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Abstract

Amorphous silicon contains tunneling two-level systems, which are the dominant energy loss
mechanisms for amorphous solids at low temperatures. These two-level systems affect both me-
chanical and electromagnetic oscillators and are believed to produce thermal and electromagnetic
noise and energy loss. However, it is unclear whether the two-level systems that dominate me-
chanical and dielectric losses are the same; the former relies on the coupling between phonons and
two-level systems, with an elastic field coupling constant, v, while the latter depends on a two-level
systems dipole moment, pg, which couples to the electromagnetic field. Mechanical and dielectric
loss measurements as well as structural characterization were performed on amorphous silicon thin
films grown by electron beam deposition with a range of growth parameters. Samples grown at 425
°C show a large reduction of mechanical loss (34 times) and a far smaller reduction of dielectric loss
(2.3 times) compared to those grown at room temperature. Additionally, mechanical loss shows
lower loss for thicker films, while dielectric loss shows lower loss for thinner films. Analysis of these
results indicate that mechanical loss correlates with atomic density, while dielectric loss correlates
with dangling bond density, suggesting a different origin for these two energy dissipation processes

in amorphous silicon.

I. INTRODUCTION

Amorphous insulators exhibit anomalous elastic and dielectric responses to external fields
at low temperatures due to quantum tunneling between nearly-degenerate states [1-4]. These
tunneling states, which are generally approximated by two-level systems (TLSs), are de-
scribed by the standard tunneling model (STM) [5, 6]. However, there are significant gaps
in the theory which could be the key to ameliorating the effects of TLSs on low temperature
technologies, such as quantum decoherence and noise in superconducting quantum hard-
ware [7-9]. The STM describes the interaction between applied external elastic fields and
TLSs, which interact by means of the deformation potential or coupling constant, v, and
cause a mechanical loss. The STM also describes the interaction with electric fields via the
electric dipole moment, pg, which occurs due to a charge reconfiguration between the differ-
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ent particle rearrangements in the two states, and causes a dielectric loss. Mechanical and
dielectric losses are generally dominated by TLSs that strongly couple to elastic or electric
fields, respectively. Previous work studied the interaction of TLSs with both elastic and
electric fields in borosilicate glass at low temperatures [10]. In these experiments, at least
a fraction of the mechanical loss due to TLSs was resonantly saturated using electric fields,
and vice versa, suggesting the existence of TLSs with both elastic and electric response.
However, it is not clear whether this response is caused by the same, or different, species of
TLSs, whether there is a relationship between the two types of loss, and whether there are

predictors for the expected dissipation rates of a material.

In amorphous solids, energy dissipation is generally used as a measure of the density of
TLSs, P. However, to the best of our knowledge, there has not been a systematic study of the
relationship between mechanical and dielectric loss. While both elastic and electric coupling
mechanisms are generally well described by the STM [11-14], it is not clear whether TLSs

responsible for the different phenomena are the same, or whether they are even correlated.

In our previous work, we showed that TLS density derived from low temperature me-
chanical loss and from excess low temperature specific heat is greatly affected by growth
temperature and thickness in amorphous silicon (a-Si) films, and that this dependence was
explained by a strong dependence on atomic density; by contrast, elastic properties such
as sound velocity and shear modulus depend only on growth temperature [15-17]. These
two facts taken together led to the suggestion that elastic waves are carried by a contin-
uous high density medium, while TLSs originate in lower density regions. Recently, we
have shown that reduced atomic density in a-Si films is associated with low density regions,
i.e., nanovoids [18, 19]. Silicon is a fourfold coordinated atom that preferentially bonds to
four adjacent silicon atoms and, in its crystalline form, tetrahedrally bonds over long range.
Amorphous silicon lacks periodicity but preserves local tetrahedral coordination, and atoms
form a continuous random network where not all atoms are tetrahedrally bonded. Some
of those atoms exhibit unpaired electrons, or dangling bonds, a type of structural defect
that is also a common electronic defect in a-Si [20]. In this work, we study mechanical
and dielectric loss on a-Si films grown at different temperatures and thicknesses and show
that the mechanisms responsible for the two types of dissipation processes are independent.
Specifically, we show that for a-Si, mechanical loss correlates with atomic density, while

dielectric loss correlates with dangling bond density.



