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Thickness dependence of the morphology of ultrathin quench condensed gold films
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We have studied, usinmp situ scanning tunneling microscopy, the morphology of ultrathin quench con-
densed Au films in the thickness range in which they first become electrically continuous. With increasing
thickness, the film evolves from a smooth and nearly featureless morphology, to a single layer of nanoclusters,
to a loose pack of multiple layers of nanoclusters. This evolution depends only weakly on the substrate material
and preparation. We compare our results to previously proposed models of quench condensed film structure.
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The electrons confined within the dimensions of an ultraclusters with heights that correspond closely to the thickness
thin film form the simplest, and perhaps most studied realat which the transformation occurs. Thicker films consist of
ization of a quasi-two-dimensional electron system. Onestacks of nanoclusters.
method for producing ultrathin films is to evaporate metals The low-temperature STM cryostat with situ thermal
onto substrates held at low temperatugs<0.1T,,, where  evaporation sources used for these studies has been described
Ty is the element’s melting temperature. The advantages dfi detail elsewher& Briefly, the chamber containing the
guench condenseC) films have been exploited in a num- STM and thermal evaporation sources was cooled to cryo-
ber of elegant and unique studies of fundamental issues igenic temperatures by direct immersion in liquid helium or
superconductivity;>* localization®” and quantum phase nitrogen. Prior to immersion, a turbo pump evacuated the
transitions® A distinct disadvantage of QC films is that they system to<2x 10’ Torr. We estimate that the cryopump-
are metastable and, as a result, their microstructure, whicing action of the chamber walls reduced this pressure to
can exert a profound influence on their electronic transportc10~8 Torr in liquid nitrogen and 10° Torr in liquid he-
properties, has been difficult to characterize. For the interprdium. To make films, high-purity metals were thermally
tation of many experiments, it has been sufficient to assumevaporated from resistively heated tungsten filaments at a
that QC films exist in either a uniforh?”° or islanded rate of 0.1-1 A/s as measured by a quartz crystal microbal-
structure®10-13 ance. A mechanical shutter was used to control the total

Recently, the existence of islands in QC films has beenleposition thickness and to outgas the source prior to expos-
questioned**® Nominal explanations of island formation ing it to the substrate. A carbon resistance thermometer in-
that rely on thermally activated adatom diffusion fail for QC dicated that the substrate temperature increased less than 15
films because adatoms are believed to stick where thegnd 1 K during the depositions on 4 and 77 K substrates,
land?314-18|n accord with this belief, many ultrathin QC respectively.
single element metal film¢e.g., Bi, Ga, Fe, Ypbform in Images of Au films deposited on highly oriented pyrolitic
metastable amorphous phases that are electrically continuogsaphite(HOPG), a substrate to which the adatoms physisorb
at mass depositions equivalent to a bulk thicknédsse and on amorphous Ge, a substrate to which the Au adatoms
equivalent thicknegsas low asd=1nm?° On the other chemisorb are presented. HOPG is metallic, and, therefore,
hand, x-ray and electron microscopy studies on QC Au, Cuglectrons can tunnel into it should the STM tip encounter a
Ag, Pb, and Cs films thicker than 10 nm show them to con-bare patch in the Au film, and its surfaces are simple to
sist of microcrystallite$®-2* Their critical thickness for the ~clean®3?*The most extensive cleaning processes Viresitu
onset of conductiondg, depends on material and varies cleaving of HOPG or heating air cleaved HOPG to 150 °C
from 0.7 to more than 10 nif. These observations have for 2 h in the UHV conditions created by immersing the
been interpreted as evidence for an islanded morphology iaryostat in liquid helium. The STM results presented here
which macroscopic conduction occurs through interislandvere independent of the cleaning processes used. The amor-
electron tunneling:®1°-12 Alternatively, it has been pro- phous Ge substrates were preparedhsitu quench conden-
posed that all QC films initially begin in a continuous amor- sation of 3—10 ML of Ge on glass or HOPG prior to the Au
phous insulating phase, and, at the critical thickness for corfilm deposition®® Topographs of films with 1.2d<6 nm on
duction, crystallites grow within the amorphous lay&t® HOPG and kXd<4 nm on Ge were obtained to investigate

