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We report the fabrication and study of thermal stability of atomically thin ZrCu-based metallic

glass films. The ultrathin films exhibit striking dynamic properties, ultrahigh thermal stability, and

unique crystallization behavior with discrete crystalline nanoparticles sizes. The mechanisms for

the remarkable high stability and crystallization behaviors are attributed to the dewetting process of

the ultrathin film. We demonstrated a promising avenue for understanding some fundamental issues

such as glassy structure, crystallization, deformation, and glass formation through atomic resolution

imaging of the two dimensional like metallic glasses. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890113]

Metallic glasses (MGs) have a liquid-like atomic

arrangement without long-range structural order.1–4 The

atomic structure and their rearrangement play a key role in

the basic properties such as glass-forming ability, crystalliza-

tion, and deformations of MGs. Yet, the studies of their basic

properties have been limited by the difficulty of directly

observing the atomic structure and arrangements in glasses.

As a result, the atomic-scale understanding of the fundamen-

tal phenomena such as crystallization, deformation, and

relaxation have been conducted by computer simulation or

pseudo-atomic systems such as micrometer scale colloidal

particle. It is critical to develop or apply advanced experi-

mental methods that can image atomic process of these phe-

nomena with atomic resolution in glasses. So far, direct

experimental access on the structure as well as its relationship

with crystallization and properties in MG is very challenging.

Recently, it is found that the study of the atomic-scale

thin non-metallic glassy films could shed light on some fun-

damental issues such as local structural characteristics, the

thermodynamic and kinetic characteristics, and structural

origins for relaxations, crystallization, and deformation of

glasses.5–9 Benefited from modern technologies, the direct

observation of atomic structure and dynamic processes down

to sub-nanometer scale is now achievable,6 and the advance-

ments might allow a direct assessment of atomic structures

as well as their evolution during relaxations, crystallization,

glass transition, and deformation in the MGs.10

In this paper, we report the formation of ultrathin glassy

film (<1 nm in thickness, approach 2 dimensional MG). The

crystallization behavior as well as its structural evolution,

dynamic process was studied by a double spherical aberration-

corrected high resolution scanning transmission electron

microscope (Cs-STEM). The ultrathin film exhibits ultrahigh

thermal stability and unique crystallization behavior. We show

the ultrathin MG combining the atomic resolution microscopic

method provide a promising avenue for understanding

long-standing fundamental issues on the structural characteris-

tics, dynamic, and stability of glasses at atomic level.

The amorphous Zr54Cu38Al8 films were deposited by

pulsed laser deposition (PLD) in a high vacuum (10�6 Pa)

chamber at room temperature. The substrate was electron-

transparent TEM window grids (from SIMPore, Inc.), which

is a 5 nm thick amorphous silicon nitride (a-Si3N4) film sup-

port. Figure 1(a) illustrates the fabrication process of the

glassy films by PLD. To ensure the uniformity of the thin

film in composition, we used a glassy Zr54Cu38Al8 PLD tar-

get, and the composition transfer congruence from the target

alloy to the film in PLD was stable over a wide range of com-

position.11 The depositing rate was �0.03 nm/pulse calcu-

lated based on the results of X-ray reflectivity for several

ultrathin films with different thickness (<5 nm).12 The Cs-

STEM [JEOL-ARM200F, with cold field-emission gun

(CFEG)] and atomic force microscope (AFM) were used to

characterize the structure and crystallization process of the

films. The as-deposited films were in situ heated or annealed,

and the substrate temperature was measured by a non-contact

infrared thermometer. The annealed films were quickly trans-

ferred into Cs-STEM to avoid oxidation or pollution. No sig-

nificant oxidation was found in the ultrathin film due to their

glass nature with high resistance to oxidation.2

We used AFM to examine the uniformity of the ultrathin

film. Figure 1(b) is the image of the Zr54Cu38Al8 film with a

thickness of about 0.3 nm deposited by PLD with 10 laser

pulses on a-Si3N4 substrate. The similar random fluctuation

morphology in the ultrathin film and the substrate demon-

strates the randomly and homogeneously spread growth of the

MG film on the a-Si3N4 substrate. The root-mean-square sur-

face roughness (r) of the film and the a-Si3N4 substrate meas-

ured by AFM is about 0.232 6 0.001 and 0.250 6 0.001 nm,

respectively. The substrate has slight wrinkling in three atomic

size fluctuations, and the MG film has even smaller roughness

indicating not an isolated islands growth mode like in thin

crystalline film but a continuous thin layer growth mode.13 To

further confirm its continuous growth mode, we compare the

morphology of the MG films deposited on the surface of amor-

phous silicon oxide (1 nm in thickness) covering on monocrys-

talline silicon (with atomically flat surface smoothness of
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0.11 nm) and on the a-Si3N4 substrate. The r of the ultrathin

