper-
ature on a linear scale. The Debye specific heat (- - -) is calculated from sound velocity
measurements. The line labeled T is for comparison to a linear temperature dependence.

The specific heat after annealing the as-prepared films at T4 = 200°C is shown
in Fig. 6.4. For all of the films, annealing removes the large sublinear anomaly at low
temperature and greatly reduces the heat capacity. The data below 12K were fit to the
TLS model of Eq. 6.1 and the results are shown in Table 6.2. Figure 6.6 shows the specific
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Figure 6.7: Specific heat of a HWCVD a-Si:H film grown at Ts = 430°C (4 at.% H) plotted
as C/T versus T? in the unannealed (™) and 200°C (®) and 300°C (A) annealed states.
The film was either fast-quenched (open symbols) or slow-cooled (closed symbols) after
annealing as described in the text. The Debye specific heat (- - -) is calculated from sound
velocity measurements. All of the as-prepared films have a low temperature anomaly that
has been fit to a Schottky anomaly. The as-prepared state is fit to Eq. 6.2 and is shown as
the solid line through the data. The two contributions to the fit are also show separately
and are labeled C'sgp, for the Schottky term and Cg = ¢ T 4 3T for the glass term. There
was no decrease in the total hydrogen content or density after annealing as measured by
HFS and RBS. The annealed films are fit to Eq. 6.1 and the fit to the 200°C slow cooled
state is shown.

heat of films grown at Tg = 370°C (7 at. % H) and Ts = 430°C (4 at % H) on a log-log
scale for the as-prepared and annealed states. Figure 6.7 shows the low temperature specific
heat of the Ts = 430°C (4 at % H) film plotted as C/T versus T2.

The films were annealed and then cooled using either a slow ramp and fast quench
of the sample heater as described above. After annealing at 200°C the specific heat is irre-
versibly reduced from the as-prepared state both at low temperature and room temperature.
The sublinear term (broad Schottky anomaly) is no longer visible after annealing and the
specific heat still has contributions from ny and c.,. The low temperature data were fit to



Sample state label Tg T}y P Ty 0p CDebye g Cex NSch )

x107° x 106 x107° %1020
°C  °C mW K K Jmol ' K% J 1t m3 Jmol"! K cm ™3 K
SiO, 492 1.62 0.39 2.38
T3798 i a 470 570 4+ 12 1.03 644434 162 59408 3.5+0.9
T3527 i b 430 600 + 3 0.90 284425  7.841.0 3.7+04 77403
f c 200 0.944 295 (0.90) 3543 13+1
s d 200 1.040 295 (0.90) 2142 13+1
f e 300 2.030 4.2 (0.90) 2542 11+1
T3528 i f 370 592 + 17 0.94 243432  3.841.2 20405 7.6+0.7
f g 200 0.928 295 (0.94) 2442 8.440.5
s h 200 0.950 295 (0.94) 5345 9.740.6
S j 300 1.980 295 (0.94) 3543 4.340.4
f k 300 2.280 4.2 (0.94) 28+4 3.944.0
T3529 i 1 300 584 + 45 0.98 473434 9.243.1 9.7+0.8 9.6+0.3
S m 200 0.950 295 (0.98) 85+13  17+1

Table 6.2: Summary of HWCVD a-Si:H heat capacity results. The data for a-SiO2 are taken from Ref. [2]. The samples are
identified by the NREL run number. The sample state is listed as either the as-prepared state (i), the slow-cooled state (s), or
the fast-quenched state (f). Samples are listed in the order that they were annealed. Ty is the growth temperature. Ty is the
annealing temperature. P is the power applied to the sample heater during the anneal. Ty is the temperature of the sample
block during the anneal. 0p is the Debye temperature calculated from the measured longitudinal sound velocity and density for
the as-prepared state as described in the text. cpepye Was assumed not to change upon annealing and these values are shown in
parenthesis. ng is the density of TLS determined from the linear term in the specific heat. c.; = ¢3 — cpepye is the excess T3
specific heat that is not due to phonons. ng.p is the density of systems in the as-prepared films with energy splitting  assuming
that anomaly can be modeled as a Schottky anomaly. The as-prepared films were fit to Eq. 6.2 and the annealed films were fit
to Eq. 6.1.
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Figure 6.8: Q;ﬁm of a 1um thick HWCVD ¢-Si:H film grown at Tg = 370°C and measured
with the antisymmetric mode of the double paddle oscillator at 5500Hz. The film is mea-
sured in the as-prepared and 200°C annealed states. The NREL run number for this film
is T3536.
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Figure 6.9: (a) ng and (b) ce; versus total film density n as determined from RBS for
HWCYVD films in the as-prepared (®) fit to Eq. 6.2 and annealed states: 200°C (®) and
300°C (A) fit to Eq. 6.1. The data point labels identify the values from Table 6.2. Open
symbols correspond to fast quenching through Tr. ng is determined from the linear term
in the specific heat and c.; = ¢3 — cpepye is the excess T3 specific heat that is not due to
phonons.

C/T = ¢1 + c3T? and the results are shown in Table 6.2. ng varies by up to a factor of
5 after annealing but is independent of the cooling rate and of T4. ¢, also decreases and
is independent of cooling rate and T4. However, as stated above, the initial (as-deposited)
values of ng and c¢., may be biased by the choice of fitting model.

Q' of a 1um thick film grown at Ts = 370°C is shown in Fig. 6.8 in the as-
prepared and annealed states. The peaks are due to increased damping of the acoustic
waves and were previously shown to be due to H in the film since they disappear after
annealing at 500°C to remove the H from the film [10]. The increase in the height of the 1K
and 8K peaks after annealing indicates that H migrates to sites that are acoustically active
without changing the background plateau due to damping by TLS. The magnitude of the
TLS plateau is consistent with other HWCVD films prepared at the same T [10]. There is
no indication of the Hy triple point at 7' = 13.8K in either Q! or C which consistent with
little molecular hydrogen in the film [92].
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Figure 6.10: ng versus ¢, as determined from fits to the low temperature heat capacity as
explained in the text. HWCVD films in the as-prepared (blue) and annealed (black) states
are shown along with values for e-beam evaporated (red) films. The data are for films in the
as-prepared (™) and annealed states: 200°C (®) and 300°C (A). The data point labels
identify the values from Table 6.2. Open symbols correspond to fast quenching through 7%.
ng is determined from the linear term in the specific heat and c.; = ¢3 — cpepye is the excess
T3 specific heat that is not due to phonons.

