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Phonon confinement effects in ultrathin epitaxial bismuth films on silicon studied by
time-resolved electron diffraction
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The transient temperature evolution of ultrathin bismuth films, epitaxially grown on a silicon single crystal,
upon femtosecond laser excitation is studied by time-resolved electron diffraction. The exponential decay of
the film temperature is explained by phonon reflection at the interface, which results in a strongly reduced
thermal conduction in the cross plane of the layered system. The thermal boundary conductance is found to be
as low as 1273 W/(K cm?). Model calculations, including phonon confinement effects, explain the linear
relationship between the observed film-temperature decay constant and the film thickness. Even for 2.5 nm thin
films the phonon transmission probability across the interface is given by bulk properties. Our simulations
show that phonon confinement effects are negligible for bismuth-film thicknesses larger than 1 nm.
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I. INTRODUCTION

Nowadays the physical properties of devices on the length
scale of only a few nanometers become more and more
important.' The interesting and often surprising physical
properties of such small devices can basically be classified
by two types of effects: an increased surface- or interface-to-
volume ratio and confinement of particles and quasiparticles,
such as electrons and phonons. An understanding of these
effects is of utmost importance and can be potentially used to
engineer the physical properties, e.g., the thermal and elec-
trical conductivities of such nanobased devices.*~8

In the past it has been shown, that the reduction in one
spatial dimension in thin films leads to an electron confine-
ment forming quantum-well states.’~'® Such a confinement is
also expected for the vibrational degrees of freedom in a
solid, i.e., phonons.!”"22 But only a few experimental inves-
tigations have dealt with the direct measurement of confined
phonons.?*?® Phonon confinement effects, which result in a
reduction in the phonon group velocity and a change in the
density of states, manifest themselves in a further reduction
in the in-plane thermal conductivity.'®?® This adds to the
reduction in the thermal conductivity due to an increased
phonon scattering at the surface and interface. Furthermore,
confinement of electrons and phonons strongly alter the
electron-phonon coupling in such nanoscale devices as com-
pared to the bulk.30-32

Consequently, confinement effects should also influence
the heat transport across the interface between two distinct
materials.?® The heat flow across an interface between a thin
film and a substrate is drastically reduced compared to bulk
diffusion and the temperature decay in the film is given by

Cdﬂ(;@ == O-K[Tf(t) - Ts(t)]7 (1)

with ¢ as specific-heat capacity, d the film thickness, and oy
the thermal boundary conductance.***¥5 T, and T, are the
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film and substrate temperatures, respectively. The above
equation relates the thin-film temperature to the temperature
difference at the interface. The thermal boundary conduc-
tance ok is related to the phonon-transmission probability ¢
across the interface by*34-36

se=3 | ono@Heo. @

0

where (#(w)) is the averaged phonon-transmission probabil-
ity if multiple phonon modes contribute to the heat transport.
(v(w)) is the averaged phonon group velocity perpendicular
to the interface. ¢(w,T) is the specific-heat capacity of
phonons with energy Aw at a temperature 7.

Phonon confinement effects act on the phonon group ve-
locity and thus on (v(®)).'®?° In addition, the phonon-
transmission probability will change with decreasing dimen-
sions. For the determination of the phonon-transmission
probability the two basic models are the acoustic mismatch
model (AMM) and the diffuse mismatch model (DMM).3*35
For their applicability two regimes are distinguished.?’ If the
dominant phonon wavelength is larger than the interface
roughness, the phonons are treated as elastic waves that are
reflected and refracted at the interface. The ratio of the en-
ergy between the refracted wave compared to the incoming
wave yields the transmission probability.?*3338 It turns out
that a critical cone of total reflection evolves if the film ma-
terial is acoustically thicker than the substrate. This is the
case for phonon transport from a bismuth film into a silicon
substrate. Phonons incident to the interface with angles
larger than the critical angle, given by Snells law, are totally
reflected at the interface. A change in the group velocity
directly affects this critical angle. A decreasing group veloc-
ity with decreasing film thickness results in a narrower cone
of total reflection, reducing the phonon-transmission prob-
ability.
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In the case where the dominant phonon wavelength is
smaller than the interface roughness, strong phonon scatter-
ing at the interface is assumed.**>37 The probability in
which state, i.e., film or substrate, the phonon is scattered
only depends on the density of phonon states.>*3> Again,
phonon confinement results in changes in the density of
states and thus the transmission probability.

