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Aluminum thin films are known for their extremely rough surface, which is detrimental for

applications such as molecular electronics and photonics, where protrusions cause electrical shorts

or strong scattering. We achieved atomically flat Al films using a highly non-equilibrium approach.

Ultra-fast thermal deposition (UFTD), at rates >10 nm/s, yields RMS roughness of 0.4 to 0.8 nm

for 30–50 nm thick Al films on variety of substrates. For UFTD on Si(111) substrates, the top

surface follows closely the substrate topography (etch pits), indicating a 2D, layer-by-layer growth.

The Al film is a mixture of (100) and (111) grains, where the latter are commensurate with the

in-plane orientation of the underlying Si (epitaxy). We show the use of these ultra-smooth Al films

for highly reproducible charge-transport measurements across a monolayer of alkyl phosphonic

acid as well as for plasmonics applications by directly patterning them by focused ion beam to

form a long-range ordered array of holes. UFTD is a one-step process, with no need for annealing,

peeling, or primer layers. It is conceptually opposite to high quality deposition methods, such as

MBE or ALD, which are slow and near-equilibrium processes. For Al, though, we find that limited

diffusion length (and good wetting) is critical for achieving ultra-smooth thin films. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4730411]

INTRODUCTION

Nano-technology requires controlled fabrication, at

times down to the atomic level. Despite enormous progress

in fabrication methods, some trivial tasks, like deposition of

atomically flat metallic films still present often a serious

challenge.1 For example, in molecular electronics, �2 nm

long molecules are commonly adsorbed onto a conducting

substrate, serving as one of the electrodes. Clearly, rough-

ness in this substrate could dominate the net transport char-

acteristics.2,3 Even for thicker, inorganic tunnel junctions

roughness can considerably alter the tunneling behavior.4

Plasmonics is extremely sensitive to surface inhomogene-

ities, which can cause scattering and reduce the propagation

length of surface plasmons.5 Consequently, inhomogeneity

of the metal film surface can degrade the performance of

plasmonic devices, as well as other optical applications.6

Aluminum (Al) is often a desired substrate, because its

low work function makes it a common cathode (electron in-

jector)7 and its high bulk plasmon frequency of about 15 eV

marks it as a promising candidate for plasmonic response in

the UV region.8 More generally Al has a wide variety of

technological uses in micro-electronics and optics.6 In the

context of nanotechnology, Al is used for fabrication of or-

dered arrays of nano-channels using anodic oxidation.1

Unfortunately, preparing smooth Al surfaces is especially

difficult, due to the high surface mobility of Al atoms,9

which allows them to find lowest energy positions leading

to a 3D, island growth, which results in films with large sur-

face roughness.

Deposition of Al on Si specifically was studied in the

context of micro-electronics inter-connects.10 For such pur-

pose, island growth is detrimental because it considerably

increases the electrical resistance of thin films.11 In contrast

to Al film growth for sub-monolayers coverage up to few

monolayers and its in-depth characterization,10–14 here we

are interested in practical deposition of uniform, continuous

films. Deposition of Al films with sub-nm roughness was

reported by various methods. Rode et al.15 controlled the

root mean square (RMS) roughness of sputtered Al films

from 100 nm to as low as 0.6 nm (on 7� 7 lm2) by varying

the dc-magnetron sputtering conditions. Recently, Sun et al.
reached a roughness <0.3 nm for thin (7 nm thick) sputtered

Al films on glass, but the roughness increased sharply with

film thickness (for 80 nm thick films the roughness is 1.9 nm

over 1� 1 lm2).6 However, ultra-fast sputtering at rates

(17 nm/s) approaching those reported here could not get a

roughness below 2 nm.16 This study also showed that the

RMS increases with the length of the scanning window up to

�1 lm and for longer distances it saturates.16 Atomic layer

deposition (ALD) is unprecedented in its ability to preserve

the underlying texture and indeed Lee and Kang17 produced

thin Al films with RMS values as low as 0.2 nm (over 1 lm2)

using ALD over 6 nm TiN on Si(100) substrates. Unfortu-

nately, ALD is a slow and still relatively expensive process.

Film peeling or stripping is another way to obtain ultra-

smooth metallic films by exposing their inner interface. In this

method, a metallic film is evaporated onto a very smooth sac-

rificial template. The film is then glued or welded from its top
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side to a mechanical support, and peeled from the original

evaporation substrate, exposing the inner interface as the final

surface.18 Gold films with surface roughness as low as

0.2–0.4 nm over lm-wide grains19 or even with cm-wide

areas20 can be achieved by stripping. Weiss et al. further

extended this method to Ag (1.2 nm roughness over

5� 5 lm2), Pd (0.5 nm), and Pt (0.2 nm).21 Nagpal et al. used

stripping to mold-pattern ultra-smooth silver films with mini-

mal roughness of 0.34 nm (up to 1.8 nm roughness over a pat-

terned template; measured over 5� 5 lm2).5 Smooth films by

stripping were shown to considerably improve applications

such as molecular electronics,3 use in surface force apparatus20

or plasmonics.5,22 Peeling of very thick (50 lm) electrochemi-

cally grown Al films was used for nano-channel fabrication.1

The major drawbacks of stripping are the additional processing

steps, as well as introduction of adhesives that might be in-

compatible with the following processing steps.