We present results from a systematiie, situ scanning the morphology of films in the thickness range at which con-
tunneling microscopySTM) study of QC Au films on vari- duction begins for Au on weak binding substratesy.,dg
ous substrates with thicknesses in the range at which condue=2.5 nm for glas$ and on strong binding substratesg.,
tion first begins. The topographs suggest that QC Au filmsdg~1 nm for a-Ge (Ref. 6], respectively.
form an amorphous phase that transforms into a crystalline The STM was operated in constant current mode at a bias
phase with increasing thickne¥s!® This transformation oc-  voltage ranging from 7 to 500 mV and a tunneling current
curs below the critical thickness for conduction for Au on ranging from 0.5 to 10 nA. At these tunneling resistances
glass,d¢gp, (Ref. 8 and it produces a single layer of nano- there was no evidence that tip sample interactions influenced
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The island tops are flat to 1 or 2 atomic layers over distances
. up to 10 nm. On some, height variations matching the atomic
111 steps in crystalline Au appear. A fraction of the gaps

gur present between islands have atomically flat bottoms that we
E’m - associate with the HOPG substragee Fig. 1d)]. Relative
i to the bottoms of these gaps, the film thickness averaged

00 1 My

o m w 1m 2 over the area of the topograph is 22086.14 nm, which is
Trace Distance (nm) very close to, but larger than, the nominal deposited thick-
® ness. This difference implies that spaces between the clusters

are not resolved completely. Line scans indicate that these
films are in the microscopically rough surface regithée.,
the tip resolution is determined by an atomic-scale protrusion
from the larger tip apex. An analysis of several line scans
such as the one shown in Figid] (Ref. 29 produces a tip
20 apex radiusr<1nm and a cone angle~30°. This ex-
tremely sharp protrusion, however, is probably not long
enough to clearly resolve all the gaps between the clusters.
Rl As shown by Figs. (e) and 1f), a slightly thicker film,
d=2.2+0.1 nm, consists of similar flat-topped nanoclusters,
but exhibits a less uniform height profile than thke
@ =1.8 nm film. The nonuniformity can be traced to nanoclus-
ters that rise consistently 1-2 nm above their neighbors.
These nanoclusters appear to obscure similar ones below
them. The average lateral dimension of 50 of the highest
clusters is 12 nm with a standard deviation of 2.1 nm. As-
i suming that the cluster heights range from 1 to 2 nm, we find
0 that these platelet-shaped nanoclusters have a diameter to
height aspect ratio that exceeds 7. This aspect ratio and the
fact that the clusters are raised well above the rest of the
T T T surface ensure that the tip geometry does not significantly
influence these size measurements.
Variations in the substrate temperature ovex ¥y
® <80 K, film thickness up to 50 nm, and surface preparation
methods did not strongly affect the nanocluster size. The
thickness at which nanoclusters appeared was the same for 4-
and 77-K depositions. Since crystalline structure in Au films

FIG. 1. In situ STM images of Au films with increasing thick- with d>15 nm has been observed by other methods?!
nesses deposited on HOPG substrate at 4 K. The full scale heighte conclude that the nanoclusters are crystalline. In addition,
range from black to white is 2 nm for all images. The film thick- similar nanoclusters dominate the structure of films depos-
nesses and scan areas @ed=1.6=0.1 nm and 233233 nm,(c) ited on glass ¢=11 nm), crystalline Au ¢=1.7 nm), and
d=1.8+0.1nm and 218210nm and(e) d=2.2=0.1nm and jn situ deposited amorphous Gel£ 3.2, 4.0 nm.
228x228 nm. The corresponding Iin.e scans are displayetb)n The morphology of Au films deposited on amorphous Ge
(d), and(f). Note the exaggerated height scale. depends on thickness in a qualitatively very similar manner

to Au films on HOPG. Thad=2.0 nm film is smooth and
the topographs or film structure. Tips were prepared using does not contain nanoclusters, whereasl=a3.2 nm film
variety of method® as the imaging of thin films on flat does contain nanoclustesigs. 2a) and 2b)]. The undula-
substrates can be sensitive to STM tip geom&tr§® Each  tions in the thinner film on Ge are not as strong as the
experiment was performed several times. The results that wéreaks” in the thinner film on HOPG, but their profiles are
present are independent of the particular method employed:omparable.