Assuming energy independence, the transmission prob-
abilities and group velocities in Eq. (2) are being substituted
by

(@) = (@), (Hw))—(1d)) 3)

and the thermal boundary conductance depends on the film
thickness d

ox = og(d) = <v(d)><t(d)>% f c(w,Ndo. (4)
0

From Egq. (1) the decay constant of the film-temperature
evolution is given by

c

Tdec = md (5)

By determining the decay constant for different film thick-
nesses d, a deviation from a linear behavior between 7 and d
is indicative for phonon confinement in thin films. In a pre-
vious study we investigated the thickness dependence of the
decay constant 7 for Bi films on a Si(001) substrate down to
6 nm thickness, which corresponds to about 16 bilayers (bi-
layerheight is 0.394 nm).*® No deviation from a linear rela-
tionship between 7 and the film thickness d has been ob-
served, suggesting that phonon confinement has a negligible
influence on the heat transport across the interface.

It is noted, the temperature independence of the thermal
boundary conductance oy, in the temperature range used in
this study, is taken into account.*® This results in a single
exponential decay characterized by the decay constant 7y,
[Eq. (5)]. We previously verified experimentally that 74 is
independent of the temperature.®

In this paper we present results of ultrathin Bi films down
to 2.5 nm thickness, i.e., 6 bilayer height. In order to create
such thin films, bismuth is deposited onto a Si(111) surface
which has been shown in the past to result in extremely
smooth, continuous, and well-defined films.*!~** The Bi film
is laterally only slightly compressed by 1.3% and the inter-
face is abrupt and atomically flat.*>** Additionally, the films
are grown under cleanest conditions and in a controlled fash-
ion. This ensures the reduction in unknown parameters of the
film morphology and the interface structure to a minimum.

II. EXPERIMENTAL

Prior to Bi deposition the Si sample (width=3.5 mm)
was flashed to 1500 K and slowly cooled down resulting in a
well-ordered (7 X 7)-reconstructed (111) surface. Bi films
with film thicknesses below 6 nm were prepared by deposit-
ing Bi (99.9999%, MaTeK) from a Knudsen cell* onto
Si(111) at 150 K. The film thickness was determined by a
quartz microbalance, which was calibrated by ex situ non-
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FIG. 1. (a) NC-AFM image of a 2.5 nm thin Bi film on Si(111).
The film was grown at 150 K and annealed to 420 K and subse-
quently held at 400 K for 10 min. The scanning range of the image
is 2.5 umX2.5 um. Steps of the underlying Si(111) substrate are
clearly visible. The marked area (dashed square) is displayed in (b)
with a magnification factor of 3. The step height between two ad-
jacent terraces is one bilayer, i.c., 3.94 A. (c) LEED pattern of the
2.5 nm thin Bi film. As evident from the hexagonal symmetry the Bi
film is (111) oriented.

contact atomic force microscopy (NC-AFM) and x-ray re-
flectometry. After deposition, the films were annealed to
420 K and subsequently held at 400 K for 10 min. This
recipe was found to result in flat films.*!*? The thinnest film
prepared with this method was 2.5 nm. Figure 1 shows a
NC-AFM image and a low-energy electron diffraction
(LEED) of a 2.5 nm thin Bi film.

In the NC-AFM image shown in Fig. 1(a) large smooth
areas are observed which are separated from each other by a
bilayer height step [see Fig. 1(b)]. Additionally, steps from
the underlying Si substrate are observed. We conclude that
such prepared films are single crystalline, continuous, well
ordered, and smooth as previously observed.*'~** As evident
from the hexagonal symmetry of the LEED pattern the Bi
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film is (111) oriented [Fig. 1(c)]. Films with larger thick-
nesses were prepared by subsequent deposition of additional
Bi at 400 K onto a 6-nm-thick base film, which was prepared
following the above described recipe. These films are also
well ordered and smooth (not shown here). The morphology
of the films remained unchanged even after several hours of
laser bombardment, as verified by LEED.