Thermal evaporation is a standard fabrication tool. Higo

et al. thermally evaporated Al at moderate rates (2 nm/s) and

used intense annealing to reach 0.4 nm RMS surface rough-

ness (over 1� 1 lm2).23 Annealing was reported to enhance

smoothness of other metals such as gold,24 copper,25 and sil-

ver.5 Nevertheless, reports on annealing of Al are sporadic

and such reports were generally not reproduced in the litera-

ture. This led us to develop a more robust deposition

approach to achieve highly smooth Al films, which we report

on here. The key novelty is in the counter-intuitive use of

extremely high evaporation rates, up to 20 nm/s. Al films,

30 nm thick, deposited on variety of smooth substrates by

such ultra-fast thermal deposition (UFTD) method have

record-comparable roughness levels (0.4–0.6 nm RMS/

16 lm2). Previous studies suggested that increased deposi-

tion rate reduces the effective incorporation of impurities,

and thus, increases the grain size26,27 and decreases the com-

pressive stress, accounting for hillocks formation.26

In addition to these effects of deposition rates on the de-

posited films, we find that extremely high rates lead to

unique film-growth behavior. On a Si(111) substrate, Al

growth behaves effectively as layer by layer, preserving

1 nm steps in the underlying substrate for an up to 30 nm

thick evaporated film. The Al grains showed only (111) and

(100) orientations. Most surprisingly, cross-section transmis-

sion electron microscopy (TEM) reveals that the Al (111)

grains were aligned with the underlying Si(111) substrate,

vertically and horizontally, suggesting an epitaxial growth

under kinetic-controlled deposition. We are not aware of any

previous report of such film-growth mechanism. Preliminary

results show UFTD to work well also for silver, indicating

possible applicability for films of a range of metals, if mini-

mal roughness is critical. We show that UFTD Al films serve

as high quality substrate for both molecular electronics and

for plasmonics in the UV. Finally, we give some qualitative

arguments for the apparent anomalies in UFTD film growth.

MATERIALS AND METHODS

Substrates included single-side polished n-Si(111) (0.5–

0.8 X�cm, ITME); n-Si(100) (1–10 X�cm, Virginia semiconduc-

tors); Quartz (SPI supplies); and optical grade quality mica sheets

(S&J trading Inc.). Mica was freshly peeled prior to evaporation

and all other substrates were pre-cleaned by rinsing and sonica-

tion with solvents and blown dry with N2. Si(111) was scratched

with a diamond pen on the backside, because in this way etching

does not affect the very low roughness of the other surface.28 Si

wafers were etched by immersion in piranha solution

(98%H2SO4:30%H2O2, 7:3, v/v; handle with care) at 90 �C for

at least 30 min, rinsed with copious amounts of deionized water,

and then H-terminated by deoxygenated 40% NH4F solution for

10 min (or HF 2% for 2 min for Si(100)). Quartz pieces under-

went the same treatment, excluding the final H-termination pro-

cedure. Some of the H-Si(111) substrate were plasma oxidized,

using an oxygen plasma discharge (March plasmod, 13.56 MHz,

150 W, 1.5 standard cubic centimeter per minute (sccm) O2,

1.0 sccm N2).

Al evaporation: Al pellets, 99.999% pure (Kurt J. Lesker)

were thermally evaporated (Edwards 306/2) from a Tantalum

boat (6� 1 cm, Mark-tech. Ltd), mounted 15 cm below the

sample holder, with a manual shutter at 1 cm below the sam-

ples. XPS (Kratos AXIS ULTRA) shows no detectable Ta

traces in the evaporated film (see Fig. S3 of supplementary

material).45 Replacing the Ta boat with an alumina-coated

tungsten boat (Lesker) leads to similar film roughness (see

Fig. S4 supplementary material).45 The samples were near

room-temperature, because they were mounted on fair heat-

sink (1 cm thick brass stage) and computations show (see

Tables S1 and S2 of supplementary material)45 that evapora-

tion heat the sample at the very most by a few degrees above

room-temperature. The evaporator base pressure was

5� 10�6 mbar and increased up to 8� 10�6 mbar during

evaporation. Residual gas analysis (RGA, Inficon transpector

100) indicates oxygen partial pressure of 3� 10�11 (see Table

S3 of supplementary material for complete composition).45

Prior to reaching the melting point, the boat was heated 60 s

for degassing, which was then followed by further heating to

achieve complete melting of the Al. The evaporation rate was

measured with a pre-calibrated quartz monitor. The evapora-

tion rate increased slowly with a closed shutter (this stage

might help reducing residual gases) until the rate exceeded

10 nm/s, when the shutter was opened for 1–3 s. Al was then

evaporated at an average rate of�20 nm/s to a total thickness

of ca. 30–50 nm, as measured with a Dektak profilometer and

verified using cross section TEM.

