PHYSICAL REVIEW B 77, 125410 (2008)

Thermal response of epitaxial thin Bi films on Si(001) upon femtosecond laser excitation studied
by ultrafast electron diffraction

A. Hanisch, B. Krenzer,* T. Pelka, S. Mollenbeck, and M. Horn-von Hoegen
Center for Nanointegration (CeNIDE), Department of Physics, University of Duisburg-Essen, Lotharstrasse 1,
47048 Duisburg, Germany
(Received 30 November 2007; revised manuscript received 7 February 2008; published 13 March 2008)

The thermal response of epitaxial Bi films deposited on Si(001) upon femtosecond laser pulse excitation

is investigated by means of ultrafast electron diffraction. The initial surface temperature increase is caused by
linear absorption of 800 nm photons. The exponential decay of the transient film temperature is governed
by the thermal boundary conductance of the Bi-Si interface. The decay constant linearly depends on the
film thickness and was found between 550 and 1100 ps in the thickness range from 6 to 12.2 nm. The
thermal boundary conductance of the Bi-Si interface extracted from the linear dependence yields
ox=(1320+60) W/(cm? K) in accordance with earlier calculations.

DOLI: 10.1103/PhysRevB.77.125410

INTRODUCTION

Compared to heat transport in homogeneous materials, the
thermal transport properties of composite systems are drasti-
cally altered.""* Any interface between two different materi-
als acts as a barrier to thermal heat diffusion, decreasing the
thermal diffusivity by orders of magnitude.>® For thin films
deposited on a substrate, the temporal evolution of the film
temperature subsequent to thermal excitation is described by

et = ()~ 1,0). 1)

where ¢ is the specific heat capacity and d the film
thickness.* o is the thermal boundary conductance that re-
lates the heat flux across the interface to the temperature
difference (T,~T,) at the interface, where T, and T are the
film and substrate temperatures.>* For a constant substrate
temperature T, Eq. (1) results in an exponential decay with a

time constant as follows:*’

r=——d. )
Ok

By assuming that the heat transport across the interface is
only mediated by phonons, the thermal boundary conduc-

tance can be written as>®
1 o0
o= Ef c(0, (v (w)t(w))dw, (3)
0

where c¢(w,T) is the specific heat capacity of phonons of
frequency . (v,(w)) and (#(w)) are the average phonon ve-
locity perpendicular to the interface and phonon transmission
probability, respectively. The fundamental physical assump-
tion in deriving Eq. (3) is that only a fraction of the energy
carried by phonons is transported across the interface. In
order to get a microscopic picture of the heat transport across
the interface, one has to develop models for the calculation
of the phonon transmission probability, which has been car-
ried out by a large number of authors in the past.3*8-1
Basically, two different regimes are distinguished.’ If the
dominant phonon wavelength is larger than the interface
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roughness, the phonons can be treated as elastic waves
(acoustic mismatch model). The transmission probability is
given by the ratio of the energy carried by the refracted
waves to the energy carried by the incident wave.»*!® Using
the transmission probabilities calculated on the basis of this
model yields thermal boundary conductances that are in
good agreement with experimental values obtained at suffi-
ciently low temperatures (7,<30 K).?

In the second regime for dominant phonon wavelengths
that are smaller than the interface roughness, strong elastic
scattering at the interface is assumed (diffusive mismatch
model). In this case, the phonon transmission probability is
given by the density of states in the two adjacent media.>*
For solid-solid interfaces and by using the Debye approxi-
mation, this model results in comparable thermal boundary
resistances as in the first case. For higher temperatures, how-
ever, both models fail to describe the observed thermal
boundary conductances, which was attributed to additional
effects not included in the above models, e.g., inelastic scat-
tering or interface roughening. This led Cahill et al.” to the
conclusion that the microscopic picture of the heat transport
at an interface is not complete. By reviewing the literature, it
can also be concluded that the discrepancies between theory
and experiment are caused by unknown interface properties
that result in more complex energy transfer processes at the
interface.!” From the experimental point of view, this re-
quires studies of model systems exhibiting well defined and
well characterized interfaces.