The TLS model predicts the low temperature linear term in the heat capacity
although not the magnitude of ng nor does it directly address the origin of c.,. In the
previous chapter, both ng and c., were shown to scale with each other and the silicon
number density. From the RBS data shown in Table 6.1 we see that the Si number density
ng; is roughly the same for all Tg. Figure 6.9 shows ng and c., as a function of total
number density n. The annealed films were fit to Eq. 6.1 and the as-prepared films were fit
to Eq. 6.2. The correlation of ng and ¢, with ng; found in a-Si and reported in Chapter 5
is not observed in the a-Si:H and the correlation with n shown in Fig. 6.9 is weak. In
Fig. 6.10 we plot ng versus ¢, for the HWCVD a-Si:H films along with the @-Si films from
Chapter 5. The correlation between ng and c., found in a-Si continues with the annealed
a-Si:H films but little variation is observed between the a-Si:H films.
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6.4 Discussion

In bulk quenched glasses, ng ~ 10%—106 J=! m—3 whereas ng ~ 104" —10*® J= m—3
in the annealed a-Si:H films and is larger than the evaporated a-Si films presented in Chap-
ter 5 where ng ~ 10* — 10*7 J m™=3. A similarly large value of ng was also found for
a-Si-N and reported in Chapter 4. Lyon et al. found that the quasi-elastic scattering in
Raman scattering due to TLS was higher in a-Si:-H than in «-Si [112]. We do not at-
tribute the low temperature heat capacity to dangling bonds as was suggested in Ref. [42]
as ngp ~ 10'%cm™3 and is orders of magnitude lower in these films. In the a-Si film shown
in Fig. 6.3 ng, ~ 10'%cm™2 and C is lower than in the hydrogenated films. The heat capac-
ity due to dangling bonds has a Schottky anomaly below 1K and a strong magnetic field
dependence [42, 43, 40]. Only a small increase in the heat capacity was found in an applied
that was independent of the field strength. Both the insensitivity to ng and lack of a strong
magnetic field dependence suggest that dangling bonds do not play a role in the excess heat
capacity above 2K in either a-Si or a-Si:H.

The mechanism responsible for the low temperature anomaly is currently unclear
but it seems likely that it is due to H in a metastable state since it is readily removed by
annealing. Graebner et al. found several peaks in the specific heat of a-Si:H below 5K and
attributed them to the orientational-glass phase of molecular ortho hydrogen (Hs) trapped
in the film [108]. The observed sublinear heat capacity is not due to the ortho state of Hj.
Graebner demonstrated that the Hy concentration, and also the heat capacity, increased
upon annealing [108]. Annealing at moderate T4 (200° — 300°C which does not remove
H) reduces the heat capacity so the concentration of Hy would have to decrease if it were
the source of the excess heat capacity. No hydrogen evolution from the film occurs below
400°C and T4 is too low to break the Hs bond so the concentration of Hy should remain
constant. Liu et al. found a peak in Q~' of HWCVD a-Si:H due to the triple point of
Hj at 13.8K in films that had macroscopic bubbles of molecular hydrogen [113]. There is
no sign of the Hy triple point in the heat capacity or macroscopic Ho bubbles in the film.
The population of the ortho-Hsy is temperature dependent and it is possible to freeze in
a higher temperature population by cooling rapidly. The maximum cooling rate for the
cryostat below 100K is 2.5 K/min and is sufficiently slow to allow thermal equilibrium of
the ortho-state to be maintained [108]. The cooling cycle of the cryostat is reproducible and
the ortho concentration should be consistent from run to run. If molecular Hy is present
in the film then rapidly quenching would maintain the high temperature ratio of 0.75 for
ortho to para hydrogen and result in an increase in the heat capacity. We found that the
specific heat did not increase upon fast quenching from 300°C to 4K as would be expected
for an increase in the population of the ortho-state. NMR measurements have shown that
~ 1% of the hydrogen in HWCVD a-Si:H is bonded as Hy with the remainder bonded as
either isolated or clustered Si-H [114] which is consistent with our interpretation that there
is little Hy in these films.

The changes in C' after annealing are suggested to be due to hydrogen diffusing to
lower energy states in the amorphous network and not loss of H from the film. Hydrogen
forward scattering measurements on 6000A thick films annealed at 200°C and 300°C do not
show any decrease in hydrogen content. The heat capacity films are capped with a-AlO,
and Cu films so H loss from the sample can only happen at the edge of the film. Since
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the H content does not decrease upon annealing it is likely that the initial H in the film is
in a metastable configuration resulting from the growth process. NMR measurements on
annealed a-Si:H films grown by sputtering suggest that after annealing the distance between
hydrogen atoms increases resulting in a more homogeneously distribution in the amorphous
network [115]. Wu et al. interpreted the NMR spectra of as-prepared HWCVD a-Si:H to
be from a highly heterogeneous distribution of hydrogen [114]. The large value of ng in the
as-prepared films could be explained by a high local density atomic H that increases the
probability of TLS formation. This would suggest that more than one H is required for
the formation of a TLS. H can diffuse either as mobile H or by hopping transport through
localized trap states [52]. These trap states are weak Si-Si bonds that form a dangling
bond and Si—-H when the H is trapped. The H continue to diffuse until they are trapped
in a deep potential well [116]. The diffusion process then leads to structural relaxations
that could explain the changes in ng and c., after annealing. The disappearance of the
low temperature anomaly in the as-prepared films after annealing is likely due to a similar
growth induced metastable H state that is removed as the H diffuses upon annealing.

The hydrogen atoms form states with an energy splitting of 3 —8meV that lead to
the broadened Schottky anomaly. From the fit of the as-prepared heat capacity to Eq. 6.2,
the number of systems that would give rise to the Schottky anomaly is a large fraction of the
hydrogen in the film. The low temperature heat capacity of crystalline transition metals,
such as Nb and Ta, and rare earth metals, such as Y and Sc, has a broadened Schottky
anomaly due to tunneling of H [111]. These TLS are due to tunneling between potential
minima created by interstitial O, N, and C dopant atoms. Peaks are also observed below
10K in Q! of these metallic systems. These peaks are much sharper than what we observe
in the a-Si:H which is consistent with a distribution of potential energies in the amorphous
material. Annealing a-Si:H increases the peaks in Q' and removes the broadened Schottky
anomaly which indicates that the states that give rise to the increased damping in Q' are
not the states causing the anomaly in C'. A study of the heat capacity and internal friction
of a-Si:D and hydrogenated crystalline silicon will provide insight into the behavior that we
are seeing here.

The dangling bond defect density has been shown to be in thermal equilibrium
with the amorphous network above Tk ~ 200°C for undoped a-Si:H [110, 56]. As the
measurement temperature is increased so does the dangling bond defect density as weak
Si-Si bonds from the low energy band tail states are broken and stabilized by H [56]. The
defect relaxation upon cooling below Tp obeys a stretched exponential behavior and, by
fast quenching, it is possible to freeze in the higher temperature defect densities. ESR mea-
surements have confirmed that the thermally induced defects are isolated dangling bonds
with g = 2.0055 [52]. We performed heat capacity measurements after fast and slow cooling
to test whether dangling bond defects are responsible for the excess heat capacity we see.
As was stated above, there is little change in the heat capacity between the fast and slow
cooling states. Thus, it is again shown that the TLS heat capacity is not due to dangling
bonds but rather atomic TLS.