Atomic force microscopy (AFM) was done using an am-

bient AFM P47 (NT-MDT, Zelenograd, Russia), with a

small range scanner in the tapping mode over an area of

16 lm2. The cantilever type was “Olympus 240” (nominal

resonant frequency: 70Khz). X-ray diffraction (XRD) was

performed on a MAX/B Rigaku diffractometer with an IU

200 x-ray generator from Rigaku. High-resolution scanning

electron microscopy (SEM) was done using a Supra-55 VP

Zeiss apparatus. Cross-section TEM was done with a Philips

Tecnai F20 Super Twin on Si(111)/Al (30 nm)/AlOx/

PO3(CH2)12CH3/Cr (2 nm)/Au (20 nm) samples which were

cross-sectioned into 100 nm wide lamellas in a dual beam

FEI Helios 400 s focused ion beam (FIB) system with stand-

ard lift-out method, followed by 5 kV and then 2 kV final

thinning steps for removing possible Ga ion implantation

and dust re-deposition during the milling process. Nano-

124320-2 Levine et al. J. Appl. Phys. 111, 124320 (2012)
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pattering of the Al films was done by using the same FIB

with an ion beam current of �50 pA.

Alkyl phosphonic acid (APA) monolayers were adsorbed

on these Al substrates by overnight immersion in a 5 mM iso-

propanol solution of dodecane phosphonic acid as detailed

elsewhere.29 Current-voltage curves were recorded in a N2

environment (10% relative humidity), using 99.9999% pure

(�0.5 mm diameter) Hg droplets (controlled growth mercury

electrode, Polish Acad. of Sciences) in a voltage scan mode

(steps of 0.01 V), using a Keithley model 6430 sub-fA remote

source meter.

RESULTS

Most of our work used H-terminated Si because this is a

very smooth (�0.4 nm) substrate, also macroscopically and

it is electrically conductive. H-Si was preferred over Si with

a native oxide to be sensitive to substrate crystal structure

and to minimize residual water. Nevertheless, we later found

that the details of the substrate are of minor importance for

the roughness of UFTD films.

UFTD of Al films, at rates >10 nm/s, yielded films with

roughness between 0.4 and 0.6 nm, as can be seen in Fig. 1

from 4� 4 lm AFM images of UFTD Al films on Si(111)

and Si(100) substrates. The RMS of the surface roughness

was derived from similar 4� 4 lm AFM images recorded af-

ter each evaporation. A fast evaporation rate was found to be

critical for minimizing the roughness as shown in Fig. 2.

Slower deposition rates (0.01–0.1 nm/s) yielded rougher Al

films (RMS>1.5 nm). The power law dependence of rough-

ness on deposition time implies that a two-fold reduction in

roughness requires a four-fold faster deposition. While this

might seem feasible, such deposition rates are actually tech-

nically challenging. The power law observed in Fig. 2 is also

supported by fitting the data of Rode et al.,15 on sputtering of

Al (Fig. S2(a) of supplementary material).45

Slow deposition rates (�0.1 nm/s) also caused extended

film oxidation,27 as seen by a brownish-silvery color of the

evaporated film. Realizing this critical role of minute amounts

of O2 in the chamber,15,27,30,31 it was important to assure that

the pressure inside the chamber was below 10�5 mbar. Me-

dium evaporation rates (1–5 nm/s) yielded silvery-bright surfa-

ces, but with relatively poor roughness (RMS� 1.0–2.0 nm).

High evaporation rates, exceeding 10 nm/s, yielded films with

roughness between 0.4–0.6 nm. Low surface roughness was

limited to thin films. Films of 30 to 50 nm thick were routinely

evaporated with excellent smoothness, however, a few

attempts to increase film thickness to 200 nm yielded surface

FIG. 1. Typical AFM images of Al de-

posited on (a) Si(111) and (b) Si(100).

The RMS surface roughness of both

(a) and (b) is �0.4 nm. Each plot is

4� 4 lm and the gray scale corre-

sponds to 0 to 4 nm height. Bottom

panels are section analyses along the

horizontal red line (of top panels),

showing that the typical peak-to-valley

values are <2 nm.
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FIG. 2. RMS surface roughness measured by AFM as a function of the dep-

osition rate of Al on H-Si(111) surfaces. The line is a fit to a power law (see

Eq. (2)).
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roughness of �2.0 nm RMS. Fig. 3(b) shows large randomly

oriented platelets for a 200 nm thick UFTD Al film, platelets

which are completely absent in the 30 nm film (Fig. 3(a)).

