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Here, we present a new approach to synthesize (110)-oriented ultrathin membranes of bismuth

(Bi). This rather exotic orientation was achieved by directing the growth through rationale control

of lattice matching. Bi films were hetero-epitaxially grown on the (100)-surface of freshly cleaved

potassium chloride crystals. The sample orientation was characterized by x-ray and electron

diffraction. In addition, high quality free-standing films were obtained after dissolution of the

substrate in water and controlled evaporation. Femtosecond electron diffraction (FED) was,

therefore, used to monitor the coherent shear acoustic phonons in (110)-oriented free-standing Bi

films produced by impulsive femtosecond optical excitation. The small de Broglie wavelength (flat

Ewald sphere) of keV-electrons combined with an off-Bragg detection scheme provided a

magnified view of shear atomic motions, i.e., lattice distortions in the transverse direction. All-

optical pump-probe experiments are usually insensitive to shear displacements, a fact that makes

FED a unique non-contact method to achieve the complete characterization of elastic properties of

nanoscale materials. VC 2012 American Institute of Physics. [doi:10.1063/1.3684975]

I. INTRODUCTION

The determination of the elastic properties of nanoscale

objects is of key importance for the design of nano-devices.

For such small objects, contact methods are difficult to imple-

ment and noncontact all-optical spectroscopies are usually

insensitive to shear modes whose signal is typically within

the noise level in conventional pump-probe experiments. In

such experiments a short optical pulse excites the sample to

generate thermal stress. The stress is released as strain waves

that modulate the optical properties of the film which are

probed by a second optical pulse. When a thin free-standing

film is considered, the film’s surfaces establish boundary con-

ditions for the formation of standing waves. The frequencies

(fn) that fulfill the standing wave condition are given by

fn ¼
nvs

2d
; (1)

where vs is the speed of sound along a given direction, d is

the film thickness, and n is an integer number characterizing

the different modes. Recently, femtosecond optical pump-

probe experiments performed on free-standing Si membranes

with a thickness of a few hundred nanometers were able to

detect up to the 19th harmonic order of the longitudinal

acoustic mode.1 The determination of transverse acoustic

waves by optical means is, however, much more difficult to

implement. Transverse acoustic waves have been detected in

GaAs and Zn single crystals film using a p-polarized beam at

oblique angles of incidence.2 Shear acoustic waves have

been also detected in aluminum exciting with a �1 lm laser

spot.3 Using multiple excitation pulses in particular configu-

rations, other mechanism such as stimulated Brillouin scat-

tering can be exploited for the generation of transverse

acoustic modes.4 In contrast, direct methods to detect the

coherent vibrations in thin films have been reported using

ultrashort electron or x-ray probe pulses which are capable

of probing the atomic structure. Several dynamical studies

were performed by photoexciting thin films and detecting

coherent acoustic phonons using time-resolved x-ray5–8 and

electron diffraction techniques.9,10 Very recently, coherent

acoustic phonons with higher frequencies than that predicted

from Eq. (1) (with n¼ 1) were detected in polycrystalline Bi

films using electron diffraction probe. The origin of these

coherent waves was discussed in terms of an optical-acoustic

phonon decay.11

In this study, we demonstrate femtosecond electron dif-

fraction (FED) to detect coherent shear waves in 30 nm thick,

(110)-oriented free-standing bismuth (Bi) films. The small de

Broglie wavelength for keV-electrons results in a flat Ewald

sphere that in combination with off Bragg detection provides

a magnified view of shear motions. This unique feature to the

diffraction process makes FED an ideal non-contact method

for the study of elastic properties of nanomaterials.10

II. SAMPLE PREPARATION AND CHARACTERIZATION
OF (110)-ORIENTED BISMUTH

The additional motivation for this work is that Bi is a

Peierls distorted face centered cubic lattice. One would
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ideally use (110) orientated crystals in order to directly

observe the collective photoinduced bond softening atomic

motions along the (111) plane in diffraction.12 The prepara-

tion of (110)-oriented Bi films is a difficult task.13 Bi usually

crystallizes in the (111) orientation on a variety of substrates

such as silicon, sapphire, etc.14,15 In this study we were able

to prepare (110)-highly oriented Bi films by hetero-

epitaxially growing Bi on the (100) surface of freshly

cleaved potassium chloride (KCl) crystals. The quality and

orientation of the Bi film strongly depend on the quality of

the underlying substrate. The unit cell of Bi is rhombohedral

and resides in the space group of R3(-)m (No. 166).16 The

lattice parameters a and a are 0.4746 nm and 57.24�, respec-

tively. The [111] zone axis is perpendicular to (111) plane.