The thermal boundary conductance was determined by
means of ultrafast electron diffraction. In this pump-probe
technique a short electron pulse is scattered at the surface at
different delays from an initial laser pump pulse.*=! The
pump pulse (photon energy 1.55 eV, wavelength 800 nm) are
~50 fs short laser pulses at a repetition rate of 5 kHz. For
all experiments the laser fluence on the sample was set to
Q=23 mJ/cm?. A small fraction (~20%) of the initial
pulses is frequency tripled and directed onto a thin gold film.
Via photoemission short electron pulses are created.’® The
electron pulses are accelerated to 7 keV energy and scattered
at the sample at 5° angle of incidence which ensures surface
sensitivity  [reflection  high-energy  electron-diffraction
(RHEED) geometry]. The resulting perpendicular momen-
tum transfer is Ak, =7.5 A~!'. The electron-diffraction pat-
tern is intensified using a multichannel plate detector and
recorded by a cooled charged-coupled-device camera.”®
From the temporal evolution of the diffraction spot intensity
the transient surface temperature is derived using the Debye-
Waller effect.*’0-52 Because the excited area (2 X3 mm?) is
on the order than the probed area (0.4 X 3.5 mm?) the lateral
heat diffusion can be neglected and the temperature decay is
given by the heat transport in the direction perpendicular to
the interface (cross plane). In the thin Bi films a homoge-
neous temperature distribution in the cross plane is estab-
lished after ~6 ps and the decay of the transient surface
temperature displays the temperature decay of the whole
film.>3

III. RESULTS AND DISCUSSION

The transient surface temperature of the 2.5 nm thin Bi
film is shown in Fig. 2. The inset shows a RHEED pattern at
negative delays, i.e., the probe pulse arrives at the surface
before the pump pulse. The indicated diffraction spot was
used to extract the transient surface temperature shown in
Fig. 2. Analyzing the other diffraction spots result in similar
transient temperature evolutions especially in the same decay
constant Tge.

For negative delays the surface has a constant temperature
of 90 K, which is the base temperature for all experiments in
this study. Around zero delay the surface temperature in-
creases steeply to a maximum temperature of almost 210 K.
Subsequently, the surface cools down exponentially to the
base temperature. The observed temperature evolution can be
described with the phenomenological function3*>

T(1) = O(H)AT(1 — e™"7inc) e~/ Taec + T, (6)

(1) is the Heaviside step function, AT is the initial tempera-
ture increase, and 7|, is the base temperature. The time con-
stant 7. is the rising time constant which is given by the
temporal resolution of the experimental setup.’® The decay
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FIG. 2. Transient surface temperature of a 2.5 nm thin Bi film.
The laser fluence is Q,=2.3 mJ/cm? The experimental data are
shown as markers. The solid line is a fit of Eq. (6). The fit yields a
temperature jump of (157 £8) K, a time constant for the increase
of 7,.=(41+4) ps, and a decay constant of 74..=(243*15) ps.
The inset shows the RHEED pattern at a negative delay, i.e., exci-
tation occurs after scattering of the electron probe pulse. The indi-
cated diffraction spot was used to extract the transient temperature
evolution.

constant 7, is equal to the decay constant from Eq. (5). The
fit of Eq. (6) to the experimental data yields
AT=(157%8) K, 7,.=(41*x4) ps, and 74,.=(243 £ 15) ps
(cf. Fig. 2).