One of the fascinating features in Fig. 1 is that we

see triangles and diagonal steps for the Al film deposited on

H-Si(111) (Fig. 1(a)). These features are typical for the

underlying H-Si(111) substrate (etch pits), and are not

observed for H-Si(100) (Fig. 1(b)). The height of the triangu-

lar features on the H-Si(111) surface is about �1 nm, and

Fig. 1(a) reveals them at the surface of a 30 nm thick Al

film. The comparison of two different Si orientations indi-

cates that the crystal plane of the underlying substrate does

not affect the roughness (see also Table I).

TEM of a cross section provides further confirmation of

the high quality of UFTD Al films, as shown in Fig. 4. In con-

trast to the exaggerated height/width ratio of AFM images,

TEM (Fig. 4(a)) shows extremely mild surface undulations

along 300 nm. Combining AFM and TEM information sug-

gests a wave-like nature of the surface, with 1–2 nm amplitude

and a wavelength of �50–100 nm. The thickness of the Al

film, as measured by TEM, was about 30 nm, and that of the

AlOx was found to be around 3 nm.

High resolution TEM (HR-TEM) (Fig. 4(b)) shows a

sharp interface between the Si(111) substrate and the UFTD

Al film, which shows up as a �30% decrease in the lattice

fringe spacing.10 The high resolution image (Fig. 4(b)) shows

the lattice fringes to abruptly change from Si to Al with no in-

dication for an amorphous interface (e.g., interface oxidation),

which is how the interfacial contrast of the low-resolution

image (Fig. 4(a)) could be interpreted.

The spacing between the lattice fringes of the Al reveals

that the Al crystal orientation is (111), which is aligned with

the Si(111) plane, as confirmed by the selected area diffrac-

tion (SAD) pattern shown in Fig. 4(c), where the inner spots

belong to the Si diffraction and the outer ones are from the

Al. As shown in Fig. 4(c), the diffraction spots of the Si sub-

strate and Al film are exactly along the same line for both

h111i and h100i directions, which indicates that the Al film

is aligned with the Si substrate not only in the growth direc-

tion (vertically) but also in-plane (horizontally). This pro-

vides clear evidence that the underlying Si induced the

orientation of the top UFTD Al film. Alignment occurs de-

spite the large (30%) mismatch between the Al(111) and

Si(111) spacing because 3 translations of Si(111) match 4

translations of Al(111).10

Not all the Al grains had the (111) orientation and some

had the (100) orientation that yields no diffraction (SAD) signal.

Cross section bright field TEM was used to measure the grain

sizes, and the orientation of each grain was deduced from the

presence or absence of SAD. Grain analysis reveals that the

average grain size of the Al(111) crystals is 240 6 170 nm and

that of the Al(100) crystals is 110 6 65 nm, corresponding to 8

or 4 times the thickness of the film (30 nm). The width of these

flat grains is similar to the apparent size of the 3D grains in very

thick films (Fig. 3(b)). These are very large grain sizes com-

pared to sputtered Al films, for which a grain size of 230 nm

was reached only for film thickness of 200 nm,16 though smaller

than in MBE-Al films, where grain size is �15 times the film

thickness.11 Furthermore, large grain size is commonly accom-

panied with high roughness (�2–3 nm for sputtering32 and tens

of nm for MBE11), in contrast to our observation.

Orientation of the Al crystallites over a large area is

better characterized by XRD, as shown in Fig. 5. XRD shows

UFTD Al film to be poly-crystalline, with only (111) (at

2H¼ 38.47�) and (100) orientations (only the (200) diffrac-

tion is allowed, and seen at 2H¼ 44.74�). The ratio between

the two groups of Al crystallites varied across the 5 samples

that were measured, from 20:1 to 1:4 ((111):(200)). For

evaporated Al, (111) is known to be the stable orientation,

because this plane has the lowest surface energy.26,33 Sput-

tered Al films were reported to evolve from 50% (111) orien-

tation for thin films (100 nm thick) to 93% (111) orientation

FIG. 3. SEM images of Al deposited on Si(111). (a) Thin Al film (�45 nm)

with RMS surface roughness of 0.6 nm. (b) Thick Al film (�200 nm) with

RMS surface roughness of 2.0 nm. Both films were deposited in high rates

(�20 nm/s).

TABLE I. Surface roughness before and after Al and Ag UFTD onto differ-

ent substrates.

