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Critical size of iron nanoparticles on liquid substrates∗
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We study the iron atomic aggregates deposited on silicone oil surfaces by using atomic force microscopy. The aggre-
gates are composed of disk-shaped nanoparticles with the mean diameter Φc ≈ 31.7 nm and height Hc ≈ 4.5 nm, which are
nearly independent of the nominal film thickness. The experiment shows that a material condensation process must occur
in the nanoparticles during the growth period. The anomalous phenomenon is explained.
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1. Introduction

Due to the unique properties and potential applications

in biomedical, optical, electronic, and other interdisciplinary

fields, various nanostructures, such as nanotubes, nanorib-

bons, nanoparticles, etc., have been successfully fabricated

and widely investigated.[1–5] In particular, their promising ap-

plications in catalysts, biosensors, and biomacromolecule de-

livery have been proved to be a fruitful success.[6–8] Mean-

while, as the nucleation and the growth of the nanostructures

are sensitive to the substrates, the preparations based on differ-

ent substrates have been studied and a great many fascinating

results have been reported.[9–13]

Since the geometric size, morphology, and microstruc-

ture of the nanoparticles play an important role in the physical

properties and practicalities,[14–16] much effort has been con-

tributed to the control of the formation of the nanoparticles.

In order to study the dynamic process of the nanoparticle for-

mation, several in situ observation techniques have been intro-

duced to control the size and growth of the nanoparticles.[17,18]

Moreover, using ionic liquids to control and stabilize the

nanoparticles is proved to be another promising method.[19–21]

In this paper, we successfully fabricate iron (Fe) atomic

aggregates on a silicone oil surface and the morphology evo-

lution from branched aggregates to a continuous Fe thin film

is observed. The high resolution images measured by atomic

force microscope (AFM) reveal that the aggregates consist

of numerous disk-shaped nanoparticles. The average branch

width of the aggregates and the mean diameter as well as

height of the nanoparticles are independent of the nominal film

thickness. We find that a material condensation process actu-

ally exists during the growth period of the nanoparticles.

2. Experiment

The samples were prepared at room temperature by

thermal evaporation method and the experimental setup is

schematically depicted in Fig. 1. The silicone oil (dow corn-

ing 705 diffusion pump fluid) was painted onto a frosted glass

surface, which was fixed 135 mm below the tungsten fila-

ment. The pure 99.5% Fe was evaporated onto the silicone

oil surface after the pressure of the vacuum chamber reached

2.0×10−4 Pa. The deposition flux f was fixed as 0.01 nm/s.

The nominal film thickness h varies from 0.03 nm to 2.00 nm,

which was determined by a quartz-crystal balance (ULVAC

CRTM) and calibrated by using an atomic force microscope

(AFM, Veeco DI 3000). The dependence between the nom-

inal film thickness h and the deposition time t reads h = f t.

For most of the samples, since the maximum deposition time

is less than 30 s, therefore the temperature of the samples dur-

ing deposition may be considered as a constant, i.e., room

temperature.[9]

After deposition, the sample was kept in the vacuum con-
dition for six minutes and then removed from the vacuum
chamber immediately. The Fe aggregates were separated from
the oil surface to a piece of crystalline silicon wafer and then
washed carefully with acetone and ethanol.[22] After that, an
immediate AFM measurement in tapping mode was taken to
observe the microstructure of the sample.
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Fig. 1. (color online) Schematic setup of the experiment.

3. Results and discussion
Figure 2 shows the typical AFM images of the branched

Fe aggregates on the silicone oil surfaces. One sees that the
morphologies of the aggregates are different while the average
branch widths of all the aggregates are similar, indicating that
the formation mechanism of the aggregates can be traced to
the two-stage growth model[9] and the study below refers to
the second stage of the model. On the other hand, with the in-
crease in the nominal film thickness h, the branched aggregates
diffuse and grow on the silicone oil surface. If two aggregates
meet, they may connect with each other. Therefore, as h in-
creases, the mean area of each aggregate increases obviously,
as shown in Figs. 2(a) and 2(b). It should be noted that the
average branch width of the aggregates in Fig. 2(a) is similar
to that of the aggregates in Fig. 2(b).