MG film on the SiO2 substrate is �0.067 6 0.001 nm, which is

smaller than one atomic size of 0.3 nm as the line profile

shown in Fig. 1(c). This flatness is much close to the planar

materials such as the graphene surface with a roughness in the

order of 0.5 nm,14,15 which confirms that the ultrathin MG film

on amorphous SiO2 substrate is a continuous layer. Due to the

fact that the surface energy16 and local lattice parameter17 of

amorphous SiO2 and a-Si3N4 substrates are similar, the MG

film should have similar growth mode on the two substrates,

and the decrease of the roughness after film deposition indi-

cates that there are no terrace or island boundaries on the sub-

strates. AFM results further confirm that the ultrathin MG film

on the a-Si3N4 is in a continuous layer growth mode, and likes

a 2D liquid layer covering on the plicate surface as illustrated

in the inset of Fig. 1(c).

Figure 2(a) is the high-angle annular-dark-field (ADF)

image of Zr54Cu38Al8 film on a-Si3N4 with 40� 65 nm2 scan

range. The 0.3 nm thin film flat covers on the substrate, and

the enlarge picture in Fig. 2(b) shows that the atoms distrib-

uted randomly on the substrate. Benefited from the atomic-

resolution image, we identify that the most of the bright

spots in this image represent Zr atoms although there are few

stacks of metallic atoms appear as an intensity inhomogene-

ous distribution. The density of the MG film then can be esti-

mated from the bright spots in the TEM images, and the

obtained total atomic density is about 13.01 6 3 atoms nm�2,

which is comparable to that of a 2D SiO2 glass.18 We also

deposited pure Cu on a-Si3N4 with the same conditions. In

contrast, the Cu ultrathin film grew obvious into paracrystal

3D islands with a low density and there are few metallic

atoms around the particle [see Fig. 2(c)], which is totally dif-

ferent from the growth mode of MG film. The Cs-STEM

results also confirm that the ultrathin MG film is a continu-

ous layer of atoms on the plicate surface.

The glass transition temperature Tg
bulk, crystallization

temperature Tx
bulk, melting temperature Tm

bulk, and liquidus

temperature Tl
bulk of bulk Zr54Cu38Al8 MG (Ref. 19) are

680, 757, 1056, and 1156 K, respectively. Annealing or heat-

ing close to Tx leads to rapid crystallization for conventional

MGs.8 Figure 3(a) presents Cs-STEM ADF image of the MG

ultrathin films annealed at 873 6 15 K for about 20 min,

which is 100 K above Tx
bulk. Remarkably, the annealed

FIG. 1. (a) Schematic illustration of the deposition process of the PLD. The

substrate was placed onto a Cu holder providing uniform heating field. The

profile of ultrathin MG film deposited on the TEM window grids. (b) AFM

images of surface topography of the film (scan range 2.0� 2.0 lm2) is simi-

lar to that of the a-Si3N4 substrate (bottom left inset image). (c) AFM images

of as-grown film on SiO2 substrate (scan range 2.0� 2.0 lm2) and the line

profile of the atomically flatness surface of the ultrathin MG film (red ser-

rated curve) is slight smoother than that of its substrate (green serrated

curve). The thick purple line and thin blue line are the roughness limits

within double and single atomic sizes. The top left inset shows the slight

tendency of the depositing atoms flow into the low-lying areas indicating the

liquid-like random growth mode.

FIG. 2. Cs-STEM dark-field images of the distribution of metallic atoms in

the ultrathin film. (a) The atomic resolution Cs-STEM image of the 0.3 nm

thin MG film with 40� 65 nm2 scan range, and the clear random distribution

of metallic atoms (bright spots); (b) The enlarge Cs-STEM image of (a); (c)

The Cs-STEM image (5� 5 nm2 scan range) of as-grown Cu paracrystal

grain nucleation on a-Si3N4, and the right image is the FFT of Cu paracrystal

grain.