The transient temperature evolutions for a series of film
thicknesses between 2.5 and 34.5 nm are shown in Fig. 3(a).
For better comparability the transient temperature evolutions
are normalized such as {[T(t)=Ty)/ (Tax—To)}, With T the
base temperature and 7, the maximum temperature at zero
delay. T(z) is determined as described above. With increasing
thickness a slower film cooling is observed. The decay con-
stant 7y, for the different film thicknesses which are ob-
tained from the fit of Eq. (6) to the experimental data and
shown in Figs. 3(b) and 3(c). As evident from Figs. 3(b) and
3(c) the decay constant linearly depends on the film thick-
ness down to thicknesses as small as 2.5 nm. This thickness
corresponds to 6—7 atomic bismuth bilayers. A linear fit to
the experimental data yields a slope of (93.5*+1.2) ps/nm.
By using Eq. (5) this yields a thermal boundary conductance
ox=(1273+16) W/(K cm?) (cf. Table I for the specific-
heat c). This value is in very good agreement to the thermal
boundary conductance of the Bi and Si(001) interface, which
was found to be ok =(1320+60) W/(K cm?).%

The independence of the thermal boundary conductance
ox from the orientation of the substrate suggests that the
detailed nature of the interface only plays minor role. Addi-
tionally, the value of o is in accordance to the calculated
values, using the AMM and DMM for the determination of
the phonon transmission probability.’! We conclude that the
coupling of electrons to the image potential states proposed
previously>® has a minor contribution to the energy transport
across the interface and can be neglected.

From these findings it is not possible to distinguish be-
tween the microscopic processes of energy transfer at the
interface, i.e., strong scattering (DMM) or refraction of elas-
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FIG. 3. (Color) (a) Normalized transient temperature evolutions {[7(¢) = T]/ (Tax— To)} for different film thicknesses. The base tempera-
ture 7p=90 K was the same for all experiment. T, is the maximum temperature at zero delay. The pump fluence for all experiments was
Qx=2.3 mJ/cm?. (b) Thickness dependence of the decay constant 7,,.. (c) Close-up view of the thickness range between 0 and 11 nm. The
dashed line in (b) and (c) is a line fit to the experimental data yielding a slope of (93.5*1.2) ps/nm. In (c) the results of model calculations
for the decay constant using the AMM (dots) and the DMM (solid line) for the determination of the phonon transmission coefficient are
additionally displayed (modified AMM/DMM, see text for details). (d) Thickness dependence of the phonon group velocity for the trans-
versal and longitudinal polarized phonons which is used in the model calculations. The horizontal lines are the respective group velocities

for bulk Bi.

tic waves at a smooth interface (AMM). However, phonon
confinement effects were not considered so far.

As stated in Sec. I a size reduction in one or more dimen-
sion of a system is reflected in a change in the phonon group
velocity v and density of states.'®33 The decay constant [Eq.
(5)] can be written as

o) e
€T WAid) o)

with o (), (v(e)), and (#(0)) the values for the thermal
boundary conductance, averaged group velocity, and the av-
eraged transmission probability for thick films with bulk
properties. (v(d)) and {r(d)) are the averaged group velocity
and transmission probability for a given film thickness d.

(7)

For bismuth the group velocity v(d) is determined by>*>’
(H, /T, ~R)

d)=veexp|l-——7—— |, 8

vid)=v p{ 3R(d/dy— 1) ®)

with H,, the melting enthalpy, T}, melting temperature, and R
the ideal-gas constant. The critical size d, is defined by the
size of the particle or the thickness of a film when all atoms
are located at the surface. For a thin film on a substrate the
critical size is given by dy=2r,, with r, the atomic radius,
which is taken as the covalent radius in this study. The re-
sults of Eq. (8) using the literature values from Table I are
shown in Fig. 3(d). The group velocities vanish for film
thicknesses approaching the critical thickness d,, increase
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exponentially with increasing film thickness, and asymptoti-
cally reach the bulk values.

Using these phonon group velocities, the phonon trans-
mission probability a(6,d) depending on the incident angle
on the interface 6 are obtained by applying the acoustic
equivalents of the Fresnel equations in optics (cf. Table I for
the material parameters).3® It is noted that mode conversion
is included in the calculation, e.g., longitudinal polarized
phonons in Bi are converted to transversal polarized phonons
in the Si substrate. From Fig. 3(d) it is also concluded that
with decreasing Bi-film thickness, which results in smaller
phonon group velocities, the cone of total reflection gets nar-
rower. To be specific, in this AMM framework the change in
the phonon transmission probability is caused by the reduc-
tion in the group velocity. The average of the angle-
integrated transmission probabilities a(6,d) is used as (t(d))
in Eq. (7) for the determination of the decay constant 7.