Substrate UFTD

Substrate RMSa) Metal RMSa) Peak to peakb)

H-Si(111) 0.2–0.3 Ag 1.20 4.0–8.0

H-Si(111) 0.2–0.3 Al 0.4–0.6 1.0–2.0

SiOx/Si(111) 0.2–0.3 Al 0.4–0.6 1.0–2.0

H-Si(100) 0.2–0.3 Al 0.4–0.6 1.0–2.0

Mica <0.1 Al 0.8 2.0–3.5

Quartz 1.0 Al 0.8 2.0–4.0

a)RMS roughness in nm was computed over 16 lm2 area.
b)Peak to peak, in nm equals the difference between maximum and mini-

mum height over the 16 lm2 area.
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for thick films (1 lm),16 while MBE Al films showed (111)

orientation, regardless of thickness.11 One of our UFTD Al

samples on Si(100) was even amorphous (gave no Al peaks

in XRD), which is an indication for the non-equilibrium na-

ture of UFTD as further considered in Section “Discussion.”

To examine if the surface chemistry affects the film-

growth mechanism,13,14 we compared different pre-treatments

of the Si(111) substrates prior to evaporation. In addition to

the above-reported hydrophobic H-terminated Si, we also

tested a hydrophilic oxidized Si(111) surface, prepared by O2

plasma oxidation of the H-Si (prepared as before). Oxidation

turns the surface from hydrophobic to hydrophilic, introduces

hydroxyl groups on the surface and is expected to increase the

Al wetting of the surface. In addition, other smooth substrates

such as mica and quartz were tested in an attempt to identify

key features controlling the film-growth mode. The AFM-

measured surface roughness for all these films is summarized

in Table I.

Table I indicates that the roughness values were slightly

higher for oxidized surfaces (quartz and mica) than for Si, of

both orientations. One would expect that the smoother the

target substrate is, the smoother will be the obtained deposited

film.23 Clearly this is not the case with UFTD, as the mica used

for the deposition had a surface roughness of 0.1 nm or less,

lower than the crystalline Si (RMS� 0.2–0.3 nm). In contrast,

the deposited film under the same deposition conditions was

1.5–2 times rougher on mica than on the Si (although still quite

smooth). Weak interactions with the substrate favor island

growth (Volmer-Weber mode) and mica is known to promote

such growth mode.34 Thus, despite its smoothness, the poor

wettability of mica undermines its performance as a substrate

for achieving ultra-smooth films.

Quartz is interesting because even if the top Al roughness

is not as good as that over Si, it is lower than the roughness of

the underlying quartz substrate, as if the UFTD film filled-in

the grooves of the original surface. A similar smoothing effect

was reported for sputtering of Al on Ti.35 Thus, quartz does

not induce a layer by layer growth as does Si(111), probably

due to its amorphous surface (see Discussion).

In principle, the oxidized surfaces could also increase

the amount of co-deposited water.31 However, no difference

in roughness was observed between oxidized and H-Si. This

finding, which is also relevant for deposition on mica and

quartz, suggests that substrate surface hydrophilicity does

not play an important role under UFTD conditions. Overall,

Table I shows that despite the observed slight sensitivity to

FIG. 4. Cross-section TEM image of Al

film deposited on Si(111). (a) Wide

view; (b) high magnification (scale bar is

approximated); (c) selected area diffrac-

tion pattern with indicated directions.

The thickness of the Al film is 30 nm,

and that of the amorphous AlOx is 3 nm.
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FIG. 5. Representative x-ray diffraction pattern of UFTD Al film on

Si(111). Diffraction peaks are labeled in the plot.

124320-5 Levine et al. J. Appl. Phys. 111, 124320 (2012)

Downloaded 22 Jul 2012 to 130.209.6.41. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



specific surface details, UFTD is rather indifferent to the sub-

strate and leads to excellent smoothness over a wide range of

non-metallic substrates.

Finally, we suggest that the UFTD is not limited to Al

films, as can be seen from the Ag example of Table I. While

the Ag smoothness is poorer than that of Al, it is as good as

that reported for stripped Ag21 (though poorer than that

reported in Ref. 5). We note, though, that in our work on Ag

deposition details were not optimized (as was done for Al)

so that Ag smoothness might be further improved.

APPLICATIONS

Molecular electronics studies charge transport across

organic molecules. As the molecules are normally 1–2 nm

long making electronic junctions that include the molecules

therefore requires high fabrication precision. One of the popu-

lar configurations for preparing such molecular junctions is by

adsorbing a molecular monolayer on a substrate that serves

also as contact to the molecules, where the second contact is

deposited on the free surface of the molecules by various tech-

niques.36 Naturally, substrate roughness in the order of the

molecular length (1–2 nm) easily leads to the transport being

dominated by defects, rather than by the studied molecules.

This is expressed by a large span of the current-voltage (J-V)

curves, as found in the case of alkyl-thiols on Ag.3

The smooth Al films, deposited on Si(111), were tested

as substrate for the molecules, and thus, as one of the electro-

des in a metal-molecule-metal (MMM) junction, comprised

of alkyl chains, containing 12 carbons (C12), bound via a

phosphonate link (total length 1.7 nm) to the Al oxide, and

liquid Hg as top electrode (see inset of Fig. 6). The measured

J-V curves across these junctions are shown in Fig. 6. The

maximum variation between the 16 J-V curves recorded over

3 different substrates (with no data filtering) was as a factor

of 5. This is significantly better than the �100 fold variation

reported for C12 thiol on stripped Ag,3 a result that already

was a great improvement over the 5 orders of magnitude var-

iation in current with the as-deposited Ag film (5 nm RMS

roughness).3 The excellent reproducibility in J-V measure-

ments suggests that the Al/monolayer/Hg junction is a reli-

able and robust test-bed for large-area molecular electronics.

