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Direct observation of interface and surface steps in epitaxial films
by dark-field transmission electron microscopy
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We have used dark-field transmission electron microscopy to investigatem thick Cak films

grown on S{111) by molecular-beam epitaxy. Images formed with €aFL1] reflections exhibit

contrast at 1/8.11] height steps at the CaBurface and at the CalSi interface over largé>100

wm?), statistically significant areas. Direct evidence for step-flow growth in,@ab been obtained.
© 1994 American Institute of Physics.

Atomic-height steps play a pivotal role in epitaxial have atomic-height steps in thin films been studied using
growth and in other interface and surface mediated prodiffraction contrast. Atomic-height steps at the surface of Ag
cesses. Their distribution at the interfaces and surfaces of @latelets on Mo$ have been imaged by UHV TEMand
thin film can have a direct impact on its electrical and opticalinterface steps have been observed in mixed-orientgpian

properties. Transmission electron microscdpgM) is well ~ tially twinned’ and in single-orientation, twinnéd
suited to the observation of atomic-height steps at surface€oSi/Si(111) using conventional TEM instruments.
and interfaces, since it uses penetrating radiatieh00 keV Two other techniques have recently been employed to

electron$, has extremely high spatial resolution, and becausé#mage atomic-height steps in thin films. Scanning probe mi-
the scattering is strong enough to allow an ordered monosroscopy has been used to image steps in #88111),° and
layer to be detected. Atomic-height steps can be imaged etontrast from steps and interfacial defects has been seen in
ther in high-resolution transmission electron microscopylow-energy electron microscopdt EEM) images of Ag is-
(HRTEM) using cross-section specimefwghere the electron lands on St9 Since very different electron energies are used
beam is at grazing incidence to the interfpoe by diffrac-  in each technique, information obtained by LEEM and scan-
tion contrast performed on plan-view specimemsth the  ning probe microscopy is complementary to that obtained by
electron beam at high incident angle to the interface/suyfaceplan-view TEM. TEM has the advantage that images from
HRTEM samples an extremely small area of interfacesteps can be easily combined with diffraction-contrast analy-
(<0.01 um? for each cross-section specimerand only sis of other crystal defects. LEEM and scanning probe mi-
high-symmetry beam directions lying in the plane of the in-croscopy images are less easy to interpret but have the ad-
terface can be accessed. Furthermore, HRTEM images amantage that the substrate need not be prethinned.
not easily interpretable, because of multiple scattering and In this letter we report, for the first time, the use of TEM
the influence of parameters such as objective lens defocue directly observe the distribution of atomic-height interface
and lens aberrations. The high electron engrgg00 ke\)  and surface steps in an epitaxial film over large, statistically
and dose also causes radiation damage in many materiaBignificant areas. In this work we use G#i(111) grown by
Diffraction-contrast images from plan-view specimens arenolecular-beam epitax¢MBE), though the method is more
better suited for the observation of atomic-height stepsgenerally applicable. CaHs a face-centered-cubic material
Large (>100 um?), statistically significant areas of surface with a lattice parameter only 0.6% larger than Si at room
and interface can be imaged in a single plan-view specimetemperature. Single-orientation, pseudomorphic Céfns
and the incident electron beam is not constrained to highas thin as 1.5 nm can be grown or(1il)."*
symmetry directions. Image contrast is also simpler to inter- ~ Well-oriented (<1° miscu} Si(111) substrates were
pret, since the scattering can often be treated kinematicallgleaned using the Shiraki methidcand were loaded into a
and because parameters such as objective lens defocus drither MBE system. The Si wafers were outgassed at 600 °C
lens aberrations do not have a critical influence on contrasbefore desorption of the oxide at 900 °C and Catas
In low magpnification TEM the electron dose is several ordersvaporated from a BN effusion cell at 1150 °C. Substrate
of magnitude less than that in HRTEM. temperatures were measured using a W/Re thermocouple in
Atomic-height steps on the surfaces of plan-view TEMthermal contact with the back face of the sample, calibrated
specimens have been seen in diffraction-contrast imagessing an optical pyrometer and thgBil)1X1-7X7 transi-
from a number of materials, including A%u]\/lgo,zv3 and tion temperature as observedibysitu reflection high-energy
Si*® These observations were performed using either conelectron diffraction. The pressure of the system was in the
ventional TEM instruments and nonreactive materigis  low 10 % Torr range during growth. Samples were capped at
and MgO?2 or in ultrahigh-vacuum(UHV) TEM instru-  room temperature with amorphous @kSi) before removal
ments, preparing clean surfadassitu*° In only a few cases from the vacuum system. Film thicknesses were either mea-
sured directly by x-ray crystal truncation rod scatterthgr
dAlso at National Center for Electron Microscopy, Lawrence BerkeleyWere inferred from the. relative intensity of *film” anc.i in-
Laboratory. terface” components in Cap@x-ray photoelectron signals
YAlso at Department of Physics, University of California, Berkeley. measuredn situ.*® Plan-view TEM specimens were prepared
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FIG. 1. Amodel of CalSi(111) viewed alond 110]: Open circles represent

