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Atomic process of epitaxial growth of gold on magnesium oxide
studied by cross-sectional time-resolved high-resolution electron microscopy
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Gold was vacuum deposited on (801 surface of magnesium oxide inside a high-resolution electron
microscope. The atomic process of epitaxial growth was observed cross sectiorslywith time-resolved
high-resolution transmission-electron microscopy. Various types of growth phenomena, such as nucleation
center formation, structural fluctuations, shape modulation, secondary nucleation, and coalescence, were ana-
lyzed in real space at a spatial resolution of 0.2 nm and a time resolution of 1/60 s. It was found that a central
corner of a cluster is truncated and constructed repeatedly during the gf@8t63-182807)50240-2

[. INTRODUCTION process of epitaxial growth during vacuum deposition by de-
velopment of cross-sectional TRHRTEM.
Gas phase epitaxial growth relating to formation of inter-
facgs, thin films, an(_:i atomic _clusters is a most importa_nt Il. EXPERIMENTAL PROCEDURES
subject in surface science, solid state physics, and materials ) ) _ )
science~2 Various structural analyses, such as transmission Single crystalline magnesiurtMgO) films for growing
and scanning electron microscopy, low-energy electron difSubstrates were prepared by vacuum deposition. MgO of
fraction, reflection high-energy electron diffraction, and 99-99% purity was evaporated by electron-beam heating and

scanning probe microscopy, have been attempted to stu posited on air-cleave@01) surfaces of sodium chloride

the epitaxial growth. In particular, conventional transmissiong ?)CD ml a v:/ork chamb(:,-jr evgcuated to_;ﬁ() Pa t;JStIthl at
electron microscopyCTEM) is a most useful method. It is urbo molecufar pump and an ion pump. 1he substrate tem-

known that each elemental process of epitaxial growth wa8® rature was 300 °C. The deposition thickness and the depo-

analvzed by plan-view CTEM i situ vacuum deposition Sition rate were estimated to be 18 nm and 9 nm/min, respec-
y yp P tively, as measured using a quartz-crystal monitor. The

. . -8
n eIectron_ mlcros_cqpefs. Many unresolved _problems, geposited films were separated from the substrates by dis-
however, still remain in the studies of the atomic process 0kqing in distilled water and mounted on grids for electron
the epitaxial growth. Further advanced techniques are res icroscopy.

) , ) > _resolved high-resolution observation. A MgO substrate was
Takayanaget al. demonstrated high-resolution transmission

electron microscopyHRTEM) of the nucleation process of
gold on an amorphous carbon film durifiy situ vacuum
deposition® This work suggested than situ atomisitic ob-
servation will give substantial information for the elucidation
of the growth process. A remaining problem is how to ob-

electron beam

serve crystalline/crystalline interfaces of less than a few na-

nometers thickness and/or width during the epitaxial growth. ) ®

Such interfaces cannot be directly observed by plan-view ° e ““
HRTEM or scanning probe microsco@gPM). Interfaces ° ®

that are internal two-dimensional structures and exist deeper ° ® Au atoms

than ten or more atomic layers from surfaces cannot be ob-
served by SPM. Plan-view TEM also cannot directly observe
interface structures, because images of an interface and ma
terials that are located beside the interface are overlapped.
The atomic arrangement cannot be analyzed from such over-
lapped images. Cross-sectional time-resolved HRTEM
(TRHRTEM) is thus the optimum method to observe directly  FIG. 1. lllustration of the present specimen chamber of a
the atomic arrangements of such interfaces as shown prevkoo-kv high-resolution electron microscope for situ vacuum
ously by Kizuka, Kachi, and TanaKi. deposition and cross-sectional time-resolved high-resolution obser-
The purpose of the present study is to elucidate the atomication.
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FIG. 2. Time-sequence series of high-resolution images of the epitaxial growth process of one Au clust@d@DrivigO surface.
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FIG. 4. The number of constituent atoms in the Au cluster in
Fig. 2 as a function of deposition time. Timesaah correspond to
times ata-h in Fig. 2.
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behavior should be analyzed as a function of the number of
constituent atoms in the cluster instead of the deposition time
as follows.
First, a step of one atomic height is observed on the
(001)ygo clean surface before the depositidfig. 2(a); an
unit cell 0-2II1- arrow]. No contamination is observed during the observation
e though the electron-beam density is not sufficiently large to
FIG. 3. Atomic arrangementdeft side and illustration of the change the s_urface struciure of the substrate. One A_u (_:Iuster
growth processright side for Figs. 28)—2(d). as a nuclggtlon center forms on the step at the_ beginning of
the deposition and no Au cluster forms on terrfeig. 2(b)].