HWCVD a-Si:H was previously shown by @~ measurements to have TLS densities
lower than other glasses [20, 19] whereas the specific heat of the HWCVD a-Si:H films
reported here have TLS densities ng larger than typical glasses [2]. Only those TLS that
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couple to the acoustic waves contribute to Q! and are a subset of the total TLS density
ng that contributes to the heat capacity. As was found in the @-Si films, TLS in amorphous
silicon couple very weakly to acoustic waves. In Chapter 5 we showed that only 0.01 —0.1%
of the TLS in a-Si measured by heat capacity couple to the acoustic waves and lead to
the damping measured by Q! [10]. For the a-Si:H films, ng in the annealed films is ~ 10
times larger and Q™' is 10 — 100 times smaller than other glasses suggesting that only
0.001 — 0.01% of the TLS measured in C contribute to @~'. Liu et al. showed that by
annealing at 500°C to remove the H from a-Si:H films leads to an increase in Q! by a factor
of 10 [10]. This result combined with our heat capacity would suggest that the presence of H
further decouples the TLS from the phonons. In the a-Si films reported in Chapter 5, both
no and ce,; decreased as the silicon number density increased. In the a-Si:H films reported
here, the correlation of ng and ¢, with either n or ng; is much weaker if present at all.
Given that only certain H configurations are involved in the TLS formation it seems that the
local H density in the film plays a more critical role. NMR measurements before and after
annealing would provide insight into the changes in the H distribution. In Fig. 6.10 we show
that the correlation between ng and c., that is found in both a-Si and is also found a-Si:H
but changes very little for the annealed films. We believe that formation TLS in a-Si:H is
catalyzed by the presence of H relaxes the bonding constraints on the Si atoms in addition
to lowering the energy barriers between atomic configurations which allows additional TLS
to be accessible. The low temperature heat capacity in the as-prepared films would be
better understood by measuring C' below 1K to resolve the entire anomaly.

6.5 Conclusions

We have shown that the density of TLS ng in a-Si:H determined from specific
heat is 10 — 100 times greater than what is found in the specific heat of bulk quenched
glasses. The presence of H in the amorphous network increases the TLS density above pure
a-Si. The film in the as-prepared state is metastable and the heat capacity substantially
decreases upon annealing. A broadened Schottky anomaly is seen at low temperature in the
as-prepared films and likely leads to an over-estimate of ng in the as-prepared state. Heat
capacity measurements below 2K will clarify the nature of the low temperature anomaly.
This anomaly is removed by annealing below the growth temperature which causes H to
diffuse through the amorphous network. A corresponding increase in the peaks in Q' is
also observed after annealing. Comparison of ng and Q' suggests that the presence of H
decreases the coupling between acoustic waves and TLS.

We conclude that TLS in a-Si:H are atomic in origin and that the presence of H
lowers the energy barrier for tunneling between atomic configurations. H diffuses through
the amorphous network becoming sparsely distributed upon annealing and reduces the
number of tunneling entities. This result suggest that more than one H is involved in the
formation of a TLS. As was suggested by Phillips, the TLS do not occur in the full density
regions that are over-constrained by tetrahedrally bonding but instead occur in regions
where higher local densities of H catalyze the formation of TLS. Dangling bonds are not
the source of the TLS in a-Si:H. We have shown that there is a correlation between ng and
cez and suggest that a complete picture of the glassy state requires not only the tunneling



73

states but the harmonic excitations responsible for c.,, as well.
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Chapter 7

Light induced thermodynamic
metastability in amorphous silicon

In this chapter we present specific heat results from 2 — 300K for light soaked
pure and hydrogenated amorphous silicon. The heat capacity is found to increase at all
temperatures after light soaking. Annealing at 200°C removes the light induced increase.
The increase in heat capacity is due to metastable structural states and is related to the
Staebler-Wronski effect. At low temperatures, this photo-induced effect is typical of the
excess heat capacity that is characteristic of amorphous materials. At high temperatures,
the photo-induced increase suggests that additional localized modes are present. The in-
crease in heat capacity on light soaking and its vanishing on annealing is found in a-Si but
is much weaker than in «-Si:H indicating that the presence of hydrogen is not required for
the structural reconfigurations that lead to the Staebler-Wronski Effect, but facilitate it.

7.1 Introduction

Amorphous hydrogenated silicon (a-Si:H) photovoltaics undergo a loss in efficiency
upon prolonged exposure to light [54]. This phenomena, known as the Staebler-Wronski
Effect (SWE), is due to the light-induced creation of dangling bonds that act as recombina-
tion centers for electrons and holes. The density of dangling bonds ng, typically increases
from 10'6 ¢cm™3 before light exposure to 1017 cm ™ afterward and can be reversibly removed
by annealing at 150°C [54, 55]. The SWE limits the usefulness of a-Si:H for photovoltaic
applications but a-Si:H remains an attractive system because it supports both n-type and
p-type doping and can be prepared at low cost in thin-film form. It is important then to
understand the mechanism that gives rise to the SWE.

The light-induced metastability is typically discussed in terms of the creation of
the dangling bonds that degrade the electrical transport properties as this has direct im-
plications on device performance. However, there is evidence that large scale structural
rearrangements are occurring involving large groups of atoms as well as the creation of
dangling bonds [60]. Masson et al. observed a shift upon light soaking in the X-ray photo-
electron spectroscopy peak of the 2p Si state by 0.1eV without any line broadening [117].
The shift of the peak without broadening or developing a shoulder suggests that all Si atoms
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have under gone some structural reconfiguration. It has also been shown that the volume
of a-Si:H thin films increases upon light soaking (AV/V ~ 10~%) indicating a change in the
local volume that is 20 times larger than a dangling bond [55, 118, 119]. The magnitude
of the low temperature plateau in internal friction Q' of a-Si:H also increases upon light
soaking [61]. The plateau in Q™! is associated with the damping of acoustic waves by two-
level systems (TLS) that are responsible for the low temperature properties of glasses. TLS
are thought to be due to single atoms or groups of atoms that have structural configurations
that are close in energy and can tunnel through the energy barrier separating these con-
figurations [3, 4]. The possibility of an increase in TLS due to light soaking is particularly
interesting since the TLS is due to groups of atoms and not a single dangling bond. Q! for
e-beam evaporated a-Si, where ng, ~ 10®¥cm™3, was shown to be independent of magnetic
field and suggesting that the TLS in amorphous silicon are atomic and not electronic in
origin [53].
The low temperature specific heat of an insulating glass has been found to fit well
to the form [2]
C = al + 63T3. (71)

The coefficient of the linear term ¢; = %k%no is due to the density of TLS ng [3, 4]. For
most glasses ng ~ 10% — 10%6J7tem =3 [2]. The T3 term c3 = CDebye + Cex Where Cpepye 1s
the prefactor for the Debye heat capacity determined from the sound velocity and c., is an
excess heat capacity found in all glasses [37]. cep =~ 0.1 —1x 107%J mol~! K~* and typically
within an order of magnitude of cpepye [2].