II. EXPERIMENTAL METHODS

Amorphous silicon samples were grown by electron beam evaporation at a base pressure
of 1079 Torr. Samples of different thicknesses were grown at 0.5 A/s and three differ-
ent growth temperatures Ts = 50, 225, and 425 °C. Extensive structural characterization
(high-resolution transmission electron microscopy, electron diffraction, fluctuation electron
microscopy, and Raman spectroscopy) has been done on these a-Si films, which shows them
to be completely amorphous, with systematic dependencies of atomic density on growth
temperature, rate, and thickness [17-19]. Atomic density was determined by Rutherford
backscattering spectrometry (RBS) in combination with thickness measurements from pro-
filometry, and converted to mass density by multiplying by the Si atomic mass. Hydrogen
within the samples is below detection limit (< 0.1%) as measured by Hydrogen Forward
Scattering. Samples were grown on undoped, (100) silicon with resistivity greater than 10
kQ2ecm. Substrates were chemically cleaned and baked under vacuum at 150 °C prior to
deposition. The thin native oxide layer was left on all substrates to prevent epitaxial Si
growth due to direct contact to the c-Si substrate [21, 22].

Mechanical loss measurements were performed from 0.3 to 100 K using microfabricated
double-paddle oscillators (DPOs) [23, 24] with either 60 or 300 nm thick films of a-Si de-
posited at various temperatures. This technique measures the energy dissipation of trans-
verse modes of the oscillator neck by measuring the second antisymmetric resonance mode
(AS2) at approximately 5500 Hz. For simplicity in the equations below we omit the polar-
ization subscript since all modes in the DPO measurements are transverse. The film internal
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friction or mechanical loss, @, ', is obtained by measuring the ring-down time (equivalent
to the change in resonance frequency width) of the oscillators response at resonance before
and after the film is deposited:
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_ -1 _ -1 1
3Gfilmtfilm (Qtotal Qbare) ( )

where G and t refer to the shear modulus and thicknesses of the substrate or DPO (sub)
and sample (film). We use G4, = 62 GPa. The film shear modulus, G g, is determined
from the resonant frequency shift of the antisymmetric mode before and after the film has
been deposited. We note that Q;aial and Q;}m are extensive properties, whereas Q! is an

intensive property.



Dielectric loss was measured on a-Si deposited onto 2 inch diameter wafers at various
growth temperatures with thicknesses of either 60 or 180 nm. Two background references
were also prepared using the same conditions but with no a-Si deposition. After the a-
Si deposition, an aluminum layer of 100 nm was grown in-situ on each wafer by thermal
evaporation at room temperature and 0.2 A/ s. Four resonators were then patterned with
photolithography and an Al wet etch process on each wafer (see Fig. 1). Measurements of the
radio-frequency response were performed in a dilution refrigerator at 10 mK at frequencies
ranging from 4 to 7 GHz. We included 60 dB of attenuation for the input lines across the
different temperature plates, and 40 dB worth of isolation on the output lines to prevent
room temperature noise from interfering with the measurement. We used 12 GHz low-pass
K&L filters on our input and output lines as well as Low Noise Factory HEMTS with a 1.5 K
noise temperature at the 4 K stage [25]. The samples were in a light-tight mu-metal shield to
prevent magnetic fields or infrared radiation from interfering with the measurement. In order
to increase measurement throughput, rather than designing the samples with a transmission
line that requires wirebonding, coupling to the resonators was achieved with a pin that
approached within approximately 1 mm of resonator coupling pads. The pin connected
to an SMA port and was wired to a T-connector, which allows normalization of the off-
resonant background. The resonators were designed to avoid the additional resonance from
the T-connector. Once cold, transmission measurements were performed on the resonators
as a function of frequency. The curves were normalized and fit to the diameter correction

equation [26],

Sgl(w) =1

Qr/Qc
T2 2

w

where (), is the loaded quality factor and its inverse is equal to the sum of the inverted
internal quality factor of the resonator, ();, and the inverted coupling quality factor, Q¢,
wo is the resonance frequency, and Qc is the complex asymmetric quality factor such that
Qo' = Re(Qc").