The morphology of ultrathin QC Au filmsm4 K HOPG Warming(annealing Au films on HOPG with thicknesses
substrates depends strongly on thickness. As shown in Fig@.1<d<<10.0 nm to room temperature produces cracks in the
1(a), ad=1.6=0.1 nm film covers flat substrate areas uni-films, but does not change the cluster sigee Fig. 83)].
formly and exhibits very small height variations in compari- The cracks are randomly oriented and come in a large range
son to its thickness over distances of a few hundred nmof sizes and shapes, and the film surface at areas away from
Breaks in the film expose the HOPG surface and the filnthe cracks remains quite flat. The crack area range is 1-20%
height above the surface and the dose equivalent thicknesd a film’s surface, which is too large to be accounted for by
agree within uncertaintigsee Fig. {b)]. Large area images simple differential thermal contractiofi.Instead, these ob-
(not shown suggest that these films are not structurally con-servations suggest that voids exist between the clusters of an
tinuous on macroscopic length scales. In stark contrast, as-deposited film and thermal annealing drives the clusters to
slightly thicker film, d=1.8+0.1 nm, consists of islands. pack more densely. Close inspection of the crack bottoms
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nanoclustered morphology characteristic of thicker films.
The similar morphologies of thin Au/Ge and Au/HOPG films
suggest that amorphous Au films form even on weak binding
substrates and that the evolution of the morphology is inde-
pendent of substrate. The former observation is noteworthy
as all previous x-ray and electron microscopy measurements,
which were limited to thicker films, suggested that only crys-
talline Au films formed8°
Similar thickness-dependent amorphous to polycrystalline
o . transitions have been observed in QC Bi and Ga filnas
(a) well as in Sb and Ingfilms deposited on higher-temperature
substrates*% By contrast, however, the critical thicknesses
FIG. 2. In situ STM images of Au films with different thick-  for their transformations exceed 10 nm and in the case of Bi
nesses deposited at 77 K_ on _am_orphoys Ge layers. The amorphoaﬁd Ga films affg=4 K, d,=100 nm2° making it possible
Ge was quench condensedsitu just prior to the Au deposition. 5 ghserve them with electron microscopy and x-ray scatter-
The film thicknesses on glass substrate @ed,,=2.0£0.1nm, .4 oyajitative descriptions of those transitions offer an ex-
g%i: iéﬁoéfe;r: a?gdl(é’égg\ﬁns'lio'l nm, dge=1.220.1nM. 5|4 nation for the differences i, . 2°1n very thin films, the
: lack of adatom mobility and strong interaction with the sub-
. . Strate forces the atoms into a disordered state. As a film
dimensions similar to those on the upper surface of the fil %ecpmes thic_ker, th_e influence of_the substrate potential on
Mhe interatomic positions and spacings wanes, and the forma-

; 31
[Fl?rféli?i)grrt]((j)fgltﬁ)g.above picture, x-ray and electron micros_tion of nuclei with bulk atomic spacings becomes energeti-
copy studies indicate that films with>50 nm of a wide cally favorable. At this point, neighboring atoms can become

. ; : art of a nucleus through smdless than a lattice spacing
range of metals, including Au, dgposned on cold substrate ovements. The heat released in crystallization as neighbor-
form as a loose pack of crystalline nanoclusters. Moreover,

these nanocrystals orient with a single crystalline axis per'-,ng atoms join a nucleus is thought to fuel the crystaline
pendicular to the substrate platfe® In films of fcc metals growth. The greater stability of the amorphous phases of QC

Bi and Ga films can be understood to reflect the fact that

the 111 axes of crystals closest to the substrate orient %eir atomic bonds are more directional than those in a fcc

minimize  the substrate film interfacial, interaction ... o Au819 Consequently, the height of potential bar-