011909-2 Cao et al. Appl. Phys. Lett. 105, 011909 (2014)
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glassy film shows no sign of nucleation and formation of

crystalline phase indicating the thermodynamically ultrasta-

ble nature of the MG film compared to that of its bulk form.

To understand the high thermal stability of the film, we

investigated the crystallization behavior of the film and

heated the sample in situ at 1053 6 15 K (near Tl
bulk of

1056 6 5 K). Figure 3(b) is the Cs-STEM images of the

heated MG film. The crystallization behavior of the ultrasta-

ble MG film is totally different from that of conventional

MGs. There are a number of hexagon crystalline particles

embedded in the glassy matrix with almost the same size of

25 nm, and around these hexagon particles there are higher

density crystalline circular particles with almost same diame-

ter of 3 nm. This unique crystallization with two types of dis-

crete crystalline nano-particles sizes has not been reported in

crystallization of bulk MGs, which always has a wide range

of crystalline size distribution.20 The crystallization behavior

and thermal stability of the MG films depend on their thick-

ness, and their thermal stability decreases with the increase

of their thickness. The MG film in thickness of 0.7 nm heated

to 873 6 15 K also shows the two types of quantized grain

sizes [see Fig. 3(c)], in contrast to that in 0.3 nm film heated

at 1053 6 15 K [Fig. 3(b)], there are plentiful atoms around

the smaller paracrystal grains. The insets in Figs. 3(b) and

3(c) are, respectively, the enlarged and local fast Fourier

transform (FFT) images of the smaller paracrystal particles,

which show that the small particles have structural symmetry

even though they are not fully crystalline phase. In contrast,

the crystallization of thick MG film (3 nm in thickness,

annealed at 873 K for 20 min) shows no obvious discrete

grain sizes but higher density various irregular crystalline

grains in amorphous matrix [Fig. 3(d)].

We note that the discrete crystallized grains phenom-

enon has also been observed in the single substance systems,

which is attributed to the dewetting process21 and in bulk

MGs which is attribute to the spinodal decomposition or the

larger diffusion barriers.22,23 In thin gold film, the quantized

sizes feature resulting from the dewetting appeared only

when it thickness is larger than 5 nm companying with a

long time annealing near melting temperature. This indicates

that the crystallization mechanism in the ultrathin MG films

could be similar to that of the simple substance systems due

to their similar crystallization behaviors. To investigate the

dynamic behavior of the crystallization of the ultrathin MG

film, we used the electron beam to irradiate the 0.3 nm MG

film. In the center 5� 5 nm area of Fig. 4(a), the film was

irradiated with an illumination dose rate of �1.7� 106 elec-

trons/nm2 s and frame rates of �0.5 s (200 kV) lasted for

�8 min. The electrons transferred sufficient local energy to

eject atoms and even result in the perforation in the a-Si3N4

substrate. Comparing with Fig. 4(b), we see that the MG film

around the high dose irradiated area shows obvious tendency

of atoms self-assembly through the dewetting process24 in

Fig. 4(c). The dewetting phenomenon of the MG film, which

has also been reported in various other thin film systems,24,25

is a high surface tension impelled atoms process when the

atoms in the film was activated. It is the dewetting process

that induces the crystallization behavior.26

In glassy thin films, the prerequisites for dewetting pro-

cess include: temperature T must be above Tg of the film for

the atoms can flow and self-aggregate above Tg;27 the

FIG. 3. Cs-STEM dark-field images of annealed MG thin films with differ-

ent thickness. (a) The 0.3 nm MG film annealed at 873 6 15 K for 20 min.

(b) The image (micron-sized scan range) of the 0.3 nm MG film heated to

1056 6 15 K. (c) 0.7 nm MG film heated to 873 6 15 K. The top left of

images (b) and (c) are the zoom-in images of the regions around the smaller

paracrystal grains of the two samples, their enlarged colored images, and

local FFTs showing the symmetry structure of the grains. (d) 3 nm thickness

film crystallized at 873 6 15 K showing higher density and ordered struc-

tures of crystal grains.