We have reported elsewhere a detailed study over various

monolayer chain lengths on Al films.29

We further explore the possibility to use ultra-smooth

Al films for nano plasmonic application. Commonly used

metals for nano-plasmonic applications, such as Au and Ag,

are limited in the UV region because their bulk plasmon fre-

quency, xp, is about 2.4 eV and 3.6 eV, respectively. As

mentioned above, the intrinsic properties of Al make it the

best metal for surface plasmon excitation in the UV region.

Yet, fabrication of regular nm-sized holes is difficult due to

high surface roughness and relatively large Al grains, some-

thing that can degrade the performance of the plasmonic de-

vice. By using FIB, we could directly drill nm-sized holes

inside the smooth Al films. Fig. 7 shows examples of state-

of-the-art direct patterning in Al films, evaporated both on

quartz and silicon. Both long range patterns and high resolu-

tion single holes can be easily fabricated without additional

means. Furthermore, the film roughness after patterning was

less than 0.5 nm. This is important, as such low roughness

should reduce scattering processes, and is expected to yield a

high performance of the plasmonic device.

DISCUSSION

The UFTD behavior that we observe is rather puzzling.

How can such rapid, rough deposition provide film quality

close to what can be obtained by MBE or ALD? What drives

the low roughness as well as the layer by layer growth?

Among the critical parameters which are known to affect

thin-film morphology,31,37 the deposition rate is often over-

looked. When it is considered then deposition rate is mostly

related to indirect effects, such as decreasing the compres-

sive stress26,38 or reducing the impingement ratio of impur-

ities.26,27 In principle, the rapid deposition increases the

super-saturation26 and restricts the diffusion distance. At this

stage, we cannot give a detailed mechanism, but we venture

to suggest a qualitative explanation.

The observed trend (Fig. 3) of a smooth, continuous thin

film that breaks into platelets at higher thickness is also oppo-

site to commonly observed cluster growth that turns into a

continuous film.32,39 The structure-zone model predicts the

texture of a thin film according to the ratio of substrate tem-

perature to the melting temperature. For Al, deposited near

room temperature this ratio is 0.32, corresponding to “T-

zone” growth mode, of fast surface diffusion but restricted

grain-boundaries diffusion.31 A “T-zone” film growth is char-

acterized by small, randomly oriented grains near the substrate

that coalesce into larger grains with increasing thickness.31

Similar to the “T-zone” model, Fig. 3 suggests that the crys-

tals change their equilibrium shape, however, their size hardly

changes, but rather the grains change from 2D to 3D ones for

thin and thick films, respectively.

Sloope and Tiller have noted that log(F) (F for deposi-

tion rate) and reciprocal temperature are the two basic

parameters that map the transitions from amorphous to
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FIG. 6. Current-voltage (J-V) curves measured across a self-assembled

monolayer of C12 alkyl phosphonate on UFTD Al film on Si(111) with

RMS roughness of 0.6 nm. Each gray curve was on a different junction and

black line is logarithmic average. The total spread in current (max/min) is

about a factor of 5. The inset shows schematically the measurement setup

(not to scale). The current flow from the top Hg contact across the mono-

layer to the Al substrate and collected by the InGa “back” contact.
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poly-crystalline and even mono-crystal growth.40 Their basic

consideration was the nucleation rate, which is proportional

to Fn, where n� 2 is the number of atoms in the smallest sta-

ble cluster.40 We can extend this view and suggest that the

roughness depends reciprocally on the nucleation rate, but

the difference between observed power law (0.5) and nuclea-

tion prediction (�2) does not support this view, unless nucle-

ation rate has an indirect effect.

Another possible rate-related argument is the counter-

intuitive role that diffusion plays in UFTD. Diffusion is

intuitively taken to ease stresses, and if roughness is consid-

ered as noise than it should decrease with higher diffu-

sion.5,12,20,23 However, for systems which tend toward 3D

island growth (Volmer-Weber growth)34,37 roughness is not

noise but an equilibrium state, and for such systems diffu-

sion would increase roughens. Indeed, most metals tend to

3D island growth on substrates of low surface energy such

as mica, quartz or Si.34 The high surface diffusion of Al9

allows the arriving atoms to move over a long distance on

the surface to find their lowest energy positions, namely to

build-up only a few, but large 3D crystals, as can be seen in

Fig. 3(b).