Figure 1(a) shows a schematic of the Bi (111) plane on a sap-

phire (0001) plane. The interatomic distance of 0.275 nm on

the (0001) surface of sapphire is in close proximity to that of

the 0.263 nm (2
ffiffi

3
p

3
a sinða=2Þ) projection of the (111) plane of

Bi. The value of misfit is, therefore, 4.6%. As an additional

consideration, in order to study the intrinsic properties of Bi

on the nanoscale, the sapphire substrate strongly perturbs the

boundary conditions. The ideal system is a free standing

nanofilm. In order to accomplish this, the nanofilm has to be

grown on a substrate that can be easily removed from. In this

respect, (100)-KCl or sodium chloride (NaCl) surfaces pro-

vide ideal solutions as Bi can be grown hetero-epitaxially

along the [11-1] zone axis which is perpendicular to the

(110) plane. Figure 1(b) shows a schematic of the lattice

matching between the (110) plane of Bi and the (100) plane

of KCl. As shown in the figure, the nearest neighbor atom

distances Kþ–Kþ or Cl�–Cl� (0.4449 nm), matches very

well both, the lattice parameters a (0.4746 nm) and

2asinða=2Þ(0.4547 nm) of Bi. The value of misfit is in this

case 6.2% for a and 2.1% for 2a sinða=2Þ.
In order to perform the vapor deposition, KCl crystals

cleaved along the (100) plane were transferred to a vacuum

chamber. The chamber was evacuated to 4� 10�5 Pa with a

cryogenic pump and high purity Bi (99.99%) was heated up

in a tungsten boat. The deposition rate was 0.1 nm/s which

guarantees a homogeneous film thickness. The thickness

was constantly monitored with a quartz oscillator (6 MHz;

INFICON) and determined to be 30 6 1 nm. Bi films were

released by controllably immersing the substrates in water.

The floating Bi films were then transferred to a host support-

ing Si mesh and dried in a controlled environment.

The crystallinity of the Bi film deposited on KCl was

characterized using x-ray diffraction (XRD) measurements

with Cu Ka x-ray radiation (k¼ 0.154 nm) on a computer-

controlled x-ray diffractometer (Rigaku, ATX-G, 18 kW).

Figure 2 shows the typical XRD obtained from the Bi film

where the Ka XRD lines from (110) plane (2h¼ 27.162�)
and (220) plane (2h¼ 56.021�) are shown. In the same XRD,

small peaks of Ka x-ray diffraction lines from Bi (111) plane

(2h¼ 22.468�) and Bi (222) plane (2h¼ 45.863�) can be also

observed. The Bi (110)/Bi (111) integral intensity ratio for

powder Bi (random orientation) is �31.3 as obtained by

using CRYSTALMAKER 8.2.17 In the case of our sample

we obtained a value of �149.8 for the same ratio. The degree

of orientation (110) relative to (111) estimated from the rela-

tive intensities was found to be 83:17.

The experimental FED setup used in this work has been

described elsewhere.10 In the present study, 180-fs optical

pulses with a carrier wavelength of 775 nm were used to

excite the sample (with laser spot size of about 500 lm). The

structural changes were monitored using �3� 104 50-keV

electrons in bunches of <1 ps in duration18 (with a lateral

spot size of 150 lm). Figure 3(a) shows a typical diffraction

pattern obtained from (110)-oriented Bi. In contrast to the

typical 12-fold symmetry shown by (111)-oriented Bi

films,14,15 a clear diffraction pattern with fourfold symmetry

was observed. The diffraction pattern agreed with the simu-

lation performed (Fig. 3(b)) using CRYSTALMAKER 8.2,17

FIG. 1. (a) Schematic of orientation of Bi

(111) plane on sapphire (0001) plane, and

(b) Bi (110) plane on KCl (100) plane.

FIG. 2. Typical XRD from the Bi/KCl sample.
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for an electron beam propagating along the [11-1] zone axis

and corroborates the (110)-orientation of film. As shown in

Fig. 4(a), the first order diffraction spots correspond to the

(101) and (011) Bragg reflections.