Such model systems are thin bismuth films grown on
single crystalline silicon substrates. Bi grows epitaxially in a
defined crystallographic orientation on a Si(001) surface.!3-2°
Additionally, as no Bi-silicide formation or Bi diffusion
into Si is known, the Bi-Si interface can be considered
abrupt. For the growth of Bi on the Si(111) surface, an
atomically well defined, abrupt interface has been observed
experimentally.”! In previous studies, we investigated the
thermal response of a 5.5 nm thin Bi film by means of ul-
trafast electron diffraction.?>?* We found good agreement be-
tween the measured thermal boundary conductance and the
value obtained by using the phonon transmission probability
calculated in the two above described models.
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FIG. 1. LEED patterns of Bi films on Si(001) with (a) 6 nm and
(b) 12.2 nm thicknesses. The electron energy was set to 92 eV for
both images. The 12-fold pattern is caused by the incoherent super-
position of two hexagonal LEED patterns rotated by 90°. The some-
what elongated spots in (a) and (b) have their origin in the forma-
tion of an ordered dislocation array, resulting in a periodic height
undulation of the surface. With increasing film thickness, the sur-
face undulation decreases, resulting in more circular diffraction
spots (Refs. 18 and 19). The nonuniform intensity distribution of
the diffraction spots along the 12-fold ring is due to the experimen-
tal setup.

This paper extends these studies by investigating the de-
pendence of the surface temperature evolution on pump flu-
ence and film thickness. It will be shown that the heating of
the film is a result of linear absorption and that the surface
temperature decay constant linearly depends on the film
thickness as expected from Eq. (2). A great advantage of this
study is the in situ preparation of the thin Bi films under the
cleanest conditions, reducing the number of unknown param-
eters affecting the interface structure to a minimum. Addi-
tionally, very thin films with a controlled thickness have been
prepared.

EXPERIMENT

The Bi films were prepared in the same ultrahigh vacuum
system (ppae <2 X 1071% mbar) as the experiments by depos-
iting high purity Bi (99.9999%, MaTeK) from a Knudsen
cell** onto a Si(001) surface at room temperature. During
deposition, the pressure stayed below 2 X 10~ mbar. Prior to
the Bi deposition, the Si substrate was flashed to ~1500 K,
resulting in a well ordered (2 X 1)-reconstructed surface at
300 K, which was checked by low energy electron diffrac-
tion (LEED). Under these conditions, Bi epitaxially grows in
the (111) direction.!”?% Different film thicknesses were pre-
pared either by direct deposition of the desired amount or by
consecutive deposition of bismuth. The amount of deposited
material was monitored using a quartz microbalance. For
calibration the thickness of one film was determined ex sifu
by atomic force microscopy (AFM) and x-ray reflectrometry.
After each deposition, the film quality was checked by
LEED. The diffraction patterns of films with thicknesses of 6
and 12.2 nm, which are the thinnest and thickest films inves-
tigated in this study, are shown in Fig. 1.

The 12-fold symmetry of the patterns is caused by the
incoherent superposition of two hexagonal LEED patterns of
Bi(111) crystallites rotated by 90°. The diffraction pattern of
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the 6 nm thin Bi film [Fig. 1(a)] shows somewhat elongated
spots, which are caused by the formation of an ordered dis-
location network resulting in a periodic height undulation of
the surface.'®!? For thicker films, the surface height undula-
tion vanishes and the diffraction spots appear much more
symmetric for the 12.2 nm film shown in Fig. 1(b).2° The
nonuniform intensity distribution along the 12-fold ring is
caused by the experimental setup. The LEED patterns of
films with thicknesses below 10 nm and electron energies
larger than 140 eV show very weak remains of Si(001)(2
X 1) diffraction spots, which is indicative of the existence of
a few pinholes in the Bi film.

The transient temperature evolution of the thin films was
determined by means of ultrafast electron diffraction at
surfaces.?>?323 Briefly, a short electron pulse is diffracted at
a surface for different delays from an initial short laser pulse
excitation. Because of the Debye-Waller effect, the diffrac-
tion spot intensity is affected by the surface temperature,
which is wused to extract the transient temperature
evolution.?>?32326 We found that the magnitude of the
Debye-Waller effect for a given scattering setup is indepen-
dent of Bi film thickness, which is explained by a thickness-
independent surface Debye temperature B}Eﬁ. The sample
width for all experiments was 2 mm and the base tempera-
ture was 80 K, slightly below the Bi Debye temperature of
6p=119 K.?7 Electrons of energy 7 keV were scattered at an
angle of incidence of 5°, resulting in a perpendicular mo-
mentum transfer of Ak, =7.47 A~!. The diffraction patterns
were intensified using a microchannel plate detector and re-
corded by a cooled charge coupled device camera.’® The
sample was excited by ~50 fs short laser pulses at a wave-
length of 800 nm. The source for the short pulses is a com-
mercial regenerative amplifier (Legend, Coherent) with an
output power of 2.3 W at a repetition rate of 5 kHz. The
excited area on the sample (3 X2 mm?) was larger than the
probed area (0.4 X 2 mm?).