set in a specimen holder far situ vacuum deposition. High-  This shows that nucleation probability increases at the step.
resolution observations were simultaneously carried out afhis may be due to the collisions of Au atoms diffusing
the electron beam irradiation density oka®® A/m2. The &long the step. Itis well known that steps become nucleation
surfaces of the substrate were cleaned by the nanometgti€s similarly to precipitates and points defec&A prob-
scale electron beam processtighe electron-beam irradia- 1M has been where the nucleation takes place, for example,
tion density during the electron-beam processing was fivéNe top of a step, lower part of a step, or astride a step. In the
times larger than that during the observations, that is, 1.present epitaxial growth, it is clear the nucleation occurs
X 10f A/m?2. Gold (Au) was vacuum deposited on #001) astride the step. The number of the constituent atoms in the
surfaces of the MgO substrates at room temperature in SlUSter in Fig. 2b) is less than 60. The cluster shows struc-
specimen chamber of the electron microscHpghe pres- tural fluctuation. The present structural fIg_ctua_Uon is similar
sure in the chamber wasx210~5 Pa. The growing process to those observed after vacuum (i%:)é%smon in Au clusters
wasin situ observed cross sectionally by TRHRTEM at a SUPPOrted on amorphous silicon oxtde” and MgO (Refs.
spatial resolution(point-to-point of 0.2 nm and at a time 10,19,20. The orientation relationship between the present
resolution of 1/60 s using a high-sensitivity TV camera and 'Uster and the substrate also changes frequently. The struc-
video tape recordéf tural fluctuation stops and an epitaxial orientation, (001)
X[100]a,l(001) 100]\go €mMerges when the number of at-
oms increases to more than PBig. 2(c)]. Kizuka, Kachi,
and Tanaka previously observed by TRHRTEM the interface
Figure 2 shows a time-sequence series of high-resolutiohetween Au clusters and MgO substrates during the struc-
images of the epitaxial growth process of Au on a (QR&)  tural fluctuationt® They investigated the relation between the
surface. Atomic arrangements and illustrations of the growthinterface structure and the duration time. This work showed
process for Figs. (@)—2(d) are shown in Fig. 3. The atomic that the duration time of the (001)00] 4,/ (001) 100]yg0
arrangement was determined by the comparison with the imepitaxial interface was the longest; tf@01) epitaxial inter-
age simulations using an established multislice progriin. face was the most stable. The external shape of the present
is surmised that behavior of the Au cluster is dependent ogluster transforms to a tetragonal pyramid surrounded with a
the size of the clustéf~*® Figure 4 shows the number of (00D,ll(001)yyo interface and fouf111,, surfaces. The
constituent atoms in the Au cluster in Fig. 2 as a function ofepitaxial orientation is maintained even when the tetragonal
deposition time. The Au cluster in Figs(#—-2(e) shows pyramid grows[Figs. Zc)—2(d)]. Obviously, the growth
symmetrical shape with respect to tli®00 plane. Sym- mode of the present Au/MgO system is an island growth
metrical shapes with respect to th@01]y4o axis were as- mode (Volmer-Weber mode A top corner of the cluster is
sumed as shown in Fig. 3 for the estimation of the number ofruncated with a (001), plane and four corners at the bot-
the constituent atoms. The slope of the number increasdgem are also truncated wit®01),, and (010}, planegFig.
with time as shown in Fig. 4. The increase may be attributed®(d)]. The top corner then forms again. Such shape modula-
to the changes of sticking probability of Au atoms impinging tion from tetragonal pyramid to truncated tetragonal pyramid
on the MgO substrate, or the increase of deposition rate. Ther the inverse appears repeatefyigs. 4c)—2(f)]. This is
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Ill. RESULTS AND DISCUSSION
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process may suggest that the total energy of the truncated
cluster is similar to that of a nontruncated cluster when the
number of atoms in the cluster is less than 1400. Rhe
decreases gradually, showing that the cluster does not grow