FIG. 4. (a) The Cs-STEM dark-field images of in situ electron beam irradia-

tion induced perforation, and the metallic atoms self-aggregate around the

hole. (b) Larger view of the region in (a); the obvious tendency of the metal-

lic atoms self-aggregate near the hole around can be seen along the heat

transfer direction. (c) Schematic illustration of the nucleation process,

atomic rearrangement and formation of small 3D islands of the ultrathin film

(<1 nm). In initial state, the atoms flat on the substrate; as T>Tg, the atoms

begin to self-aggregate as the spontaneous dewetting process supported by

high atomic density around the islands at a high T.
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substrate surface has to be non-wettable for the film; and the

negative spreading coefficient S ¼ cs � cf s � cf < 0,28 where

cs, cfs, and cf are the substrate surface energy, the film/sub-

strate interfacial energy, and film surface energy, respec-

tively. Although in an ultrathin film system cf and cfs depend

on its thickness, the film could prefer to take lattice strain

from the lattice mismatch at the film/substrate interface to

avoid the formation of non-coherent interface with a larger

cfs and lower cf and to minimize the total free energy of the

film.29 The cf of this MG film can be roughly regarded to be

the surface tension of the melting bulk Zr-based MGs

(�1.5 J/m2 (Ref. 30)) and cs of a-Si3N4 is less than 1 J/m2.16

Therefore, the interaction between the film and substrate is

cfs> cs� cf>�0.5 J/m�2, which is weak enough for the hap-

pening of the spontaneous dewetting process during anneal-

ing in the MG film. The spontaneous dewetting as a result

provides favorable conditions for the 3D nucleation process

as indicated in Fig.4(c). The Cs-STEM images in Fig. 3 indi-

cate that the crystallization products of the MG film are 3D

particles instead of a monolayer hexagonal lattice structure

like graphene. The formation of the 3D crystalline phases is

the requirement of the ultrathin film crystallization, and the

nucleation and growth of the 3D crystalline phases need to

overcome the large kinetic barriers from the interaction

between the film and substrate, and the long-range atomic

diffusion barrier.31 This is the main reason for the highly sta-

ble behavior of the ultrathin MG film.

The high thermal stability is also related to the thickness

h of the film due to the fact that island nucleation rate n on a

surface is:32 n � DðqhÞ2. Here, D is the diffusion constant

and q is the surface atomic density of the film. Therefore, the

thicker MG film with higher atomic density area induced by

the dewetting process has the favorable conditions for nucle-

ation, in agreement with our observations of the thermal sta-

bility of the MG films decreases with the increase of their

thickness. From the energy landscape perspective, the ultra-

fast surface dynamics of the ultrathin MG system could relax

the several atomic layers of the glass surface into a lower

energy minima, and leads to the increase of the thermal sta-

bility,33,34 which has also been observed on the surface of

Ce-base MGs (Ref. 33) and various glass films.5,8,34 From

thermodynamic point of view, the melting temperature Tm of

an ideal infinitely large crystal films can be expressed as:35

Tm ¼ Tm
bulkð1� 2cf

qhDHf
Þ, where DHf is the enthalpy of fusion.

The Tm decreases with the decrease of the thickness of the

film. In a finite size, the Tm suppression would slow crystalli-

zation kinetics due to the thermodynamic destabilization of

the crystal relative to the supercooled liquid, i.e., there is a

decrease in the effective undercooling at a given tempera-

ture. This would also result in a higher crystallization tem-

perature of the MG film.36

The random disordered network structure of the a-Si3N4

substrate with high thermal stability cannot provide the het-

erogeneous crystallization nucleation sites for the crystalliza-

tion of the MG film, and the crystallization of the MG film

and even pure Cu film can avoid heterogamous nucleation,37

as shown in Fig. 2(c). The Cu, Al, especially Zr atoms have

high negative mixing enthalpy with Si atom in substrate indi-

cating the bonding effect between the MG film and the sub-

strate. The crystallization of the film is controlled by the

dynamic of the atoms especially the Zr atoms, as shown in

Figs. 3 and 4. The binding effects and the homogeneous

nucleation limit the kinetics of atoms especially of Zr in the

MG film, and then inhibit the crystallization and enhance the

thermal stability of the MG films.

In conclusions, the atomically thin MG film exhibits re-

markable high thermal stability and unique crystallization

behavior relative to its bulk form. The results shed light on

the dynamic characteristics and atomic mechanism of crys-

tallization and formation, as well as the shear banding behav-

ior which is regarded as a thin liquid like layer of metallic

glasses, and would have practical implications for thin-film

coatings related to lubrication, wear, and friction. The atomi-

cally thin MG film combining the Cs-STEM techniques with

well-defined in situ stimuli such as heating and straining are

desirable to study local structural features and dynamic proc-

esses in the glassy materials at atomic level.
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