Dangling bond densities, ppg, were obtained by electron paramagnetic resonance (EPR)
spectroscopy. Measurements were made using a Bruker ELEXSYS E580 EPR spectrometer
with an X-band ER 4123D CW-Resonator at 9.36 GHz. Microwave power (1.5 mW) and
magnetic field modulation amplitude (5 G) were adjusted for optimum intensity without

line shape distortion. Spectra were measured from 3282 to 3383 G. Samples 60, 180 and 300



FIG. 1. Layout for radio-frequency resonator chip. The resonators are A\/4 coplanar waveguides
connected to a large coupling pin oriented towards the center of the sample. An input-port pin is

affixed to the sample box approximately 1 mm above the center of the resonators.

nm thick were grown on 3 x 10 mm? substrates. A bare substrate was used to determine
the background contribution, whereas the samples spin densities, Ng, were determined by a
double integration of the experimental absorption first derivative spectra and comparison to
a KCI calibration standard with g = 2.0028 £ 0.0002 and Ng = 9.5 x 10'? 4= 5% spins cm =3,
resulting in a possible systematic error in ppp of £5%. This does not affect the relative
precision of the different samples’ ppp, whose uncertainty is based on the scatter in repeated
measurements, shown in the error bars in Table I and Fig. 4. The a-Si samples signal was
found to be isotropic and have a Land g-factor of 2.0055, characteristic of dangling bond
defects in a-Si [20]. The spectra show high signal-to-noise ratio, well-resolved lines, and

signal saturation for all samples.

III. RESULTS AND DISCUSSION

Two-level systems may interact with an applied field (elastic or electromagnetic) through
either relaxation or resonant interactions. When an applied external field of frequency, w,
drives TLSs out of thermal equilibrium, they relax after a time, 7, by exchanging energy
with the heat bath via the absorption or emission of thermal phonons with maximal net

energy loss when wr = 1. Resonant interactions, on the other hand, occur whenever the



energy difference between TLS states match the energy of an applied external field, F = hw.
In general, TLSs excited by an external field will irreversibly emit phonons causing energy
loss.

At the frequencies used for the mechanical loss measurements presented in this work,
relaxation dominates over resonant interactions above T' = /aw ~ 70 mK, where a =
10785 K?®, because of the temperature dependence of the TLS relaxation time [27]. When
the minimum TLS relaxation time 7,,;,w < 1, TLSs equilibrate within the timescale of an
oscillation, and Q! is temperature-independent. This phenomenon is typically observed at

temperatures between 0.1 and 10 K, and produces a plateau in Q,'. The STM predicts that

the mechanical loss of a material at this plateau, Q;i), is given by
DA 2
. wPy
= —_—— 3
QmO 2 p’U2 ( )

where P is the TLS density, v is the deformation potential, which is also the coupling
constant between phonons and TLSs, p is the mass density, and v the sound velocity [28].
The deformation potential of a specific TLS is defined as v; = 0A/20u, where A is the
asymmetry between tunneling states and u is the applied elastic field. In deriving Eq. 3, v
is taken as a constant, representing an average ~y; over all TLSs.

Mechanical loss, Q;.!, for various a-Si samples is shown in Fig. 2. We define the plateau

-1

and its value, @, ,

as the average of the @ ! values from 1 to 10 K. Samples with lower
losses, such as those grown at 425 °C, show in addition a broad peak. This peak is not
predicted by the STM and might originate from a non-uniform distribution of barrier heights
between neighboring states, which results in an increase of mechanical loss at a particular
temperature, or it might be caused by contamination effects [16].