The specific heat of dangling bonds in amorphous silicon and germanium have
previously been measured [41, 42] and they result in an excess below 1K when ng, >
10®em™3. The dangling bond specific heat has a strong magnetic field dependence and can
be suppressed in fields larger than 6T [40, 44].

We present heat capacity measurements for as-prepared, light-soaked, and an-
nealed thin films of a-Si prepared by e-beam evaporation and a-Si:H prepared by hot-wire
chemical vapor deposition (HWCVD). In all films, the heat capacity increases upon light
soaking and is removed by annealing at T4 = 200°C. The increase in the TLS density in pure
a-Si indicates that hydrogen is not required for the formation of light induced metastable
states. However, the density of light-induced TLS is larger in a-Si:H films indicating that H
plays an important role in the light induced instability. Rapid quenching a-Si:H to create
thermally induced dangling bonds does not result in an increase in the heat capacity. While
the light induced and thermally induced dangling bonds are electrically identical and have
approximately the same density (10'7ecm™2), they must therefore result from a different
structural mechanism.

7.2 Experimental Procedure

Thin films of a-Si and a-Si:H were prepared on thin film, membrane-based nano-
calorimeters by thermal evaporation and hot-wire chemical vapor deposition (HWCVD),
respectively. Heat capacity measurements were made from 2 — 300K. Details of the growth
conditions are described in Chapter 3 and the measurement technique is described in Chap-
ter 4. After growth of the sample on the transparent membrane, a 200A thick a-AlO, film
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was sputter deposited onto the amorphous silicon film prior to deposition of the 300A Cu
conduction layer. The a-AlO, film acts as a diffusion barrier between the Cu and Si films
to prevent alloying. The film thicknesses were measured with a KLA-Tencor Alphastep
profilometer and the densities were determined from Rutherford backscattering (RBS). The
dangling bond densities in the evaporated a-Si films were found to be ~ 10”cm ™2 from elec-
tron spin resonance (ESR) measurements. The dangling bond densities for HWCVD a-Si:H
are ~ 10'%cm™3 and has been reported elsewhere [22]. The longitudinal sound velocity v
was measured at room temperature using a picosecond ultrasonic pump-probe technique [7].

The amorphous silicon samples were light soaked through the top surface of the
transparent membrane under a PV Measurements Inc. small area AM1.5G solar simula-
tor for 7 days [120, 61]. (See Figure. 4.1) The transmission through the calorimeter was
measured at 633nm with a HeNe laser. The 500A ¢-Si-N membrane was found to be 60%
transmissive and the 500A Pt film used for the heaters and leads was 50% transmissive. The
heaters and thermomters cover ~ 20% of the sample area on the membrane and partially
shadow the device during light soaking. This is partially compensated by reflection from
the Cu conduction layer under the silicon film. The resistance of the sample heater was
monitored during the light soaking and the temperature of the film remained below 30°C.
Light soaking was performed on two a-Si:H films grown at Ts = 370°C (7 at.% H) and
430°C (4 at.% H) and two e-beam a-Si films grown at Ts = 45°C and 200°C. The light
soaked samples were cooled to 77K within 1 day of light soaking and then to 2K by the
second day. The heat capacity data was collected as the temperature was increased with
the entire measurement taking approximately 10 days. After the light soaked measurement
was complete, the samples were annealed for 10% seconds at 200°C in the high vacuum
cryostat by using the device heater on the membrane and then cooled again to 2K. The
heat capacity was found to be independent of cooling rate (5K/min versus 10*K/s) during
the anneal as discussed in Chapter 6.

7.3 Results

The heat capacity of a-Si:-H grown at Tg = 430°C (4 at.% H) and T's = 370°C
(7 at.% H) is shown in Fig. 7.1. The Tg = 430°C film was measured in the as-prepared
state, light soaked at room temperature for 7 days, and then remeasured. Subsequently,
the film was annealed at 200°C to remove any light induced defects and then measured
again. This was followed by additional light soaking and annealing measurements. The
heat capacity is found to increase upon light soaking and then decrease after annealing.
Subsequent light soaking does not return the film to the as-prepared state but annealing
again at 200°C returns the heat capacity to the previous annealed state. The same light
soaking and annealing behavior was found in the 370°C (7 at.% H) a-Si:H film. A decrease
in the heat capacity after annealing the as-prepared state was found for all of the a-Si:H

films whether or not they were light soaked. The Debye heat capacity is calculated from

~1/3
the measured density and sound velocity v = [%vl_ 3 4 %vt_ 3} where v; and v; are the

longitudinal and transverse sound velocities, respectively. v; for the a-Si was determined
from elastic modulus measurements as reported in Chapter 5 and v; was measured by a
picosecond ultrasonic technique [7]. For the a-Si:H, v was assumed to be reduced from the
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Figure 7.1: Heat capacity of a-Si:-H grown by the HWCVD at (a) Ts = 430°C (4 at.% H)
and (b) Ts = 370°C in the as-prepared, light soaked and annealed states. The film was
either slow cooled (¢) by a controlled current ramp of the sample heater on the device or
fast quenched (A ) by setting the sample heater current to zero. The photo and thermal
treatments were performed in the order given in the legend. The Debye 72 heat capacity
(dashed line) is calculated from the measured longitudinal sound velocity as explained
in the text and is assumed not to change upon light soaking and annealing. Crystalline
silicon (heavy solid line) is shown as a reference [5]. The line labeled T is shown for
comparison of the temperature dependence and is not a fit. The mole is defined as a mole
of SiH, where «x is the hydrogen content in the film. The atomic density is determined from
RBS.
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Figure 7.2: Heat capacity of an evaporated a-Si film grown at Tg = 45°C. The thermal
and photo treatments were performed in the order listed in the legend. The film was
cooled at 5K/min after annealing. The Debye heat capacity (dashed line) is calculated
from the measured sound velocity. Crystalline silicon [5] and the as-prepared HWCVD film
(Ts = 430°C) from Fig. 7.1 (heavy solid lines) are shown for reference. The line labeled
T is shown for comparison of the temperature dependence and is not a fit. The mole is
defined as a mole of SiO, where z is the average concentration of oxygen in the film. The
atomic density is determined from RBS.
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Figure 7.3: The high temperature specific heat of HWCVD a-Si:H grown at Tg = 430°C
and e-beam evaporated a-Si (inset) grown at Ts = 45°C. The order of the thermal and
photo treatments is given in the legend.

crystalline value v¢ by the same amount as the measured longitudinal sound velocity v; as
was seen in the evaporated a-Si films such that v = %lévc. v; for the e-beam evaporated film
grown at Tg = 45°C was measured before and after light-soaking and no change was v; was
observed, suggesting no change in the Debye temperature.

