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We have performed a range of in situ heating experiments of polycrystalline Bi films of

22–25 nm-thickness in a transmission electron microscope (TEM). This shows that it is possible to

locally transform a polycrystalline thin film into a [111]-oriented single-crystalline film, whereby

the unique feature is that the original thickness of the film is maintained, and the substrate used in

our experiments is amorphous. The single-crystalline areas have been created by heating the Bi

film to temperatures close to the melting temperature with additional heating by focusing of the

electron beam (e-beam), which results in local melting of the film. The film does not collapse by

dewetting, and upon subsequent cooling, the film transforms into a single-crystalline [111] oriented

area. The observed phenomenon is attributed to the presence of a thin Bi-oxide layer on top of Bi

film. We show that removal of the Bi-oxide layer by heating the film in a H2 gas atmosphere results

in changes in the Bi film thickness and dewetting upon in situ heating in the TEM. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4977940]

In recent years, interest in growth of thin Bi films has

increased due to the unique properties of Bi in quasi-two

dimensional geometry, such as quantum confinement effects1

and very pronounced magnetoresistance.2,3 It has been

shown that low-dimensional Bi shows enhanced thermoelec-

tric efficiency.4 Moreover, recent theoretical5,6 and experi-

mental7,8 studies indicate that a Bi (111)-bilayer is a

topological insulator with protected electronic edge states.

The physical properties of thin metal films are strongly

affected by imperfections such as grain boundaries (GBs). In

the case of Bi, this effect is even more pronounced because

the grain sizes are typically much smaller than the mean free

path of the electrons. Therefore, much attention has been

paid to fabricating Bi thin films on different substrates by

various growth techniques, such as molecular beam epi-

taxy,9,10 pulsed laser deposition,11 thermal evaporation,12

electrodeposition,13 and dc sputtering14 in order to enhance

the quality of thin films and produce high-quality monocrys-

talline Bi films. Electrodeposition, thermal evaporation, and

sputter deposition produce polycrystalline Bi films, the grain

sizes of which depend on the deposition technique and sub-

strate temperature, and the film quality can be improved by

selecting optimal post-annealing conditions. An epitaxial

growth of excellent quality can be obtained by molecular

beam epitaxy.9,10 However, to grow a single-crystalline Bi

film with a low density of defects, this fabrication technique

requires that single-crystalline substrates of high quality and

small lattice mismatch be selected.

In this letter, we show that it is possible to transform a

polycrystalline thin film of Bi into a [111]-oriented single-

crystalline area, whereby the unique feature is that the original

thickness of the film is maintained, and the substrate used in

our experiments is amorphous. The single-crystalline area is

created by heating the film close to the melting temperature

(Tm) and using an e-beam to melt and, subsequently, cool the

film to create a “sandwiched” single-crystalline area. We pro-

vide details about grain growth and the process of forming the

liquid.

Polycrystalline Bi films with thicknesses of 22–25 nm

were deposited by e-beam evaporation at room temperature

(RT) with a slow deposition rate of 0.5 Å/s onto amorphous

SiN at the back of the heating chips developed for in situ
transmission electron microscope (TEM) heating experi-

ments. The details of the heating chip fabrication for in situ
TEM experiments are described elsewhere.15 Before deposi-

tion of the Bi films, the heaters on the chips for in situ TEM

experiments were calibrated by means of a pyrometer. The

accuracy of the pyrometer calibration is only a few degrees,

but the determination of temperature differences in our

experiments is accurate to <0.1 �C over a range of 10 �C. In

order to have the same offset, we used chips with the same

resistances at RT, i.e. resistances of the same values includ-

ing at least one decimal behind the point, which produce the

same Tm within 0.1 �C. In the rest of this paper, we give the

temperature based on the pyrometer calibration and note that

only the temperature change is very accurate. After deposi-

tion of Bi, the heating chip was placed into an in-house built

TEM heating holder for in situ heating experiments. In order

to limit Bi oxidation during exposure to air to the surface

layers only, the chip was exposed to air for a maximum of

1 h before transfer into the TEM.