DATA ANALYSIS

Figure 2 shows the surface temperature evolution of an
11 nm thin Bi film excited at a fluence of Q,=2.9 mJ/cm?.
At zero delay, the surface temperature increases steeply from
80 to 170 K. For larger delays, the surface temperature de-
cays slowly within a few nanoseconds to the base tempera-
ture of 7,=80 K. The whole temperature evolution can be
well described with a phenomenological function that has
been used previously in describing the transient reflectivity
evolution of laser heated metal surfaces,?8-%

T(t) = O()AT(1 — e "™M)e™" 2 + Ty, (4)

where O(7) is the Heaviside step function and AT the initial
temperature jump. The delay =0 denotes the temporal over-
lap of pump and probe pulses. The first factor in Eq. (4)
describes the surface temperature increase with a time con-
stant 7y, the second the decrease with a decay constant 7,.
The fit of Eq. (4) to the data is shown in Fig. 2 as a solid line.
The fit yields 7,=(37*4) ps, 7=(1390%70) ps, and AT
=(95+5) K.
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FIG. 2. Surface temperature evolution of an 11 nm thin Bi film
deposited on Si(001) at 300 K. The laser fluence is Qy4
=2.9 mJ/cm?. The solid line is a fit to the data with the function
from Eq. (4) described in the text.

The observed temperature increase is a result of the re-
sponse of the system to the short pulse excitation convoluted
with the temporal resolution of the experiment. In the experi-
ment, the temporal resolution is determined by the velocity
mismatch between the probing electrons and the excitation.?
Basically, the time resolution is given by the sampling time
of the electron pulse which, in this experiment, is ~40 ps.
On this time scale, fast responses of the system, e.g., change
of structure factor’® and delayed lattice temperature increase
due to electron-phonon coupling, are not resolvable. We at-
tribute the value of 7; to be given by the limited temporal
resolution and conclude that the observed change in diffrac-
tion spot intensity is due to the change in vibrational energy,
i.e., temperature. This attribution is supported by the obser-
vation that the value of 7; has always been found between 25
and 40 ps with no obvious dependence on the applied flu-
ence or film thickness.

The decay constant 7,, however, is connected to the ther-
mal boundary conductance o [cf. Eq. (2)]. Because of the
orders of magnitude smaller absorption coefficient and
higher heat diffusion constant of Si compared to Bi, the as-
sumption of a constant Si substrate temperature is fulfilled
and Eq. (2) can be applied.”?>?3 Moreover, due to heat dif-
fusion in the film, a homogeneous temperature distribution
across the film is established after ~10 ps and the surface
temperature displays the temperature of the thin film.” Com-
pared to our previous approach in obtaining the thermal
boundary conduction by fitting the decay with a single expo-
nential function,?>?? the fits of Eq. (4) to the experimental
data yield the same results, within the error.

INITIAL TEMPERATURE INCREASE AT

In Fig. 3, the dependence of the initial temperature in-
crease AT defined by Eq. (4) on the applied fluence Q4 and
Bi film thickness is shown. Figure 3(a) shows a linear rela-
tionship between AT and the fluence. For the investigated
11 nm thin Bi film, the linear fit yields a slope of
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FIG. 3. Dependence of the initial temperature increase AT on (a)
the fluence Q4 for an 11 nm thin Bi film and (b) the film thickness.
The larger error bars in (a) and (b) represent the systematic error in
the determination of the pumped area, the smaller error bars the
error obtained from the fit of Eq. (4). The slope of the line fit in (a)
is (41+3) K/(mJ/cm?). The line in (b) is obtained from a simple
model described in the text. (c) Absorptance 7 of the Bi film for
A=800 nm obtained from multilayer optics using the optical con-
stants from Table I.