Q..o decreases significantly with increasing growth temperature (with other growth pa-
rameters held constant) and is reduced by a factor of 34, in agreement with our previous
results [16]. We also notice, for the two samples grown at 425 °C with thicknesses of 60 and
300 nm, that the thinner sample shows nearly 5 times higher Q;L% than its thicker coun-
terpart. Since ()¢ is a material intensive property, this indicates that one or more of the
STM parameters (P, 7, p, v) in a-Si films are thickness-dependent. Both G and p have
been directly measured. The shear modulus, G, increases by 67% with increasing growth

temperature (50 to 425°C) for 300 nm thick samples, and increases by 5% with increasing

thickness (60 nm to 300 nm) for samples grown at 425 °C. The mass density, p, increases by
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FIG. 2. Mechanical loss, @;,,!, as a function of temperature, T, for samples grown at 50 (black
squares), 225 (orange circles), and 425 °C (red triangles). Solid symbols represent 300 nm thick
samples and open symbols a 60 nm thick sample. Solid and dashed lines indicate Q;l}) for the 300

and 60 nm samples, respectively.

11% with increasing growth temperature (50 to 425°C), and changes ~2% over the thickness
range shown in Fig. 2. As a result, the sound velocity, v, increases by 21% with growth tem-
perature for 300 nm thick samples, and increases by 1% with thickness for samples grown
at 425 °C. v has been shown to be proportional to the elastic properties [29], specifically,
72 /(pv?) is constant, so v is expected to change by 30%. These results lead to the conclusion
that a change in TLS density, P, with growth parameters is the leading source of the orders
of magnitude changes in @ ; shown in Fig. 2.

Representative measurements of the inverted quality factor, Q; ', of the a-Si samples,
which is proportional to the dielectric loss, are shown in Fig. 3 as a function of the number
of photons in the resonator, n. We use n = (2V?Q?%)/(50hwiQc), where V is the voltage
applied over the 50 2 terminated transmission line. The loss is fit to the STM power
dependence equation:

Qrp

where Qrp is the low power quality factor, QQyp the high power quality factor, ng the

saturation energy for the resonators TLSs, and /3 a fit parameter that in the STM 5 = 1 [28],

but experimentally is found to be less than 1 [30, 31]. In the present work on a-Si, 5 ranges
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FIG. 3. Inverted quality factor, Q;l, measured at 10 mK as a function of photon number, n,
(proportional to power) for samples grown at 50 (black squares), 225 (orange circles), and 425 °C
(red triangles). Solid symbols represent 180 nm thick samples and open symbols a 60 nm thick
sample. Solid (180 nm) and dashed (60 nm) lines are fits to the STM power dependence Eq. 4.

Error bars are shown as semi-transparent areas behind the data points.

from 0.3 to 0.7 (see Table IT in Appendix section), which has been suggested to indicate
interacting TLSs [32, 33|, or geometrical effects [8].

We performed finite element simulations using ANSYS electronic desktop to determine
the stored electric field energy in the a-Si layer and multiply Q5 by the participation ratio,
PR, to extract the dielectric loss of the material, tandy = (Qrp x PR)™! (see Table I) [34].
The fitting parameters obtained from Eq. 4 and the participation ratios are summarized in
Appendix section. The participation ratio removes thickness dependence, so that tand, is
independent of the resonator geometry and thus an intensive property. Since the measure-
ments were performed on planar samples, the dielectric loss could be from the a-Si layer,
the resonators, the silicon and aluminum native oxides (SiO2 between the substrate and the
silicon film, and Al;O3 on top of the aluminum layer), or the interfaces, limiting the precision
of tan §y of a-Si. For each sample we report the error bars that account for this uncertainty
by comparing the sample resonators to the background resonators measurements. In Fig. 3
we note that the power dependence of 60 nm samples grown at 425 °C is much weaker than
for 180 nm samples, even when grown at the same temperature. Additionally, the 60 nm

samples have a larger Q5% than the 180 nm samples. The loss for thin a-Si films grown
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TABLE I. Growth temperature, Tg, film thickness, ¢, mass density, p, dangling bond density, ppp,
shear modulus, G, sound velocity, v, mechanical loss, Q;l%, obtained at 1 to 10 K and 5 kHz, and

dielectric loss, tan dg, obtained by averaging the results from four resonators measured at 10 mK

over the frequency range of 4 to 7 GHz. ppp error bars reflect a precision uncertainty, in addition

there is an absolute uncertainty of 5% associated with the calibration standard.