The in situ TEM heating experiments were performed

using a FEI Titan microscope operated at 300 keV. Real-

time TEM and diffraction pattern (DP) movies showing thea)Electronic mail: H.W.Zandbergen@tudelft.nl
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polycrystalline film transformation under in situ heating and

e-beam bombardment were recorded with Camtasia screen

recorder software from a FluCam screen and a Gatan cam-

era. TEM images were acquired using the Gatan camera.

A vacuum transfer MEMS-based TEM holder was used to

conduct the bismuth oxide reduction experiment at elevated

temperatures in a gas supply system outside the TEM and

allowed to deliver a sample directly to the TEM column

under vacuum without interaction with the ambient

atmosphere.

A bright-field TEM micrograph of the as-deposited Bi

film is shown in Figure 1(a). One can see that the Bi film is

initially polycrystalline and consists of grains with well-

defined grain boundaries (GBs). At RT, the grain sizes of the

as-deposited 22 nm-thick film are observed to vary from 30

to 170 nm. A DP in Figure 1(b) taken from the area presented

in Figure 1(a) shows that the initial as-deposited polycrystal-

line Bi film consists of [111]-oriented grains, rotated with

respect to each other in the plane of the film. Note that the

[111]-orientation of the grains is not imposed by the sub-

strate because this is amorphous.

In situ TEM experiments were performed in order to

investigate the polycrystalline Bi film behavior subjected to

heating. The temperature of the heating chip was gradually

increased until morphological changes were observed in the

polycrystalline Bi films. Figure 2 shows TEM images corre-

sponding to the same area of the Bi film acquired at different

temperatures during this heating experiment. Figure 2(a)

shows the as-deposited Bi film taken at RT. Figure 2(b)

shows a TEM image recorded at 160 �C, where no significant

changes are yet observed. At 243 �C in Figure 2(c), changes

become visible in the shapes of some grains, and the posi-

tions of some GBs have changed. For example, grains G1

and G2 have become smaller at 243 �C, and the grain bound-

ary (indicated as GB) related to G1 has become shorter. At

244.5 �C, Figure 2(d), a contrast change near triple junctions

can be observed (circled): these areas become smooth and

darker. Increasing the temperature further to 246 and

247.3 �C (Figures 2(e) and 2(f), respectively) leads to similar

contrast changes along the GBs, and the widths of the

smooth dark contrast areas at the triple junctions expand.

Also, nearly each GB band has a dark contrast except low-

FIG. 1. (a) Bright-field TEM micrograph of the as-deposited Bi film. (b)

Diffraction pattern of the as-deposited Bi film.

FIG. 2. TEM images showing the trans-

formation of the Bi film area occurring

at different temperatures during the

heating experiment. (a) TEM image of

as-deposited Bi film taken at RT.

(b)–(g) Images of the same Bi film area

as in (a) acquired at 160, 243, 244.5,

246, 247.3, and 248.6 �C, respectively.

(h) TEM image acquired after cooling

back to RT upon reaching 249.7 �C for

the same field of view. (i) DP obtained

from (h) and showing [111] zone axis of

the single-crystal Bi film. Red arrows in

(a) and (c) indicate the GBs that

undergo changes upon heating. Yellow

arrows in (a) and (c)–(f) indicate

changes in the grains of interest. Purple

circles indicate GB melting, and green

arrows indicate the molten phase of Bi.
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angle GBs (LAGBs), see Figures 2(e)–2(f), where LAGB is

a GB between two adjoining grains with a small misorienta-

tion angle (h< 11�). This LAGB consists of a periodic array

of dislocations and have a different contrast in TEM and can

be easily distinguished.16 At 248.6 �C in Figure 2(g), the

grains are smaller and roundish in shape, and the dark GB

bands have grown wider. With further increasing tempera-

ture, grain sizes decrease rapidly and most of them disap-

pear, whereas the GB bands expand considerably. When

raising the temperature to 249.7 �C, grains and GBs were no

longer observable, and the contrast of the entire field of view

becomes nearly homogeneous. At that moment, the tempera-

ture was immediately decreased to RT, and a TEM image

and a DP (Figures 2(h) and 2(i), respectively) were taken

from the same area. Both show that the area has been trans-

formed into monocrystalline [111]-oriented Bi.