Fig. 2. (color online) Typical AFM images of the branched Fe aggre-
gates deposited on silicone oil surfaces. The nominal film thickness: (a)
h = 0.03 nm, (b) h = 0.10 nm. Each image has a size of 20.0 µm×10.0 µm.

In our experiment, a computer programme was used to
calculate the apparent Fe coverage of the total area of the AFM
image, namely ρ . The result shows that, for the samples shown

in Figs. 2(a) and 2(b), the coverage ρ = (11.08±0.44)% and
(18.90±0.97)%, respectively. According to this nonlinear de-
pendence of ρ on h, two possibilities may be suggested: (i) a
material condensation process may exist and (ii) the height of
the aggregates may increase during the growth period.

In order to further study the microstructure of the aggre-
gates, high resolution AFM images are taken, as shown in
Fig. 3(a). It is shown that the aggregates are composed of nu-
merous nanoparticles, which is similar to the experimental ob-
servations in other metallic systems on liquid substrates.[23–26]

It should be emphasized that all the nanoparticles in the ag-
gregates stick together while the overlap among them rarely
occurs, reflecting the weak attractive interaction among the
nanoparticles. This result is similar to the previous finding
in the Al system[23] and, however, totally different from those
in the Ag and Cu systems.[25,26]

We measure the diameter Φ for all the nanoparticles in
the aggregates and the result is displayed in Fig. 3(b). The
Gaussian fit to the experimental data shows that the mean di-
ameter of the nanoparticles Φc = 33.6± 5.1 nm, which is al-
most twice as large as the mean diameter of the nanoparticles
in the Al system.[23]
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Fig. 3. (color online) (a) High resolution AFM image of the branched
Fe aggregates. The nominal film thickness h = 0.03 nm and the im-
age has a size of 2.0 µm×1.2 µm. (b) The diameter distribution of the
nanoparticles in the aggregates for the sample shown in panel (a). The
solid line is the Gaussian fit to the experimental data.

In order to further study the material condensation phe-
nomenon in the nanoparticles, a series of experiments with
different thickness h was made and the diameter distribution
of the nanoparticles for each experiment was measured. Fig-
ure 4 shows the dependence between the mean diameter of the
nanoparticles and the nominal film thickness. It can be seen
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that, as h changes from 0.03 nm to 2.00 nm, the mean diame-
ter Φc is almost independent of h, which reveals that a charac-
teristic material condensation process may happen during the
growth period. The inset AFM images show the morphology
evolution of the samples from branched aggregates to a con-
tinuous thin film.
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Fig. 4. (color online) Dependence of the mean diameter Φc on the nom-
inal film thickness h. The insets show the AFM images of the branched
Fe aggregates (h = 0.3 nm) and continuous Fe film (h = 2.00 nm). Each
image has a size of 2.5 µm×2.0 µm.

Meanwhile, an AFM measurement for the height of the
nanoparticles, namely H, was carefully taken. Figure 5(a)
shows the height distribution of the nanoparticles for the sam-
ple with h = 0.03 nm. The Gaussian fit reveals that the mean
height Hc = 3.8± 0.7 nm. We then measured the height dis-
tributions for the samples with different thickness h and the
dependence of Hc on h is displayed in Fig. 5(b), which shows
again that Hc is almost independent of h.

It is quite unexpected that, as shown in Figs. 4 and 5(b),
both the mean diameter Φc and height Hc are almost indepen-
dent of h as it changes from h = 0.03 nm to h = 2.00 nm.
Mathematically, the average values of Φc and Hc for all the
samples are revealed to be 31.7 nm and 4.5 nm, respectively.
If the overlap among the nanoparticles can be neglected, based
on the values of ρ and h, we may obtain the average number
of the Fe atoms in each nanoparticle, namely n. We find that,
as h changes from 0.03 nm to 0.10 nm, correspondingly, n in-
creases from 1.8×104 to 3.5×104, while Φc and Hc remain un-
changed. Therefore, we propose that a material condensation
process must happen during the growth of the nanoparticles.

From the AFM image (inset) in Fig. 4, we find that the
sample with h = 2.00 nm is a continuous thin film and the
mean diameter of the nanoparticles Φc = 26.9± 4.1 nm, in-
dicating the contractive behavior of the nanoparticle diame-
ter. If we assume that the shape and overlap features of the
nanoparticles for all the samples are similar, then we may ob-
tain n= 1.3×105 for the sample with h= 2.00 nm. This result
again suggests that the material condensation process really
happens as the nominal film thickness increases.
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Fig. 5. (color online) (a) The height distribution of the nanoparticles in
the aggregates for the sample with h = 0.03 nm. (b) The mean height of
the nanoparticles versus nominal film thickness.