0.3

0.2+ along the direction parallel to tH&®01]y4o after the number
et of atoms is more than 1400. A new Au cluster forms in the
014 neighborhood, that is, secondary nucleation ocdifig).
2(f)]. The two clusters coalesce into one when the deposition
oo further continuesgFig. 2(g)]. The epitaxial orientation at the

o 1000 2000 3000 mtgrface is retalne_d even aftgr the coalescenqe. A well-
defined crystal habit appears in the cluster again after the
o number of atoms, n coalescencéFig. 2(h)]. Such secondary nucleation was re-
FIG. 5. Variation of ratioR relatlng to the repeated process of ported by Honjo and Yag| for the epitaxia| growth process of
truncation and construction of the top corner as a function of thgne Au/MgO systen%.z They pointed out that the secondary
number of the atomsR is defined as the ratio oA;jogllAj11y,  nucleation occurred when nucleation sites appeared again in
whereA(;oq andA;y are the total area of fivil00 surfaces and  5re45 of the substrate reexposed due to moving of deposited
the total area of fouf111} surfaces of the cluster, respectively. clusters at colescence. However, in the present work, the
clearly found with the present time-resolved observation Oisecondary nuclgatlon ta_kes place before the coalescenpe. No
step as nucleation site is observed on the surface. Point de-

one cluster. Figure 5 shows the variation of a r&icelating facts created on the MaO surface during the deposition ma:
to the repeated process of truncation and construction of thge a nucleation site 9 9 P y

top corner as a function of the number of atoms. e In conclusion, the atomic process of the epitaxial growth
defined a\(19gllAf117 , WhereA;oq andAyy,q are the total K P : P 9 ’
area of five{100 surfaces and the total area of fofirl1} such as the nucleation center formation, th_e structural fluc-
. . tuation, the repeated process of the truncation and construc-
surfaces of the cluster, respectively. TRdluctuates, that is, .. .
. tion of the corner, secondary nucleation and coalescence can
the repeated process continues when the number of the atoms ) .
€ analyzed as functions of the number of the constituent

s less than 1400. One repeated process completes when tat%ms of one cluster. The presentsitu observation on an

Rnlessér?tr %bgz(ravgﬁgbgg ZLtohvsnr?r??:?te% plrtOiC; ec?gr::iggfe:jn tLh%tomic scale and at 1/60 s time-resolution will give us new
b g. o 2nd guantitative information about epitaxial growth and

the truncation takes place in order to reduce the total surfacgther phenomena relating to clusters and/or surfaces. The

energy of the clustef. On the oth_er haf‘d* the construction of cross-sectional TRHRTEM is a new method to study atomic
the top corner after the truncation will result from the total oo
rocess of gas phase epitaxial growth.

energy reduction of the cluster by the decrease of Au/Mng)
interface and strained regions, because, if the impinging and Financial support was provided to the present study from
diffusing atoms bond with the bottom of the cluster near thethe Research Foundation for the Amanda Foundation for
interface and do not move, the area of the interface increaddetal Works Technology. The Tatematsu Foundation and
and the interface energy and misfit strain energy also inTEPCO Research Foundation. The present study was partly
crease. As a result, the atoms in the strained regions decreasgpported by a Grant-In-Aid of the Ministry of Education,
and the atoms near the top corner increase. The repeat&tience, and Culture, in Japan.
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