We attribute the growth of the smooth darker contrast

areas at grain boundaries to GB melting.17–19 The melting

starts at triple junctions and, as the temperature rises, extends

along the GBs, see Figures 2(e) and 2(f). As we increase the

temperature, the width of this molten phase along the GBs

increases, and the molten phase forms a connected network

surrounding almost all the original grains except the ones

that have disappeared, see Figure 2(g). We have verified that

the phase growing at the grain boundaries has a diffuse DP,

consistent with our interpretation as a liquid phase, see

Figure S1 in supplementary material.

Remarkably—and in contrast to the common behavior in

grain boundary melting—the thickness of the Bi film does not

change significantly. This observation is exceptional because

thin films are generally metastable in the as-deposited configu-

ration and tend to dewet or agglomerate into islands upon heat-

ing even below a film’s melting point.20

After the heating experiment, when we acquire a TEM

image at low magnification, we find that only the region

close to that irradiated by the e-beam (yellow circle) has

been converted into a single crystal, see Figure 3(a). The seg-

ment of the film enclosed by the boundary marked in purple

is monocrystalline, while outside this segment, the film

remained polycrystalline. This observation suggests that

additional heating results from exposure to the e-beam dur-

ing in situ Bi film heating. Figure 3(b) is a HRTEM image of

the segment indicated by the blue square in Figure 3(a) and

shows that Bi is single crystalline and [111]-orientated.

In Figure 3, no Bi film can be observed at the bottom

right of the picture (only the SiN) which we attribute to a

slight temperature gradient along the heating chip. As Bi is

very sensitive to temperature variations near its Tm, a minor

temperature gradient destabilizes the film and leads to dewet-

ting and droplet formation. We have repeated the experiment

for several independent Bi films, which uniformly confirm

the local melting and crystallization behaviour. In most other

experiments, the dewetting as in the lower edge in Figure 3

is not observed.

In order to investigate the role of e-beam, the heating

experiment was repeated with the e-beam spread over a 5 lm

area in diameter, to be compared with 600 nm diameter for

the experiment shown in Figure 2. At 242–244 �C, we

observe GB melting, and as we increase the temperature

further to 250.5–251 �C, the Bi film collapses instantly and

completely, and at RT, no Bi is visible in the 5 lm area. In

the last image before this collapse, the structure is like that

in Figure 2(g). Note that the collapse occurs at a temperature

that is approximately 20� below the Tm of 271.4 �C for bulk

Bi, which can be attributed to the melting-point suppression

by size effects.21–25

With the e-beam focused to smaller diameters of 200 nm

over several randomly chosen Bi film areas, we observed a

similar behaviour as for 600 nm beam diameters, see Figure

S2 in supplementary material. We found that the temperature

required for melting all the grains in the field of view is

slightly lower (0.1–0.2 �C) than in the previous experiment.

This difference is probably due to the increase of e-beam

current density by about a factor of 10 when the e-beam

diameter is decreased from 600 nm to 200 nm. For an e-beam

current of 5 nA and for 600 nm and 200 nm e-beam diame-

ters, the doses are 1.1 � 105 and 106 electrons/nm2 s, respec-

tively. Egerton et al.26 estimate the temperature rise in a

carbon film with a low thermal conductivity k� 1.6 W m�1

K�1 which is comparable to that of Bi. For a 5 nA stationary

probe and the e-beam diameters between 1 lm and 1 nm, the

current density in the probe increases by a factor of 106, but

the temperature increases only from 0.5 to 1.4 K. The elec-

tron-beam-induced heating in our experiments can be esti-

mated fairly well because the melting of the illuminated area

can be compared to that of the areas not exposed to the elec-

tron beam, or when a low beam intensity is used. According

to our experiments, the estimation of e-beam-induced heat-

ing is about 0.8–1.5 �C. Note that the effect of electron-beam

heating is strong for Bi compared to other metals because its

thermal conductivity is low. We verified that the orientation

of the e-beam does not influence the orientation and forma-

tion of the film, see Figure S3 in supplementary material.