During deposition, the deposited Fe atoms diffuse and nu-
cleate on the liquid surfaces and then form unstable nanopar-
ticles. Aggregating with other atoms and small nanoparticles,
the nanoparticles grow up gradually. Meanwhile, due to the
nearly free sustained surface effect, a large amount of de-
fects and vacancies may exist and their evolution may result
in the rearrangement of the microstructure and condensation
of the material density inside the nanoparticles.[13] Therefore,
the critical sizes of Φc and Hc should be related to the char-
acteristic properties of the liquid substrate effort and the mi-
crostructure of the nanoparticles. The stable microstructure
of the nanoparticles may also be determined by the vacancy
mechanism, microstructure, interconnections between the Fe
atoms and the silicone oil molecules, etc.[21]

According to the discussion above, as the nominal film
thickness h increases, the mean diameter and height of the
nanoparticles remain unchanged and the overlap among the
nanoparticles can be neglected after the formation of the
nanoparticles with critical sizes. Therefore, based on the con-
servation of the total numbers of the Fe atoms deposited on
liquid surfaces, we obtain

N0S f dt = N dn+ndN =
1

K1
(ρ dn+ndρ), (1)

where N0 is the number of atoms per unit volume in the Fe
crystal, S is the sample area, N is the total number of the
nanoparticles, K1 = πΦ2

c /(4S) is a constant. According to our
previous work,[27] the behavior of the apparent Fe coverage ρ

shown in Fig. 2 may be represented as ρ = 1− e−Kh, where
h= f t and K can be considered as a constant for ρ �1. There-
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fore, equation (1) reads

f dt =
1

N0SK1
[(1− e−K f t)dn+nk f e−K f t dt]. (2)

Then integrating Eq. (2) yields

n =
πΦ2

c N0 f t
4(1− e−K f t)

. (3)

In the early period after the nanoparticles with the critical sizes
form, i.e., for K f t � 1, equation (3) may be simplified as

n ≈ πΦ2
c N0

4K
. (4)

Equation (4) shows that, at the initial stage, the mi-
crostructure of the nanoparticles is relatively stable. However,
as the nominal film thickness h increases, i.e., as the deposi-
tion time t goes on, equation (3) shows that the total number of
Fe atoms in each nanoparticle increases, indicating that a ma-
terial condensation process really occurs during this evolution
period. This result is in good agreement with the experimental
findings above.

4. Conclusions
In conclusion, branched iron aggregates are successfully

prepared on silicone oil surfaces and the formation mecha-
nism of the aggregates can be traced to the two-stage growth
model. The morphology evolution from the branched aggre-
gates to a continuous thin film is observed as the nominal
film thickness h increases. The high resolution AFM images
show that the aggregates are composed of numerous disk-
shaped nanoparticles with the mean diameter Φc ≈ 31.7 nm
and height Hc ≈ 4.5 nm. As h changes from 0.03 nm to
2.00 nm, the experiment shows that both Φc and Hc are in-
dependent of h, indicating that a material condensation pro-
cess actually occurs during the growth period. Our theoretical
result is in agreement with the experimental findings.

It is realized that the morphology and microstructure
of metallic nanostructures formed on liquid substrates may
evolve with time after deposition.[25,27] Since the physical
properties are mainly determined by the geometric shape,
the average size, the microstructure, and the stability of the
nanoparticles, to systematically study the physical mechanism
of the material condensation process is meaningful. Unfortu-
nately, the detailed microstructural evolution of the nanoparti-
cles cannot be directly measured for two reasons: (i) after the
nanoparticles form on the liquid substrate, they may diffuse

with a large diffusion coefficient[9] and (ii) it is believed that
the material condensation process occurs during and after the
deposition. Therefore, it is quite difficult for us to trace the
evolution of the microstructure timely and exactly in experi-
ment at the moment. We suggest that, in order to quantita-
tively study the detail formation mechanism of the nanoparti-
cles, further efforts are still necessary.
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