Our qualitative suggestion is inspired by a description of

roughness that uses scaling concepts.41 Normally, the scaling

is done with respect to the amount of deposited material, or

time of deposition (for a constant deposition rate).32,41 Such

time evolution is practically impossible with the extremely

rapid rates we used here. However, a natural scaling parame-

ter for these stochastic models is the diffusion length, LD,

i.e., the length that an adatom diffuses before another adatom

arrives42

LD ¼
ffiffiffiffiffiffiffiffiffi
D=F

p
; (1)

where D is the lateral diffusion constant (in area per time)

and F is the deposition rate (in atoms per time). Amar et al.
used LD as a scaling factor for predicting island density and

the fractal dimension below 1 ML coverage.42 We use this

concept to describe roughness of a multi-layer film. While

for the detailed growth mechanism we may need to add dif-

ferent scaling powers, still we can crudely estimate that the

roughness is linearly proportional to the diffusion length, LD,

and therefore, to the deposition rate, F

RMS / LD / F�0:5: (2)

Considering that diffusion is temperature activated,9 Eqs. (1)

and (2) also predict that the roughness will increase with

temperature according to

FIG. 7. SEM images of FIB fabricated

nano structures by directly milling a

50 nm thick Al film made by UFTD on

quartz. (a) Holes of �200 nm diameter,

taken at 52̊ tilt. (B) A 50 lm hole array

of �100 nm diameter. (c) “bull’s eye”

structure with about 1.5 lm circular

grooves of �40 nm depth, with periodic-

ity of about 150 nm, taken at 52� tilt.
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RMS / exp
�ED

2kBT

� �
; (3)

where ED is the diffusion energy and the factor of 2 is because

of the square root in Eq. (1). The power law fit to the experi-

mental data of Fig. 2 gave a slope of �0.49, in excellent agree-

ment with Eq. (2). No correlation was observed with film

thickness (Fig. S1(a) of supplementary material)45 and a power

law relation correlated the data better than logarithmic decay

or a linear relation (Fig. S1(b) of supplementary material).45

Strong support for the applicability of the diffusion length

concept comes from the good correlation of Eqs. (2) and (3)

to literature data, reported by Rode et al. on the roughness of

sputtered Al films (Fig. S2 of supplementary material,

Ref. 45).15 The clear smoothing effect that cooling has on the

sputtered Al films (Refs. 15 and 26; Fig. S2(b) of supplemen-

tary material)45 suggests that cooling could improve smooth-

ness also for evaporated films. We note, though, that cooling

was suggested to increase the compression stress in the film

and leads to hillocks formation.26 We did not observe such

hillocks, but possibly cooling to lower temperatures might

lead to that.

A major weakness of the diffusion argument is that a

rough estimate of LD yields numbers less than the intera-

tomic distance. In principle, increasing the deposition rate

could also have indirect effects, such as less sample heating.

We dismiss this option because calculations show that even

at the slowest deposition rate the heating does not exceed a

few degrees (see Table S2 of supplementary material).45

Another indirect effect would be the incorporation of impur-

ities, such as oxygen. Barna et al. showed that the grain size

of evaporated Al varies as a power law of �0.5 with the oxy-

gen to aluminum impingement ratio.27 In principle, this ratio

is inversely proportional to the deposition rate, but the rela-

tion between grain size and roughness is not straight-

forward. If larger grains imply higher roughness than the

trend of Fig. 2 is opposite to the one, induced by oxygen.27

In addition, the O2/Al impingement ratio here (�2.4� 10�4)

is well below the lowest ratio (0.01) reported.27 A clear

effect of residual oxygen on Al morphology and orientation

was also reported by Verkerk and van der Kolk for partial O2

pressure above 10�9 Torr,43 above the partial O2 pressure in

our case (3� 10�11).

Another explanation relies on thermodynamics. A

higher evaporation rate, F drives the equilibrium from 3D

(rough) toward 2D (flat) by increasing the super-saturation

(F/Feq) of the evaporated atoms, and thus, their chemical

potential (Dl ¼ kBTln F
Feq

� �
; where subscript eq indicates

equilibrium).34 This is because super-saturation reduces the

“line tension” and therefore the critical island size (the mini-

mal nucleus size which is stable).12 Li and Hu also included

the ratio between diffusion and deposition rate as a parame-

ter in their computations of chemical energy in addition to

the elastic energy as a driving force toward 2D growth.39

The nucleation density also increases with the deposition

rate12,40 and very dense nucleation leads to fast coalescence

of grains, an effect that is required to explain the very wide

grains observed by HR-TEM (i.e., the final number of grains

is much smaller than the nucleation density under UFTD

conditions).