121,32
energies:**Consequently, we propose that the nanoclusterﬁers hindering the motion of atoms to positions expected in

in ultrathin QC Au films are crystallin¢see earlier discus- b - : :
. ) . ; an equilibrium crystal structure are larger in Bi than in
sion) with their 111 axes perpendicular to the substrate. 16%9 Y 9

The lack of nanoclusters and relatively smooth appear- I . ,
ance of the thinnest Au films coincides with the unstructured The growth of similar grains on top of the first layer of

: ' rains[see Figs. (b) and Xc)] implies that a transformation
amorphous morphology expected for films deposited undeg - ; :
conditions in which atoms stick where they IaHd® In the rocess similar to that described above occurs continuously

during quench condensation. We propose that the uppermost
SglseentOsz)hnedi?wmobrg:/(\?:esnGtﬁesfjt;erl;[g’ (\3'\': set);rt))ﬁicztetgﬁéhﬁrg urface of a growing film consists of grains that have stable
few Au Iayersgin an amorphous phase. This expectation i izes and shapes and untransformed amorph_oqs patches. The
. . : T ughness of the substrate formed by the existing grains re-
partially based on the observations that quench condens% icts the lateral dimensions of these patches to about the

Eﬁg?f? ds;?egnz(ﬁgrtg'ﬂ:hggbgeo rﬂ?;alic;tsh i?n?]rspg?;%?vnonlysize of the grains. Once their local thickness exceeds a criti-
atomic-scale height variations. Neither film exhibits theCal value, a new grain nucleus forms. Important support for

this view comes from the observations of grains that are
higher than their neighboisee Fig. 1c)] by an amount that
closely corresponds to the critical thickness for the formation
of a polycrystalline film. The most direct evidence for this
model would be images of the amorphous patches. If grains
o P and patches are the same size, however, it would be difficult
to resolve their differences in a topograph. This overall pic-
ture of the grain formation agrees with an earlier model used
00 A A | to account for the formation of grains in much thicker films
o 0 mp o anl of a wide range of metals deposited on cold substrates.
HaceRasacs ooy The exact mechanisms governing grain formation in QC
films remain unsettled. The narrow size distribution of the
®) nan_oclusters, their Iarge aspect ratio, and their stabiliyy
against thermal annealing over a factor of more than 20 in
FIG. 3. (8) STM image of ad=2.2 nm Au film on HOPG de- temperature may be important clues about the process.
posited at 4 K, after being annealed to 300 K. The scan area is Finally, we compare the film morphologies with the struc-
325x 325 nm and the height range is 2.5 nfi). Line scan through  tures conjectured for the analysis of past electronic transport,
the crack showing two layers of grains. tunneling, and photoemission experimehis®-1336Those
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conjectures, which were based on macroscopic trarfspdft  If this is correct, then it implies that the amorphous precursor
and tunneling measuremerifsgrouped the structures into layer is not macroscopically conductive. Whether this layer
two extreme categories, homogeneous or smooth and iés & microscopically insulating form of Au, as has been pro-
posited on amorphous semiconductor layers are conductiééS _thaal revent conduction, remains as an open
and have been assumed to be homogen&®{i&The Au on question***° Its resolution requires direct measurements of
Ge STM resultdFig. 2(b)] support this picture. Metal films thhe transport and electronic properties of the unstructured
deposited directly on weak binding substratesy., glasp phase.

have been assumed to form a two-dimensional disordered \we have benefited from discussions with C. Elbaum, X.
array oflolsignds at the thickness at which they firsts Ling, M. Strongin, A. Truscott, G. Bergmann, and, espe-
conduct**~**The appearance of a nearly complete layer ofcially, J. Kondev. This study was supported by the NSF
nanoclusters with gaps between them in Au films with through Grant Nos. DMR-9296192 and DMR-9502920, and
<dg for Au films on glass tends to support this assumptionpartially by the ONR through Grant No. N0O0014-95-0747.
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