Figure 7.2 shows the heat capacity of evaporated a-Si grown at Tg = 45°C and
200°C in the as-prepared, light soaked, and annealed states. As with the @-Si:H films, the
heat capacity of the pure a-Si film increases upon light soaking. After annealing to 200° the
light induced excess heat capacity is removed and is reduced from the as-prepared value.
A small increase in heat capacity upon light soaking is also seen in a film grown at 200°C;
subsequent annealing at 200°C removes the light induced excess heat capacity.

For both the a-Si:H and a-Si films, the light induced increase in the heat capacity
persists to room temperature. Figure 7.3 shows the room temperature heat capacity of the
Ts = 430°C a-Si:H and Tg = 45°C a-Si films. The a-Si:H film was light soaked in the
as-prepared and annealed states as described above. A small increase is also observed in
the a-Si film. The excess specific heat of the light soaked state compared to the initial state
AC' is shown in Fig. 7.4. The increase in the room temperature heat capacity suggests



Initial

Light soaked

Sample label State Tg CDebye no Cex no Cex Ang Acey
x107° x 1046 x107? %1046 x107® x 1046 x107°
°C Jmol™' K™ J'm™? Jmol"'K* J 'm3 Jmol"'K* J 'm3 Jmol K¢
T3527 HWCVD AP 430 0.90 284 + 33 3.7+1.0 308 + 14 10+1 7.5+ 20 3.84+0.3
1 AN (0.90) 35+3 13+1 1027 1441 70+£5 2.1+0.6
AN (0.90) 21 +2 13+1
T3528 HWCVD AP 370 0.94 243 4+ 32 3.8+1.2
2 AN (0.94) 24 + 2 84+0.5 8945 11+1 66 +4 244+0.3
AN 53+ 5 9.7+ 0.6
T09-061 e-beam 3 AP 45 1.77 4.6=+1.0 21+0.1 1441 3.3£0.1 87+1.2 1.24+0.1
AN (1.77) 1.8408 21401
T10-067 e-beam 4 AP 200 1.11 4.3+1.3 1.1£0.2 7.3+1.5 1.7£0.2 3.0£2.0 0.6 0.2
AN (1.11) 40+15 12402

Table 7.1: Summary of low temperature heat capacity results from fits to Eq. 7.1. The unannealed a-Si:H films were fit to a
modified form of Eq. 7.1 that includes a Schottky anomaly and is described in Chapter 6. Samples are identified by their run
number, preparation technique, and the initial state before light soaking: as-prepared (AP) or annealed (AN) at 200°C. The
labels identify the data points in the figures. The state of the sample is listed in the order that the light soaking and annealing
occurred. Tyg is the substrate temperature during growth. cpepye is the Debye heat capacity calculated from the measured
sound velocity as described in the text and values shown in parenthesis have been assumed not to change upon light soaking
and annealing. ng is the density of TLS and ce; = ¢3 — cpepye is magnitude of the T3 specific heat that is in excess of the Debye
specific heat. Ang and Ace, are the change in ng and ¢, between the light soaked and initial states.
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Figure 7.4: The excess specific heat AC = C'¥—CImitial hetween the light soaked and initial
states of HWCVD a-Si:H (Ts = 430°C and 370°C) and evaporated a-Si (T's = 45°C and
200°C) upon light soaking. AC below 7K for the as-prepared T's = 430°C is no dominated
by error due to the large signal from the clustered H and is not shown. Samples were
light soaked through the transparent membrane of the nanocalorimeter for 7 days under
an AM1.5G solar simulator. The lines labeled 7" and 72 are shown as a reference for the
temperature dependence and are not fits.

that additional vibrational modes are present in the as-prepared and light soaked states.
However, these must be localized modes as the sound velocity of the a-Si film did not change
upon light soaking. At low temperatures the data fit well to the form AC = ¢\T + ¢3T°
where ¢; is the contribution from TLS [3, 4] and ¢3 = ¢ Debye + Cez 18 due to the usual phonon
heat capacity cgep and an excess heat capacity c., due to localized modes. These results are
summarized in Table 7.1. Both ¢; and c3 increase upon light soaking. Below 7K, the specific
heat of a-Si:H in the as-prepared state has an additional sublinear heat capacity that is
believed to be a peak due to metastable H configurations and overwhelms the light induced
heat capacity. Annealing causes H to diffuse through the amorphous network and away
from the clusters that form during growth resulting in a more homogeneous distribution of
H [115]. The linear temperature dependence of the heat capacity in amorphous materials
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is due to the presence of TLS. Figure 7.5 shows Ang and Ace, as a function of ng and ce,
respectively. These data suggest that the light induced AC' is larger in those films with a
larger initial density of TLS. Figure 7.6 compares ng and ¢, for the a-Si and a-Si:H films
from Chapters 5 and 6 to Ang and Ac., between the light soaked and initial states. Ang
and Ace; show the same correlation as the ng and ¢, in the initial state suggesting that
the light induced increase in TLS has the same origin as the TLS in the initial state of the
films.