III. RESULTS AND DISCUSSION

The film was photoexcited with a fluence below the dam-

age threshold of �2 mJ/cm2. The generation of shear acoustic

modes is due to non-uniform heat deposition introduced by

the Gaussian intensity profile of the pump pulse and associ-

ated surface deformation, as well as the periodic boundary

condition imposed by the supporting grid structure.10 Diffrac-

tion patterns were acquired at time delays between �38 ps

and 450 ps with a time step of 2 ps. The integral intensities

were calculated adding individual intensities of each pixel

inside a square box around the peak of interest. Figure 4

shows the dynamics of the integrated intensities after normal-

ization (I(t)/It<t0) and the peak indicated as (�220) and

(0�1�1). Some interesting features can be found in these dy-

namics. Immediately after photoexcitation, there is a fast

drop of 3–8% observed in the diffracted intensity. Following

that drop, the diffracted intensity shows a damped oscillatory

behavior. Apart from this, no other important changes in the

average intensity can be observed over the explored delay

time (see the kinetics of the electron diffraction from

(�220)). This last feature is an indication that no appreciable

heat transport out of the excited region occurs in the temporal

window of the experiment. The typical time to cool the film

back down to the initial temperature10 is several orders of

magnitude longer than the maximum time explored in this

experiment, estimated to be in the ls time scale.10

Because of the complexity of the dynamics of these peaks,

a phenomenological function that takes into consideration the

fast drop of the diffraction intensity and damped oscillations

was used to fit the signal after photoexication (t> t0). An extra

term to consider the baseline behavior was also included.

IðtÞ ¼ A1 þ ð1� A1Þ expð�ðt� t0Þ=s1Þ
þ A2 sinð2pf1tþ /Þ expð�ðt� t0Þ=s2Þ
þ A3 sinð2pf2tÞ: (2)

The three important parameters extracted from this fitting

function are: the initial fast decay time constant, s1; the oscil-

lation frequency, f1; and, the damping time constant, s2.

The values of 2–4 ps obtained for s1, are in good agreement

with the characteristic time for electron-phonon energy

transfer found by Sciaini et al.19 and Esmail et al.20 The

values obtained for f1 and s2 are 16.3 6 0.5 GHz and 100 to

200 ps for the 19 diffraction spots considered. Within

the signal-to-noise level, only one main oscillation at the

frequency of about 16.3 GHz was observed. Solving Eq. (1)

for vs and using the obtained values for the frequency,

f1¼ 16.3 GHz,21 a sound velocity of 980 6 60 m/s is

obtained. This result is in agreement with the velocities

v13¼ 910 6 1 m/s v14¼ 1055 6 6 m/s obtained by Eckstein

et al.22 The velocities v13 and v14 correspond to the shear

polarized modes propagating along the [11-1] direction. This

fact indicates that the shear elasticity of 30 nm thick Bi films

is in practice the same as bulk Bi. The quality of the data in

Fig. 4 to draw this conclusion is exceptional for such ultra-

thin sample, especially for a table top source, and would be

difficult to attain with any other method.

FIG. 3. (Color online) (a) Diffraction pat-

tern from Bi (110) with FED measurements,

and (b) computer simulated diffraction pat-

tern from Bi (110). The diffraction indexes

are inserted in the figure.

FIG. 4. (Color online) Kinetics of the electron diffraction from (�220) and

(0-1-1) for an excitation fluence of �0.9 mJ/cm2. Open circles represent the

experimental data and solid lines are the fitting function.
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IV. CONCLUSION

(110)-highly oriented Bi films were hetero-epitaxially

grown on KCl (100) substrates. Coherent acoustic transverse

standing waves in the tens of Gigahertz range were observed

by FED. The velocity of the coherent acoustic shear mode

was in agreement with those found for bulk Bi along the

[11-1] direction. The acoustic modes are very sensitive to the

density, impurities and other mechanical properties of nano-

scale materials. Therefore, it is interesting to note that with

both longitudinal and transverse elastic modes obtained

directly via impulsive optical excitation, FED opens a new

route toward the full characterization of elastic properties of

nanoscale materials. It would be interesting to extend the

present studies to thinner films in order to observe the onset

of confining effects on the mechanical properties of the film

as well as the onset of photoinduced phase transitions in

which the shear mode collapses upon formation of the liquid

state to directly observe the many body effects involved in

this strongly coupled electron-lattice system.
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