Ty t P PDB G v Qr_n% tan dg
x1018 %103 %1076 x1074
(°C) (nm) (gem™®)  (spinsg™!) (GPa) (ms™)
50 181.640.6 2.07+£0.02 2.0340.09 - - - 19.8+1.3
50 317.440.5 2.084+0.02 2.04+0.09 36.84+0.2  4.240.1  140.04+2.8 -
225 173.940.4 2.1940.02 1.6640.07 - - - 13.9+1.3
225 310.0£0.3 2.2040.02 1.70+£0.07 48.74+0.2  4.740.1  43.1+0.9 -
425 169.940.5 2.2940.02 1.1640.05 - - - 8.6+1.3
425 299.24+0.3 2.30+0.02 1.2040.07 61.3+0.2  5240.1  4.140.1 -
425 59.740.6  2.2840.03 1.0540.05 - - - 3.3+3.5
425 59.240.3  2.2740.03 1.05+0.05 58.440.6  5.14£0.1  21.3+0.4 -

at 425 °C is likely approaching the weak power dependence limit generally seen in coplanar
resonators [30, 31, 35].

The values of tan dg shown in Table I indicate that the dielectric loss is strongly thickness-
dependent in a-Si films. Thus, mechanical and dielectric loss results are both thickness-
dependent, which suggests that the structures responsible for TLSs change with thickness.
However, the trends are opposite: mechanical loss is lower for thicker films, whereas dielectric
loss is lower for thinner films.

The STM predicts that the TLS density, P, is proportional to the dielectric loss, tan dy,
when coupled to dipole moments via electric fields [28]. Dielectric loss is frequently measured
using superconducting resonators or qubits at GHz frequencies, and at mK temperatures
to avoid TLS saturation [36, 37|; at Aw/(2kgT) =~ 12 > 1, resonant interactions are the
dominant loss mechanism. In this regime, the dielectric loss, tan dy, is defined by

P2
tan dg = W% (5)

10



where pg is the (average) TLS dipole moment, and the permittivity ¢ = €pe,.. We used
€ = 8.85 x 10712 Fm™! for the electric constant, and €, = 11.45 for the silicon relative
permittivity, obtained at 10 K in the GHz range [38]. As with ~;, it is important to note
that the TLS dipole moment, py;, is a property of a specific TLS; in deriving the above, pj
is also taken as a constant, representing an average over all TLSs.

To understand the possible mechanisms giving rise to the mechanical and dielectric loss
results presented in this work, we consider the samples density and dangling bond density,
which provide information about the number of atoms and unpaired electrons per unit
volume present in each sample.

The density, p, shown in Table I, systematically and monotonically increases with both
growth temperature and with film thickness, primarily caused by a reduction of the number
density of open-volume defects, i.e., nanovoids, as found in our previous work on a-Si [18, 19].
Dangling bond density, ppg, decreases with growth temperature, an indication that denser
films contain fewer dangling bond defects, but shows little dependence on thickness, except
for films grown at the highest temperature, where ppp increases ~ 12% with increasing film
thickness [18, 19]. The differences in both p and ppp between 180 and 300 nm is negligible
at all growth temperatures.

Mechanical loss results presented in this work are dominated by relaxation interactions,
whereas dielectric loss results are dominated by resonant interactions, which hinders a direct
comparison between Q;j) and tandy. However, in the framework of the STM, the TLS
distribution function f(A, ) is only a function of the asymmetry between states, A, and
the tunneling parameter, A\. The main assumptions of the STM are that A and A are
independent of each other and uniformly distributed, therefore f(A, \) ~ P, where P is the
TLS density, an energy-independent parameter. This prediction has been experimentally
verified; mechanical and dielectric losses increase less than two-fold in a frequency range
spanning up to 10 Hz [39, 40]. Comparisons of P obtained from mechanical or from dielectric
loss results can therefore be done under the assumptions of the STM, despite their different
frequency regimes.