The magnetic field dependent specific heat is shown in Fig. 7.7 for the light soaked
state of the Ty = 45°C a-Si and Ts = 430°C a-Si:H films. There is a small positive increase
in the specific heat in field that is roughly temperature independent. This small increase
is not due to a calibration error in the calorimeter as the heat capacity of the device has
been shown to have no magnetic field dependence [121] and corrections to the calibration of
the Cernox thermometer on the Cu block are small above 2K [122]. The increase does not
scale with either the dangling bond density or the magnetic field. The calorimeters have
been shown to have a magnetic field independent heat capacity [121] and Metcalf et al. did
not find any increase in the Q! of evaporated a-Si in field. We do not attribute this small
increase to dangling bonds due to the weak field dependence; the origin is not understood
and it is almost within error bars of zero.
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Figure 7.5: The change in (a) ng and (b) ce, between the initial and light soaked states
as a function of their initial values. The data points are identified by the labels given in
Table 7.1. There is large uncertainty in ng and c., for the as-prepared HWCVD films due
to the low temperature anomaly and the data is not shown. The annealed e-beam films
were not light soaked.
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Figure 7.6: Ang versus Ac., after light soaking (green) showing that light soaking increases
the density of glassy excitations. The data points are identified by the labels given in
Table 7.1 with the unprimed numbers identifying the initial state and the primed numbers
the change upon light soaking. Shown on the same scale is ng versus ¢, for the HWCVD
films in the as-prepared (blue) and annealed (black) states along with the e-beam evaporated
(red) films. The data are for films in the as-prepared (™) and annealed states: T4 =
200°C (®) and 300°C (A). Open symbols correspond to fast quenching as described in
Chapter 6. ng is determined from the linear term in the specific heat and c.; = ¢3 — Cpepye
is the excess T° specific heat that is not due to phonons. There is large uncertainty in ng
and ¢, for the as-prepared HWCVD films due to the low temperature anomaly and the
data is not shown. The annealed e-beam films were not light soaked.
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Figure 7.7: Magnetic field dependent specific heat of a-Si grown at T = 45°C in 4T (@)
and 8T (O) along with a-Si:-H grown at Ts = 430°C in 8T (U). The a-Si:H film was
measured in field after the second light soaking step shown in Fig. 7.1.

7.4 Discussion

Figures 7.1 and 7.2 show that the specific heat in a-Si:H and a-Si increases upon
light soaking. The increase in the low temperature specific heat is consistent with the
creation of low energy excitations that lead to the excess linear and excess T specific heat
in glasses. The origin of the increase at high temperatures is less clear. Dangling bond
generation has the same efficiency at 4.2K as it does at 300K so it is conceivable that there
are structural states that are accessible higher in energy but they would not be tunneling
entities as they only are found at low temperature. The temperature dependence of the
high temperature excess is similar to a Debye like heat capacity suggesting that there is a
decrease in the Debye temperature due to an overall softening of the amorphous network.
However, a change in the Debye temperature 8p by 200K would be required to account for
the change in the T2 specific heat at low temperature and the increase at room temperature.
Such a large change in #p seems unlikely as this would require a change in the sound velocity
of over 30%. There was no change in the longitudinal sound velocity or shear modulus of
the e-beam a-Si grown at Ts = 45°C after light soaking so it seems unlikely that there
would be a change in the sound velocity of the a-Si:H film.
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In the as-prepared a-Si:H film, there is a growth induced metastable configuration
of hydrogen in the amorphous network that increases the TLS density ng by lowering the
energy barriers for tunneling between atomic configurations. This contribution dominates
the low temperature heat capacity. An increase in the linear specific heat in the as-prepared
film after light soaking cannot be resolved as it is within the error of the measurement.
Annealing irreversibly reduces the heat capacity and we believe that H diffuses away from
clustered regions and becomes more homogeneously distributed in the amorphous network
as was discussed in Chapter 6. No loss of H from the film was detected in RBS measurements
after annealing to 200°C. Fitting the low temperature specific heat of the annealed film to
Eq. 7.1 shows a significant linear term. Light soaking increases both the linear and 7 heat
capacities and this increase is reversibly removed by a subsequent anneal at 200°C. It can
be seen from Figure 7.4 that AC from light-soaking in a-Si:H is independent of Ts and
hence also of % H.

Figure 7.2 shows that the light induced heat capacity occurs in a-Si as well as
a-Si:H. Both the linear and 72 heat capacities increase upon light soaking and this effect is
reversibly removed by annealing. The light soaking effect appears much weaker in the a-Si
films but would also require a 30% decrease in the Debye temperature to account for the
change in the T° heat capacity. No such change is observed in the sound velocity of the
Ts = 45°C film after light soaking. Figure 7.5 compares Ang and Ace, to the values of ng
and ¢, determined from the as-prepared and annealed states. It is clear the increase in the
low temperature heat capacity is due to the creation of additional low energy excitations
that are ubiquitous to glasses. The high temperature increase in the heat capacity could be
due to the localized vibrational modes that are responsible for cg.

The light induced specific heat above 2K reported here is not due to the electronic
states of the dangling bond since these leads to an excess heat capacity below 1K that has
a strong magnetic field dependence up to 2K where we find only a weak, if any, increase in
field [42, 40]. Light soaking then must be creating metastable structural states and these
are the source of the dangling bonds. It is these structural states that are the source of the
increased heat capacity. At low temperatures, ng and c., both increase indicating glassy
TLS excitations that form upon light-soaking as the constraints on the amorphous network
decrease. Generally it is thought that a weak Si-Si bond is broken upon absorption of a
photon and that H migrates to the broken bond site to stabilize it resulting in the formation
of a Si-H bond and a dangling bond at the weak bond site. Thus local metastable structural
relaxations can occur after the formation of a dangling bond by relaxation of local bonding
constraints. By measuring the deflection of a cantilever coated with a-Si:H after light
soaking, Nomonura et al. demonstrated a volume increase AV/V ~ 1076 that correlated
with the dangling bond density. However, this increase required a volume 20 times the
size of a single dangling bond. In a-Si, metastable states are associated with low density
regions in the amorphous network and, in a-Si:H, the addition of H further lowers the
energy barriers for transitions between atomic configurations. An increase in volume due
to a local structural relaxation and associated dangling bond creation is consistent with
TLS forming in underconstrained regions. It is not clear whether the structural relaxation
leads to the dangling bond formation or vice versa. Models for the SWE typically consider
mechanisms for the generation of dangling bonds but structural relaxations have not been
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considered [55, 123, 124].

In addition to light soaking, dangling bonds are created in a-Si:H by heating to high
temperatures and then cooling rapidly through the equilibration temperature T = 200°C
the dangling bonds density can be frozen in [109, 110]. In a-Si:H, ng, ~ 10'7 for both light
induced and thermally induced dangling bonds. It has been suggested that weak Si—Si bonds
in the band tail states are thermally excited and form neutral dangling bonds that trap H to
stabilize the broken bond [56]. It was shown in Chapter 6 that cooling through T at both
5K/min and 10*K/s resulted in little change in the specific heat. The thermally and light
induced dangling bond densities are comparable and thus the generation of dangling bonds
alone is not sufficient for the creation of the structural states which lead to the increase in
specific heat on light soaking [24, 110]. A structural change which also creates a dangling
bond must be occurring upon light soaking.