A discrete nature of the phonon density of states has also
a direct impact on the transmission probability calculated in
the framework of the diffuse mismatch model. In order to get
insight into the thickness dependence of the density of states
we performed molecular-dynamics simulations. In these cal-
culations, the atoms of the two components, i.e., bismuth and
silicon, were described by Lennard-Jones potentials. The pair
interactions were truncated and shifted to zero beyond the
fourth neighbor shell. For the masses of the two components,
the experimental values of Bi and Si were taken and the
energy parameters of the pair interaction were chosen in or-
der to obtain maximum phonon frequencies of 2 and 20 THz,
respectively. For the mixed interaction, the arithmetic aver-
age of the energy parameters of both components has been
used. Finally, a single length-scale parameter that results in
the correct nearest-neighbor distance for Si at 7=0 K was
applied to both components.

The initial configurations for the molecular-dynamics
simulations consisted of a stack of close-packed planes with
an fcc-like stacking sequence. The individual planes were
nearly quadratic with a side length of approximately 10.6 nm
and contain 2340 atoms, each. All configurations were made
with a substrate of 100 Si-like layers. On top of the substrate,
films with N=1, 2, 4, 8, 16, 32, and 48 layers of Bi-like
atoms were placed. Periodic boundary conditions were ap-
plied in the x and y directions, only. After a careful equili-
bration at 7=77 K, simulation runs over a period of 25 ps

TABLE 1. Bulk values for the specific-heat capacity c, density p,
bulk group velocities of the transversal v, and longitudinal v, polar-
ized phonons, melting enthalpy H,,, melting temperature 7,,, and
covalent atomic radius r, (Refs. 58-61).

Bi Si
¢ [10° J/(K m%)] 1.19 1.66
p (kg/m?) 9800 2330
v, (m/s) 1074 5845
v, (m/s) 1972 8433
H,, [kJ/(K mol)] 11.30 50.25
T, (K) 544 1687
r, (nm) 0.148 0.111
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(12 500 simulation steps) were performed and the vibrational
density of states (VDOS) was derived with the help of the
velocity-autocorrelation function. The final VDOS of each
configuration was obtained from averages over 5—40 of such
simulation runs, depending on the number of Bi layers. All
extracted VDOS were normalized such that the integral
yields unity.

It should be noted that the model described in the preced-
ing paragraphs is certainly not a realistic model of the ex-
perimental system studied in this work. In particular, the use
of Lennard-Jones potentials is neither able to describe the
crystal structure of Bi and Si, nor does it reproduce the
optical-phonon parts in the two materials. However, the en-
ergies of the optical phonons in silicon are much larger than
any phonon energy in bismuth.®>%* Only the low-energy part
of the acoustic phonons in silicon is important. Because of
their small group velocity the optical phonons in Bi negligi-
bly contribute to the overall heat transport across the inter-
face [cf. Eq. (2)]. The model we use, however, does reflect
two important properties of the experimental system: the big
differences in the atomic masses and the discrepancy of the
phonon frequencies of both components, which is shown in
Fig. 4(a).

Figure 4(a) shows the normalized partial VDOS of the
two components for the configuration containing 48 Bi-like
layers which should behave like a bulk system. The figure
shows that the phonon spectra of both model components are
indeed clearly separated with almost no overlap. The small
peak at 11 meV in the partial VDOS of Bi is due to the
interface between film and substrate. The small overlap be-
tween the vibrational density of states of Bi and Si is the
reason for the small thermal boundary conductance.