The coupling constant, v, and dipole moment, pg, are neither well understood nor mea-
sured for many materials, and are additionally TLS-specific, which makes it more difficult
to decouple them from P (see Eqs. 3 and 5). For this reason, Figs. 4(a) and 4(c) show

the parameters Py? (mechanical loss) and Pp? (dielectric loss) as a function of density, p,
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and Figs. 4(b) and 4(d) show P+? and Pp? as a function of dangling bond density, pps.
Considering first the effect of growth temperature only (solid symbols), both P+? and Pp?
decrease as growth temperature increases. However, P72 and Pp(z) are not proportional to
each other, and when the effect of thickness is included (open symbols), the lack of propor-
tionality becomes even more striking. Fig. 4(a) shows that Py? has a systematic correlation
with density (whether caused by thickness or growth temperature), while in Fig. 4(c) Pp?
does not; the 60 nm sample grown at 425 °C shows the lowest dielectric loss value despite
reporting an intermediate density. Fig. 4(d), by contrast, shows that Pp? is monotonic with
dangling bond density, while in Fig. 4(b) P~? is not; the 300 nm sample grown at 425
°C shows the lowest mechanical loss value despite reporting an intermediate dangling bond
density. We note that an increase in density and a reduction in dangling bonds density each
represent a reduction of some type of structural defects. Our results show that mechanical
loss, @5, correlates with density (an increase in p by 11% is associated with a factor of
34 reduction in Q;,%)), while dielectric loss, tan dg, correlates with dangling bond density (a

reduction in ppp by a factor of 2 is associated with a factor of 6 reduction in tandy).

Comparing only the thick samples, the factor of 34 reduction of mechanical loss with
increased growth temperature is in stark contrast to the factor of 2.3 reduction of dielectric
loss. This difference can be explained by two different hypotheses within the framework of
the STM: (i) the density of TLS, P, is a single quantity for a given sample, and differences
between mechanical and dielectric loss are due to changes in coupling constant, v, and dipole
moment, po, or (ii) there are different species of TLSs yielding independent values of P for

mechanical and dielectric loss.

In the framework of the first hypothesis, (i), the same TLS density, P, contributes to both
types of losses. The large difference (34 vs 2.3) between the dependency of Q. ¢ and tan &,
on growth temperature (see Table I) is then explained by changes of v and py with growth
temperature. The relationship between coupling constant and elastic properties, v2/(pv?),
is a constant for a wide variety of glasses [29], which implies that P is reduced by a factor
of 34 with increasing growth temperature from 50 to 425 °C (see Eq. 3). If P decreases by
a factor of 34, then p?/e must increase 15 times (Eq. 5) to account for the smaller 2.3 times
decrease in tandy. If the permittivity, €, were changing, we would observe changes in the
resonant frequency of the resonators. To reconcile these results with the predictions made

by the STM, the average TLS dipole moment, pg, would therefore need to increase almost 4
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FIG. 4. Mechanical loss-derived quantity, P72, (top row and blue squares) and dielectric loss-
derived quantity, Pp3, (bottom row and red and circles) as a function of density, p, (left column)
and dangling bonds density, ppp (right column). Both quantities are respectively derived from
Eqs. 3 and 5 using data reported in Table I. Closed symbols are thick films (180 or 300 nm) and
open symbols are thin films (60 nm). ppp error bars reflect a precision uncertainty, in addition
there is an absolute uncertainty of +£5% associated with the calibration standard. Lines connecting
data points are a guide to the eye. Black arrows indicate the growth temperature increase for the
samples reported in these plots. Crystalline Si density is 2.33 g/cm?; the films grown at higher

temperature approach this density, despite remaining fully amorphous.

times with increasing growth temperature, to allow for a TLS density reduction of 34 times,
an unlikely scenario since neither the charge nor separation of atoms participating in the

tunneling are likely to increase fourfold. Hypothesis (i) therefore seems quite unlikely.
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The second hypothesis, (ii), concerns the nature of the structural defects that give rise
to TLSs. Two different subsets of defects, one that strongly couples only to elastic fields,
and another that strongly couples to electric fields, could yield two different densities of
TLSs: P, and P,, respectively. In this case, the coupling constant and dipole moment
could remain almost independent of growth parameters. Assuming a weak dependence of
72 /(pv?) and p3 /e on growth conditions, the data suggest a reduction of P, of only 2.3 times
with increasing growth temperature, about 15 times smaller than the reduction in P,,. We
consider hypothesis (ii) as the most likely scenario.