7.5 Conclusions

In this chapter we have shown that the specific heat from 2 — 300K of a-Si and
a-Si:H increases upon light soaking and that this increase is reversibly removed by annealing
at 200°C. The low temperature increase is typical of the low energy excitations that are
characteristic of glasses that are due to atomic TLS and localized vibrational modes. The
increase in heat capacity is the result of light induced excitation of metastable structural
configurations which lead to dangling bond formation. These states anneal away at the
same temperature as the SWE and a common mechanism must be responsible for both.
The light induced change in the heat capacity is not directly due to dangling bond defects
as they are known to result in an excess heat capacity below 1K with strong magnetic field
dependence. Rather it is due to metastable structural changes that result in the formation
of atomic TLS and dangling bonds. The high temperature increase in the specific heat is
not due to a change in the #p but rather to localized excitations. It has been shown that
the creation of thermally induced dangling bonds does not affect the specific heat above
2K. AC is largest in those films that initially have a large density of TLS but it is currently
unclear if this is true for the as-prepared state where the low temperature C' is dominated by
H clustering. The generation of TLS upon light soaking is consistent with recent evidence
that the SWE effect is the result of large scale structural reconfigurations affecting most
atoms in the amorphous network and that dangling bonds are just one manifestation of this
process. This is the first result that demonstrates light-induced metastablity in pure a-Si.
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Chapter 8

Conclusions

Since the first reports of non-Debye like heat capacity in insulating glasses over
40 years ago, it has remained an open question as to what physical mechanism gives rise to
the low energy excitations that are found in all glasses [1]. Our understanding of these low
energy states remains very limited even after decades of active research. At low tempera-
tures, there is a contribution to the heat capacity that is linear in temperature in addition
to a T° contribution that is in excess of the Debye heat capacity calculated from the sound
velocity [1, 11]. The excitations responsible for this behavior are ubiquitous to the glassy
state and occur in roughly the same density (10% — 10%¢J=! m~3) in all glasses [1, 2, 19].
The two-level systems (TLS) model offers a mechanism to describe the scattering of acoustic
waves seen in thermal conductivity and internal friction Q~! and the linear temperature
dependence to heat capacity [4, 19, 125]. The states proposed in the TLS model must be
broadly distributed in energy and space. This broad distribution has made identifying a
single TLS a very challenging task. However, there is evidence to suggest that the TLS
description is correct. For example, it is possible to saturate the damping due to TLS in
intense acoustic fields [126]. There is currently no widely accepted description of the excess
T3 heat capacity. The physical interpretation of the phenomenological TLS model is that
groups of atoms have structural configurations that are nearly degenerate in energy and,
at low temperature, there is a finite probability to tunnel through the energy barrier sepa-
rating these configurations causing a splitting of the lowest energy levels which leads to a
heat capacity which is linear in T'. It was suggested by Phillips in his original paper on the
TLS model that amorphous silicon would be over-constrained by its tetrahedral bonding
and not support the formation of TLS [125].

We have found that TLS are indeed present in some a-Si and a-Si:H and that
they can occur in higher densities than found in other glasses. However, Phillips’ original
intuition appears to be correct. As we reported in Chapter 5, the density of TLS in a-
Si is highest in low density films and becomes unobservably small in a-Si films with full
density. So the TLS are likely associated with strained or under-constrained regions of the
amorphous network which occur in and around voids. In Chapter 6, we demonstrated that
hydrogen plays a key role in increasing the density of TLS and suggest that H lowers the
height of the energy barrier between structural configurations. The heat capacity of a-Si:H
in the as-prepared state was shown to be metastable with a broad peak below 7K which
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Figure 8.1: Specific heat of HWCVD a-Si:H and e-beam evaporated a-Si are plotted as
C/T? versus T. The HWCVD sample was grown at T = 430°C and is shown in the as-
prepared and the 200°C annealed states. The annealed film is shown both before and
after light soaking. The evaporated films shown were grown at Tg = 45°C and 400°C.
The films grown at T = 45°C are shown for two thicknesses: 1120A (1.98 g/cm®) and
2775A (2.08 g/cm?). The 2775A film is shown in the as-prepared and light soaked states.
The Ts = 400°C film (2.09 g/cm?) is in the as-prepared state. The dashed lines are
the maximum and minimum Debye heat capacities for the samples shown. The Debye
specific heats are calculated from the sound velocity. The maximum Debye specific heat
(Op = 480K) is from the 2775A Ts = 45°C evaporated a-Si film. The minimum Debye
specific heat (/p = 620K) is from the T = 400°C evaporated a-Si film. fp = 570K for the
HWCVD film. Crystalline silicon is shown as well (fp = 645K) [5].

irreversibly decreases upon annealing. We suggest that this is due to regions of clustered H
that form during growth and then diffuse upon annealing. In Chapter 7, an increase in the
heat capacity upon light soaking was reported for both a-Si and a-Si:H. This result suggests
that the Staebler-Wronski Effect is due to a structural excitation that results in the creation
of TLS and that the dangling bonds that limit device performance are a consequence of
the metastable structural states. Furthermore, the presence of a light induced increase in
the heat capacity in pure a-Si suggests that the Staebler-Wronski Effect is intrinsic to the
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amorphous silicon network. In all of the films, we find that there is a correlation between
the density of TLS and the excess T heat capacity.

The density of TLS ng from heat capacity is found to be considerably higher than
what is expected based on Q~! measurements. Typically for glasses, only 5-10% of the
TLS measured by heat capacity contribute to the damping of acoustic waves measured by
Q7! [100]. We find for a-Si that only 1-4% of TLS measured by specific heat contribute to
Q™! which suggests that the coupling of TLS to acoustic waves is very weak. This coupling
must be much weaker in a-Si:H as we find very high TLS densities (107 — 10%®) from the
heat capacity but these films have also been shown to have a very low Q~! [20].

Amorphous silicon is thus a unique system for studying the origin of TLS in glasses
because it is the only system where the TLS can be tuned over a wide range [19]. We
have found that both the film density and hydrogen play a key role in not only in TLS
formation. The TLS model does not address the origin of the excess 72 specific heat, but
in Figure 6.10 we have shown that the density of TLS ng is correlated with c., over several
orders of magnitude for both a-Si and a-Si:H.

We conclude with Figure 8.1 which compares the range of low temperature specific
heats found in a-Si and a-Si:H. This figure illustrates the variability of the low temperature
specific heat of amorphous silicon due to excitations that we attribute to non-tetrahedrally
coordinated regions in the amorphous network. The TLS model provides valuable insight
into the low energy excitations in amorphous materials but fails to capture the all aspects of
this phenomena. With this tunability it should be possible to further elucidate the nature
of the amorphous state.
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Appendix A

Surface roughness of silicon nitride
membranes

In this appendix we report surface roughness measurements for various oxide and
nitride films that are used in the fabrication of the nanocalorimeter. The low-pressure
chemical vapor deposition (LPCVD) process results in the conformal deposition of low
stress nitride. The roughness of the oxide underlayer will be a template for the growth
surface for membranes grown on this oxide. The roughness of the membrane is found to
be the same as the oxide underlayer except for smooth films where large pits are found.
We suspect that these pits are either due to the formation of bubbles of Hy gas that are
trapped under the nitride film during growth or compositional inhomogeneities that are
preferentially etched by KOH and BHF.