The observed behavior of thin Bi films is quite different

from that of other metal films on amorphous substrates at

higher temperatures.27–29 Normally, thin metal films are

metastable as-deposited and, upon heating, tend to dewet and

form islands due to surface-energy minimization, which can

FIG. 3. (a) TEM image presenting an overview of the area transformed into

a [111]-oriented Bi film under heating and e-beam irradiation. The e-beam

position is indicated by the yellow circle. The border between the monocrys-

talline and the polycrystalline regions of the Bi film is shown in purple. (b)

HRTEM image of the Bi film taken from the area indicated by the blue

square in (a), demonstrating that the film has [111]-orientation.
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happen even far below the Tm of the metal film while

remaining in the solid state (e.g., an Au film dewetts already

at 300 �C, whereas the Tm is 1050 �C). For Bi films, there is

no dewetting at temperatures well below the Tm, and no sig-

nificant change in thickness when the temperature is close to

the Tm. We propose two main ingredients for the explanation

of our observation of local transformation of a polycrystal-

line film to monocrystalline segments. First, the e-beam adds

a small amount of local heating due to the low thermal con-

ductivity of Bi. Second, the presence of a thin Bi-oxide layer

formed during exposure the film to air after deposition stabil-

izes the film by reducing its surface energy. Note that the Tm

of Bi-oxide is much higher than that of Bi.

The latter was tested by removing the oxide. A 22-

nm-thick Bi film was deposited onto the back of a heating

chip designed for vacuum transfer TEM holder, which ena-

bles gas treatment experiments at elevated temperatures in a

gas supply system outside the TEM. It allows delivering a

sample directly to the TEM column under vacuum or con-

trolled gas conditions, thus preventing any interaction with

the outside environment. The Bi-oxide reduction treatment

was performed in a H2 atmosphere with 1 bar of gas pressure

at 60–80 �C for 1 h in a homemade gas supply system outside

the TEM. Next, the reaction chamber was pumped to vacuum

for 10 min, and the transfer holder was sealed to keep the

sample in vacuum. Then, the holder was transferred to the

TEM within 5 min without exposure to ambient air.

TEM images acquired upon heating this Bi film with the

oxide layer removed are shown in Figure S4 in the supple-

mentary material. Figure S4(a) (supplementary material)

shows a TEM image of the starting morphology obtained at

RT. Figure S4(b) (supplementary material) shows a TEM

image obtained at 245.6 �C with a beam diameter of 1 lm for

the same area as in Figure S4(a) (supplementary material).

Apart from partial melting at GBs, Figure S4(b) (supplemen-

tary material) illustrates the fact that holes appear (white

spots in the TEM image) in the film starting at triple junc-

tions. At 246.7 �C and 248.4 �C (see Figures S4(c) and S4(d)

(supplementary material), respectively), the holes expand and

new holes are formed; all GBs have molten. At 249.3 �C, we

observe that the molten (liquid) phase prevails in the field of

view and that the number of holes has increased, see Figure

S4(e) (supplementary material). A small increase in tempera-

ture to 249.5 �C causes the Bi film to collapse, see Figure

S4(f) (supplementary material). Note that at every tempera-

ture step, the applied temperature is kept no longer than 1–2

s. Keeping the temperature close to the final Tm (so in this

case 249.3 �C) would lead to further melting. Repeated obser-

vations of Bi films reduced in H2 atmosphere confirmed that

such films do not remain stable when heating up to the point

of local melting, and do not produce crystalline areas. After

reduction of the Bi-oxide layer on the Bi surface (see Figure

S4 (supplementary material)), the film’s behavior differs. For

temperatures that were insufficient for all GBs to become

molten, we observed the formation of several holes in the

film, and these holes started to form in triple junctions.