Since mechanical losses correlate with atomic density, while dielectric losses correlate
with dangling bond density, considering different P,, and P. is a natural concept. We have
previously suggested that TLSs that yield P,, are spatially correlated with nanovoids or
low density regions [16], and have shown that nanovoids are the structural defect associated
with the observed reduced atomic density in a-Si films [18, 19]. By analogy, we suggest
that the TLSs that yield P. are connected with dangling bonds. In a monatomic material
such as a-Si, dangling bonds are a natural source of electric dipole moments, although how
those states get connected to tunneling level states is unclear. We suggest that dangling
bonds perhaps influence the nearby atomic arrangements to cause fluctuating electric dipole
moments as the atomic positions tunnel between nearby energy minima.

Previous work (see Table I in Ref. [41]) supports the hypothesis of different types of
TLSs. Different amounts of OH impurities in silica had no effect in elastic measurements [42],
whereas dielectric measurements were clearly dependent on the OH concentration [43]. It was
concluded that not all elastically coupled TLSs interact electrically [44]. Our results show
that even in a material without impurities, elastically interacting TLSs can be considerably

reduced without large reductions in the dielectric TLS density, P..

The mechanical and dielectrics loss results presented in this paper, obtained for two quite
different frequency ranges (kHz and GHz), could also support the idea that the TLS density,
P, is not energy independent, this would be the case if the TLS parameters, A and \, are
not independent or are not uniformly distributed in energy. To disentangle whether these
results provide evidence of different types of TLSs, or alternatively, evidence that P is not
energy independent, acoustic measurements in the GHz frequency range would be valuable.
A frequency dependence of the distribution of states would significantly modify the STM,;

such a model, which predicts dephasing and noise in superconducting microresonators due

14



to TLSs in amorphous materials, has recently been explored [45].

IV. CONCLUSIONS

Amorphous silicon films show orders of magnitude reduction of the mechanical loss

-1

0, With increased growth temperature at fixed thickness, whereas dielectric loss,

plateau, @)
tan dg, is only reduced by a factor of 2.3. Furthermore, mechanical loss is correlated with
atomic density, while dielectric loss is correlated with dangling bond density. The most plau-
sible explanation for these data is that there are different types of TLSs that interact with
external fields (elastic and electromagnetic) through different mechanisms. An alternative

interpretation of our results, not considered by the STM, is that the TLS density, P, is not

energy independent.

A better understanding of the TLS-phonon coupling constant and TLS dipole moment,
their relationship with atomic structure, and how the defects that give rise to TLSs interact
through different dissipation mechanisms are needed to disentangle the underlying physics

of the anomalous properties of disordered solids at low temperatures.
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APPENDIX: INVERTED QUALITY FACTOR FITTING PARAMETERS

In Table II we summarize the fitting parameters of the inverted quality factor, Q;l,
measurements derived from Eq. 4, and used to determine the dielectric loss, tan dy, of the
a-Si films. The data provided in Table II is the average over all resonators of that particular

type in the frequency range of 4 to 7 GHz.

TABLE II. Sample ID indicating sample type: background reference or a-Si thick (180 nm) or thin
(60 nm) films and its growth temperature, low power quality factor, QZ}D, resonator saturation en-
ergy, ng, fit parameter, 5, high power quality factor, Q;IIP, and amount of energy in the amorphous

silicon layer compared to energy in the total mode, or participation ratio, PR.

Sample ID Qrp no B Qi'p PR
%1076 x1076

background 14.742.7 0.03+0.03 0.31+0.05 1.8740.64 0

thick 50 °C 116.0+3.9 1.0740.46 0.49+0.04 0.00+1.07 0.055

thick 225 °C 83.4+2.8 1.4540.47 0.50+0.05 5.04+1.24 0.055

thick 425 °C 54.3+1.1 0.53+0.11 0.67+0.03 2.59+0.17 0.055

thin 425 °C 13.640.6 3.67+1.07 0.56+0.06 6.68+0.49 0.021
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