A.1 Sample Preparation

All samples are grown on p-type prime (100) Si wafers obtained from the U.C.
Berkeley Microlab. New wafers were cleaned for ten minutes in piranha before going into
the furnaces. After film growth, the wafers are coated in photoresist to protect the surface
from Si particles generated during the dicing process. The photoresist was stripped in
PRS-3000 and then the wafers were cleaned again in piranha.

Thermal oxide: A wet grown thermal oxide was prepared by diffusion oxidation
of a crystalline silicon wafer at 1000°C in a Tystar furnace at atmospheric pressure in an
O, gas and water vapor environment. The oxide was prepared in Tystar 4 with recipe
4AWETOXA using 100 SLM of Oy gas and 3ml/min water vapor. This process consumes the
upper surface of the silicon wafer and results in a dense oxide with a low etch rate [127].

Low temperature oxide (LTO): A low pressure chemical vapor deposited (LPCVD)
oxide grown at 450°C in Tystarl2 using recipe 12SULTOA. This is the standard undoped
oxide recipe using 200sccm SiH4 and 200scem Oo gases. During the growth process, SiHy
and Os gases react to form SiO5 on the surface of the wafer.

Annealed LTO: This is film is deposited at the same time as the LTO sample
and then transferred to Tystard for a 100 minute anneal at 1000°C in N9 at atmospheric
pressure. Annealing increases the density of the film.



101

Low stress nitride (LSN): LSN is an LPCVD film deposited at 835°C in Tystar 17
using recipe LSNSTDA. The film can be used to fabricate thin membranes if the film stress
is below 200MPa. For the low stress film grown at 835°C, SiCloHs and NHy are mixed
at a ratio of 4:1. The process pressure and flow rates in the tube change with the pump
package that is on the furnace and current process monitoring measurements should be
consulted before growth. The flow rate of the gas in the furnace is important for achieving
a reproducibly low stress film with no particulates. LSN films were prepared both on blank
and oxide coated silicon wafers.

Silicon nitride membranes: Membranes are released by etching the silicon wafer
for ~ 8 hours in KOH at 80° and then removing the oxide using a 5:1 BHF. Details of
the membrane preparation are discussed in Chapter 4. The following films were measured:
DQO5L3 is an 1800A LSN film deposited on a 1.2um LTO layer, DQO5L6 is an 1800A LSN
film deposited on a 5300A thermal oxide under layer, and two membranes prepared on bare
silicon in 2006 and 1993.

A.2 Experimental procedure

All film thicknesses were determined using optical reflectometry with the Nanomet-
rics Nanospec in the U.C. Berkeley Microlab. The film thickness is calculated by comparing
interference spectra for normal incidence light to a standard of known thickness and index
of refraction. The surface roughness of the films was measured with a Seiko Nanopics 2100
atomic force microscope (AFM) in non-contact mode. Using the AFM in non-contact mode
allowed measurement of both the front and back surfaces of the delicate membranes. The
average R, and RMS Rpgasg surface roughnesses were determined by analyzing the AFM
images after removing the background curvature. The curvature was removed by using the
Flat function in the Nanograin analysis package. The Flat function subtracts the average
of two line scans in either the x or y directions. An isotropic low pass filter was applied to
the data to remove the high frequency random noise. R, and Rgryss are defined as,

R, = Si / |F(x,z) — Zp| dzdy, (A1)
0
and,
1
Rius = 5 / [F(z,2) — Zo)? dzdy, (A.2)

where, F(x,y) is the height,Sy is the area of the scan, Zj is the average height in the scan
area. The standard deviation o of the surface roughness is defined as,

A.3 Results and Discussion

Table A.1 lists the results of the surface roughness analysis of the oxide and nitride
films and the front and back surfaces of the nitride membranes. The thermal oxide is
considerably smoother than the LTO as is to be expected from the growth mechanism.
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Sample thickness Rx Rgrys o

A A A A

Bare Si - 0.6 0.9 0.7
Thermal Oxide 5300 2.3 2.9 1.8
LSN 440 4 5.4 3.6
LSN 2300 41 52 32
LTO 12000 12.2 16 10
LTO - Annealed 12000 124 16 10
Membrane - LTO - 15 20 13
Membrane - thermal oxide - 4.6 5.8 3.5
Membrane - 1993 - 9 10 4.4
Membrane - 2006 back - 22 30 20
Membrane - 2006 front - 118 149 91

Table A.1: Summary of film roughness results. Film thicknesses were measured by re-
flectometry. Roughnesses were determined from the analysis of AFM images. All of the
membrane roughnesses were measured on the back surface of the membrane unless otherwise
noted.

During the thermal oxidation process oxygen diffuses into the polished silicon wafer which
consumes the surface of the silicon wafer whereas the LTO likely has an island growth
mechanism as the gaseous species react on the substrate surface depositing SiOs. The two
films differs in roughness by a factor of ten. Annealing the LTO at 1000°C has no effect
on the roughness. The LSN films are also an island growth mechanism with thicker films
having larger surface roughness.

Comparing the roughness of the oxide to the back surface of the released membrane
it is clear that the membrane roughness is the result of the oxide underlayer acting as a
template for the nitride deposition. The roughness data listed in the table are only for the
uniform regions on the back of the membrane. The membranes grown directly on Si or
on the thermal oxide have large areas of low roughness but also have deep pits that are
~ 40 — 400Adeep that are not seen on the LTO underlayer films. This pitting is either due
to the formation of Ho bubbles under the LSN during growth or the pits form during the
etching in either KOH or BHF. Comparison of the front and back surfaces of the membrane
show that the front surface is much rougher than the back which suggests that the LSN is
weakly etched by the KOH. The front surface is exposed the KOH for ~ 8 hours where as
the back surface is only etched for ~ 30 minutes if there is no oxide underlayer. If there
is an oxide layer then the back surface is never exposed to KOH but it is exposed to BHF
during the oxide etch. LSN is known to have a low etch rate in BHF [127]. Comparing
the front and back surfaces of the membrane from 2006 which did not have an oxide layer
it is clear that some of the etching happens very rapidly. A controlled study of the etch
rates of LSN in BHF and KOH will clarify the large discrepancies in the membrane surface
roughnesses.
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A.4 Conclusions

We have found that the surface roughness of LSN membranes depends on the
choice of oxide underlayer and details of the etchants during the release of the membrane.
This information is important for applications where smooth interfaces are required such
as multilayers [128] or epitaxial growth after the deposition of a crystalline template layer
using ion beam assisted deposition [129].
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