Moreover, the formation of holes is accompanied with a

strong increase in mass-thickness contrast around the holes.

On the other hand, an increase in mass-thickness contrast is

clearly observed only around the formed holes.

The role of the oxide layer could lie in providing

mechanical stability (the oxide layer acts as a scaffold) to the

Bi film. When we cover the Bi before exposure to air (and

thus no Bi-oxide layer is present) with Al2O3 by means of

e-beam evaporation, we see the same behaviour as with the

Bi-oxide layer. Bi-oxide layer is amorphous as well as

the Al2O3 layer. We did not find any additional reflections in

diffraction patterns which could belong to a crystalline Bi-

oxide as reported elsewhere.30 In case no Bi-oxide layer is

present, we observe dewetting, but this only occurs when the

temperature is close (about 2 K) to the Tm. It shows that the

(111) plane of Bi is very stable, which is in agreement with

the preferred cleavage along (111). Whereas the (111) sur-

face of the Bisolid has a low surface energy and thus prefers

to be flat, the Biliquid can prefer a different shape because it

has no anisotropy in its surface energy, and the shape will be

defined by the various forces acting on the liquid phase: the

interface energies of Bisolid/Biliquid, SiN/Bi, and Bi/Bi-oxide,

the Bi-oxide/vacuum. In case the Bi-oxide layer is mono-

layered or less, the oxide could act as a surfactant31 and in

this case, it is better to consider the system as consisting of

three interfaces: Bisolid/Biliquid, SiN/Bi, and surfactant stabi-

lized Bi-oxide/vacuum. In the latter case, the liquid phase is

expected to be like a droplet with a certain wetting angle and

thus increasing in thickness towards the middle. We observe

when the liquid phase grows that the thickness is roughly the

same over the width of the liquid area, which favours an

interpretation in terms of Bi-oxide acting as a scaffold rather

than a surfactant. The presence of an oxide layer will also

limit surface diffusion. In case there is a Bi-oxide layer on

the Bi film, diffusion of Bi has to take place over the Bi-

oxide surface or along the Bi-Bi-oxide interface. The stabil-

ity of the Bi film up to the grain boundary melting indicates

that both are hardly occurring.

In summary, our experiments indicate a possible route

towards crystalline film growth for Bi on amorphous sub-

strates, which has the great advantage that the films are not

strained by lattice mismatch with the substrate. Bismuth has

many unusual properties that combine in providing this path.

First, the large anisotropy in surface energies results in a

strongly textured film, where all grains have their h111i crys-

talline orientation perpendicular to the substrate surface. The

low thermal conductivity permits gentle local heating by the

e-beam of the TEM. Finally, the oxide formed at the surface

acts to stabilize the film, thus allowing large area molten

films to be (meta)stable for sufficiently long times permitting

cool down and crystallization. This combination of proper-

ties results in a number of interesting observations. Our

images show a clear evidence of grain boundary melting

over extended width between the grains, without tendency to

collapse. The final molten film in the field of view of the

beam is stabilized by the oxide layer, and by the embedding

Bisolid film surrounding the beam region. Finally, during cool

down, it appears that a single grain at the edge serves as a

seed for the growth of the single crystal. This process must

proceed very rapidly in order to explain the absence of multi-

ple grains and grain boundaries in the final crystalline film.

It would be interesting to explore the use of the confine-

ment by the substrate and a thin surface layer also for other

materials, which would require a preferred orientation on an
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amorphous substrate and a relatively low thermal

conductivity.

See supplementary material for Figures S1–S4. Figure

S1 shows the evolution of DP of Bi film upon heating.

Figure S2 shows TEM images of the Bi-film area during

heating with an additional irradiation of e-beam focused

onto 200 nm diameter. Figure S3 shows that the orientation

of the e-beam does not influence the orientation and forma-

tion of the film. Figure S4 presents TEM images acquired

upon heating of Bi film with the removed oxide layer.
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