The evolution of the partial density of states in the Bi slab
with decreasing film thickness is shown in Fig. 4(b). For
films with thicknesses of 16 or more layers, the figure shows
only minor differences in the VDOS. Even for the eight-layer
film, the differences are rather limited and, in particular, the
low-energy part below 3 meV is nearly unchanged. Only for
film thicknesses of four or less layers the finite thickness of
the film becomes apparent in the vibrational density of states.
The fact, that the VDOS of such thin films is almost identical
to bulk matter has also been found previously for spherical
clusters with a diameter of 2.5 nm.%* It is concluded that the
transmission probability #(d) for phonons of thin films is un-
changed and the same as for bulklike films. It is noted, that
an additional thickness dependence of the decay constant
[Eq. (7)] is introduced by the group velocities.

The results of Eq. (7) using the thickness-dependent
group velocities and transmission probabilities are shown in
Fig. 3(c), indicated as modified AMM and DMM. For the
thermal boundary conductance of the thick Bi film oy () the
experimentally determined value of 1273 W/(K cm?) was
used. The averaged phonon group velocity is
(v())=1373 m/s (cf. Table I). In the AMM the phonon
transmission probability for the longitudinal-polarized
phonons is 0.0223 and the two transversal-polarized phonons
are 0.005 and 0.008, respectively.’! This results in an aver-
aged phonon transmission probability (#(c0))=0.0118 which
is used in Eq. (7).

For film thicknesses approaching the critical size d,, the
decay constant 7., diverges because the group velocity is
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FIG. 4. (Color) (a) Partial VDOS of the system containing 48
Bi-like (red) and 100 Si-like (blue) layers. The acoustic part of the
Si-like slab is additionally displayed with a magnification of 30
(green). (b) Partial VDOS of N=1,2,4,8,16,32,48 Bi-like layers
on 100 Si-like layers. All VDOS are normalized so that the integral
over the energy results in unity. The VDOS of the N=32 and N
=48 Bi-like layers in (b) are identical.

vanishing [cf. Fig. 3(d)]. For increasing film thicknesses the
decay constant asymptotically reaches the linear behavior ex-
pected from Eq. (5). It is evident from Fig. 3(c) that the
experimental data are well described by the above models.
Only for film thicknesses smaller than 1 nm, corresponding
to less than three Bi bilayers, a deviation from a linear rela-
tionship can be expected. For the thickness range larger than

PHYSICAL REVIEW B 80, 024307 (2009)

the measured 2.5 nm, phonon confinement effects only play
a minor role and can be neglected for the investigated Bi/Si
system. In addition, both models, AMM and DMM including
phonon confinement effects, are capable of describing the
phonon transmission probability and thus the heat transport
from thin Bi films into a Si substrate. This finding is in
contrast to previous results for the transmission probability
in nanolaminates, where phonon confinement effects drasti-
cally reduce the thermal conductivity.3393

IV. CONCLUSIONS

We have investigated the heat transport from laser-heated
thin Bi films into a (111)-oriented Si substrate by means of
ultrafast electron diffraction. From the linear relationship be-
tween the film-temperature decay constant and the film
thickness a  thermal boundary conductance  of
(1273 +16) W/(K cm?) has been determined. This value is
the same as for a Bi/Si(001) system suggesting that the de-
tailed nature of the interface has a negligible effect on the
thermal boundary conductance. No deviation from a linear
relationship between the decay constant and the film thick-
ness is observed. This result supports that phonon confine-
ment effects are negligible for the Bi/Si heterosystem and
Bi-film thicknesses larger than 2.5 nm. We performed simu-
lations for the thickness dependence of the decay constant
using the acoustic and diffuse mismatch model including
phonon confinement effects, i.e., reduction in the phonon
group velocity and phonon density of states. We find that the
phonon density of states is bulklike for films with more than
eight layers, which results in a film-thickness-independent
phonon transmission probability in the framework of the
DMM. In the AMM, thickness-dependent phonon group ve-
locities, however, result in smaller cones of total reflection
reducing the phonon transmission probability. However, the
such modeled dependence of the decay constant is in very
good agreement to the experimental results. For Bi/Si, pho-
non confinement becomes important only for film thick-
nesses below 1 nm.
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