(41 +3) K/(mJ/cm?). Because of the systematic error in the
determination of the pumped area with an accuracy of
0.5 mm, this slope lies between 26 and 60 K/(mJ/cm?). The
observed linear relationship between initial temperature rise
and fluence has been verified for two additional films with
different thicknesses. Because of this linear relationship, it is
sufficient to determine A7/Q, for only one fluence. The
variation of AT/Q, for Bi film thicknesses in the range be-
tween 6 and 12.2 nm is shown in Fig. 3(b). As evident from
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TABLE I. Bulk values for the specific heat capacity ¢, index of
refraction n, extinction coefficient «, reflectivity r, and mean ab-
sorption depth ! for light of wavelength 800 nm of bismuth and
silicon at 300 K (Refs. 34-36).

c[10° J/(K m?)] n K r o '(nm)
Bi 1.19 2.75 4.27 0.66 14.9
Si 1.68 3.673 0.005 0.33 12732

Fig. 3(b), AT/Q, is almost constant, only slightly increasing
with film thickness.

Assuming homogeneous heating across a film of thick-
ness d and linear absorption, the slope can be estimated by

AT

AT _ ald) (5)

Oy cd
where ¢ denotes the specific heat capacity. 7(d) is the
thickness-dependent absorptance of the thin film, with 7(d)
=1-r(d)—t(d). The effective reflectance r(d) and transmit-
tance #(d) are obtained by applying multilayer optics.’! The
application of multilayer optics is necessary because the film
thickness is on the same order as the mean absorption depth
o' of bismuth (cf. Table I). As Si has an order of magnitude
larger mean adsorption depth than bismuth, the Bi/Si hetero-
system can be treated as a thin absorbing film on a nonab-
sorbing substrate. By using the optical constants for Bi and
Si listed in Table I, the resulting absorptance 7(d) versus film
thickness is shown in Fig. 3(c). With increasing film thick-
ness, 7(d) increases and reaches the bulk value of 0.34 for
d> o~ (not shown here; r=0.66 and =0, cf. Table I).

For the 11 nm thin film shown in Fig. 3(a), #=0.18 and
Eq. (5) yields a slope of AT/Q,=137.5 K/(mJ/cm?). This is
more than three times the observed value and significantly
larger than the experimental error. In Fig. 3(b), the result of
Eq. (5) using %(d) from Fig. 3(c), multiplied by a factor of
1/4, is displayed as a solid line. Besides the magnitude of
AT/Q, calculated by the above simple model, the general
trend shows a decreasing slope with increasing film thick-
ness, which is not observed in the experiment. The experi-
mentally observed thickness-independent AT/(Q, can be ex-
plained if the absorbed energy is not homogeneously
distributed across the film as assumed in the simple model.
On the contrary, an inhomogeneous temperature distribution
across the film is only expected for delays below 10 ps.” For
larger time delays, heat diffusion in the film leads to a ho-
mogeneous temperature distribution. Another possible expla-
nation are thickness dependent material parameters, i.e., spe-
cific heat ¢ and complex index of refraction n=n+ik, which
are taken as bulk values in the above model.

More striking is the large difference of about a factor of 4
between the observed and expected magnitude of the slope
AT/ Q,. This difference can again be attributed to the modi-
fied material constants of thin Bi films compared to the bulk
values. Additionally, it was found for Bi bulk that the reflec-
tivity for photons of wavelength 800 nm is temperature de-
pendent and increases from 0.66 at 300 K to 0.9 at 80 K.
Because the optical constants are only known for 300 K, the
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calculation of the absorptance 7(d) uses the optical param-
eters for a sample temperature of 300 K. With respect to the
reflectivity change with increasing temperature, this yields
an upper limit of the slope AT/Q,. In principle, internal
reflection effects, i.e., the dynamic change of the reflectivity
during excitation, has to be considered, t00.33 However, even
if the reflectivity is as low as for 80 K throughout the exci-
tation, the difference of the experimental and expected slope
AT/Q, cannot be explained.

We conclude that the initial surface temperature rise is
caused by linear absorption, but the magnitude of the initial
temperature rise is a factor of 4 smaller than expected. A
satisfying explanation for this difference cannot be given un-
less the thickness dependence of the material constants is
known.