Still, the UFTD film is apparently a meta-stable phase as

evident from the coexistence of the metastable (100) orienta-

tion and energetically favored (111) orientation,9,10,17 and

even the amorphous Al that is occasionally observed on

Si(100). We speculate that the poor reproducibility of the

ratio of (111) to (100) crystallites expresses minor changes

in evaporation rate or sample temperature between different

preparations. In addition, Fig. 3 shows that the meta-stable

smooth Al films evolve with time into 3D platelets. Anneal-

ing of a UFTD Al film at 300 �C for 3 h under Ar atmosphere

led to slightly larger grains of hillock-like structures and an

overall higher RMS surface roughness. In contrast, the FIB

beam induces milder annealing, possibly by introducing

localized defects, and the surface of the FIB-treated Al films

seemed actually smoother than before the FIB work on it.

All the points given above indicate that rough 3D morphol-

ogy is the energetically favored phase, in accordance with a

threshold thickness of �30 nm, which was identified as that

which separates independent 3D island growth from a con-

tinuum, 2D growth, for sputter-deposited Al films.6,32

The observed epitaxy is highly unusual for the super-

saturation conditions used here.12 We suggest that the UFTD

grains do not grow by isolated sticking of adatoms, but rather

by coalescence of an amorphous layer or many tiny nuclei into

a long ordered (up to�200 nm) crystallite. Small nuclei have a

low rotation barrier to re-orient along the energetically favored

epitaxial direction.12,34 Such scenario also explains the much

larger lateral size of the grains (�200 nm) compared to their

height (�30 nm), in contrast to previous reports.6,32 There was

a considerable difference between the roughness periodicity as

observed from the top by AFM (Fig. 1) and by SEM (Fig. 3)

and that deduced from high resolution TEM on cross-sections

of the films. This is probably because the top roughness is due

to top-grain ridges and not real grain-boundaries.16

The layer by layer growth of Al on Si(111), as evident

from the accurate replication of the 1 nm deep Si etch pits on

the top surface of a 30 nm thick film (Fig. 1(a)), seemingly

requires an efficient interlayer (vertical) matter flow,12 which

apparently contradicts our claim of super-saturation and negli-

gible diffusion time in UFTD. Structural defects, such as step

edges could exert, in certain cases, a long-range attraction

force that funnels adatoms to fill the defects. One origin of

such attraction to step-edges could be elimination of high

energy surface states induced by step-edges, as was found by

density functional theory (DFT) for Al deposition on Al.9

STM studies on the growth of Pb on Si(111) showed a layer

by layer growth that is controlled by the quantum size effect,

namely preferred island heights, due to deeper electronic

energy levels.44 Both effects are driven by electronic energies

and known to work at low temperatures,9,44 because they orig-

inate in active attraction and not in diffusion. It is reasonable

that the nature of this attraction force is substrate-dependent,

and therefore, layer by layer growth was observed on Si(111)

(preserved substrate features) and not on quartz (where sub-

strate roughness was smoothened).

Although the above electronic smoothing effect might

be specific to certain metals or substrates, the ability of
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UFTD to get low-roughness films is fairly general. Specific

surface interactions possibly alter diffusion/sticking. The

rougher Al on mica might be due to the very poor wetting of

mica compared to other substrates. Nevertheless, the high

deposition rate does not enable too much surface diffusion

and build-up of large crystals on any of the tested surfaces.

Rode et al. identified the reduced relative amount of O2 as

the main cause for the improved smoothness.15 Our high re-

solution TEM (Fig. 4(b)) shows an abrupt Si-Al interface

without an amorphous oxide, although the slight change in

contrast could be attributed to dis-continuous oxide patches

at the Si-Al interface. Still the use of an oxidized Si substrate

(Table I), with possibly more residual water than on H-Si,

did not increase the roughness. Thus, while we cannot ignore

the possibility of some interface oxidation, we suggest that

the kinetic argument is an important factor, universal to a

large class of metallic thin films deposited by either evapora-

tion or sputtering, on various non-wetting substrates.

CONCLUSIONS

Smooth Al films can be “ready-made” at room tempera-

ture, by thermal evaporation at very high speeds, on a variety

of substrates. The fast evaporation concept of UFTD prob-

ably can be extended to various metals beyond Al, and it is

specifically appropriate for metals of high surface diffusion

on non-wetting substrates that tend to 3D island growth. The

non-equilibrium, kinetically controlled UFTD leads to epi-

taxial, layer by layer growth of Al on Si(111) for film thick-

ness up to 50 nm. Restricting the diffusion length,
ffiffiffiffiffiffiffiffiffi
D=F

p
, is

a simple rule of the thumb that fits nicely to both our data as

well as to those on sputtered Al films, reported by Rode

et al.15 It offers practical means to decrease the roughness by

extremely high deposition rates and/or by cooling the sub-

strate. Achieving such ultra-flat films of Al specifically, and

of other metals in general fills a critical need for various

nanotechnology related endeavors, such as molecular (bio)e-

lectronics, plasmonics, and sensors, where surface roughness

poses a major obstacle in utilizing nano-scale phenomena.
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