DECAY CONSTANT 7,

The dependence of the decay constant 7, on the applied
fluence Q4 and film thickness d is shown in Fig. 4. As is
evident from Fig. 4(a), the decay constant is independent of
the fluence. For an 11 nm thin Bi film, the average value
yields 7,=(1350= 160) ps with a standard deviation as error.
From the decay constant, the thermal boundary conductance
can be obtained by applying Eq. (2) and ¢ from Table I,
yielding ox=(970* 115) W/(cm? K), which is in accor-
dance with the previously determined value.?>?

As obvious from Eq. (3), 7, can only be independent of
the applied fluence and, thus, the initial temperature jump
(cf. Fig. 3) if (v,)-(#) is temperature independent. Note that
any temperature dependence of the decay constant intro-
duced by oy is canceled out [cf. Eq. (2)] because oy
«c(w,T). In addition, ox was found to be constant in our
investigated temperature range.?’

Figure 4(b) shows the dependence of the decay constant
7, on the film thickness d. In the thickness range from
6 to 12.2 nm, 7, linearly depends on d, which is expected
from Eq. (2). A line fit yields a slope of (90 +4) ps/nm. By
using ¢ from Table I, this results in a thermal boundary con-
ductance of ox=(1320+60) W/(cm? K), which is some-
what larger than the above determined value. The origin of
this difference is not clear, but the value determined from the
slope is more reliable because it is derived from a series of
measurements.

The value for the thermal boundary conductance derived
from the thickness dependence is in good agreement with the
value calculated from the use of the acoustic mismatch
model for the phonon transmission probability.?>?* Recently,
the thermal boundary conductance of the epitaxial Bi-Si in-
terface was predicted to be a factor of 2 smaller than what we
observed.’” However, mode conversion was not included in
the derivation of the thermal boundary conductance, i.e., lon-
gitudinally polarized phonons in Bi only scatter into longitu-
dinally polarized phonons in Si.3” Our results suggest that for
the Bi-Si interface, mode conversion has to be included,
which increases the transmission probability. This supports
the previous results of the phonon transmission calculations
in the scope of the acoustic mismatch model, where it was
found that the longitudinal to transversal polarized phonon
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FIG. 4. Dependence of the decay constant 7, on (a) the fluence
Q4 and (b) the film thickness d. In (a), the average value for an
11 nm thin Bi film yields (1350 = 160) ps, with a standard devia-
tion as error (solid line). The dependence of 7, on the film thickness
shown in (b) is described by a linear relationship with a slope of
(90=4) ps/nm (solid line). By applying Eq. (2), and ¢ from Table
I, this yields a thermal boundary conductance of oy
=(1320=60) W/(cm? K).

conversion is the dominant contribution to the heat transport
across the interface.??

Along the above discussion for the fluence dependence,
any thickness dependence of oy is cancelled out for the de-
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cay constant [cf. Eq. (2)]. From the linear behavior of 7, it
can be concluded that in the investigated thickness range,
(v,)-(t) is independent of the film thickness. Two different
possibilities can explain this observation. First, the thin films
already have bulk properties that are used for the derivation
of the phonon transmission probability across the interface.
Second, the phonon transmission probability is not deter-
mined by bulk properties, but by the properties of the inter-
face itself. From the above data, one or the other possibility
cannot be ruled out. However, with decreasing film thick-
ness, the properties of the bulk, i.e., phonon dispersion and
density of states, will eventually be altered because of the
finite size in one direction. If the transmission probability is
given by bulk properties, this will result in a deviation from
the linear relationship between the decay constant and the
film thickness. On the contrary, if the heat transport across
the interface is given by the interface itself, this linear rela-
tionship will hold, as the interface properties are independent
of the bulk properties. Future experiments with ultrathin
films are planned, which will shed light on this issue of the
heat transport across the interface.

SUMMARY

We have presented the results on the thermal response of
epitaxial Bi films on a Si substrate to femtosecond laser
pulse excitation. It was shown that the initial temperature
increase of the film can be explained by linear absorption.
The surface cooling follows an exponential behavior, which
is determined by the thermal boundary conductance. The
time constant of the decay linearly depends on the film thick-
ness in the range from 6 to 12.2 nm. The thermal boundary
conductance extracted from this linear relationship is oy
=(1320+60) W/(cm? K), which is in good agreement to the
calculated value using the acoustic mismatch model for the
determination of the phonon transmission probability.
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