Si atoms; circles shaded gray are F, and black circles are Ca. The bulk

coordination of the Cdeightfold and Si and Hfourfold) is indicated by FIG. 2. Two-beam TEM images taken from the same region of an

“sticks” connecting nearest neighbors. The twin orientation is visible as aa-Si/CaR,/Si(111) sample. The deposition time was 140 s and the substrate

180° rotation abouf111]. temperature was 770 °C, giving a film thickness 6 CaF, TLs. The
diffraction vectors are marked and the scale bar isgh® (a) is a S[220]
dark-field image taken with the incident beam within a few degre¢$idf.

by etching 0.1 mm thick Si discs in HF:HNQliluted 1:7 (_b) is the same region imaged with GAFL1] with the incident beam direc-
and were examined in a JEOL 200 CX electron microscopd®" ¢lose to Sil23).
equipped with a side entry, double-tilt goniometer specimen
stage and a wm diameter objective aperture. _ ray of 1/§112] line defects seen in Fig.(®, are 1/3111]
Figure 1 is a model of CafSi(111) viewed alond110].  steps at the CafSi(111) interface. The more curved steps
The smallest step height in Si and Gag1/3111](0.31 nm),  are at the Caff111) surface buried under amorphous Si. The
corresponding to the addition or removal of either a Si bi-contrast change across an interface step is the same as that
layer or a Caktriple layer(TL). (A CaF, TL is equivalentto  across a surface step, as is apparent in regions where the two
a single F-Ca-F molecular laygrSince Caf grows in a  sets of steps intersect. The Gastrface steps are therefore
twinned orientation, rotated 180° abdutfl1], the translation g|so 1/3111] (1 TL) high. (The TL step height is expected
symmetry between Cafand Si is brokent! The vector AB,  pecause it is known that Cafevaporates as F-Ca-F mol-
which connects equivalent Si sites below and above @cules) The misfit-relieving dislocations do not change the
1/3111] step, requires a further translation, BC, to connecthickness of the Caffilm and therefore show no contrast in
equivalent sites in twinned CaFThis broken-translational Fig. 2(b). The triangular features seen in FigaR appear
symmetry leads to the_formation of a line defect with a dis-dark in the Caff111] image in Fig. 2b). It has previously
placement of BC1/§112]) wherever there is a 1/B11] step  peen shown that growth at high temperatures proceeds via a
on the Si surface. The wafers used in this study all have g@eacted CafSi surface layer upon which 3—4 TL thick CaF
small miscut(<1°) from the exact111] direction, giving islands nucleate, grow, and coalesce to form a continuous
regularly spaced, parallel bilayer steps on the Si surfaceiim.'®* The 3-4 TL thick Cak islands are bounded by
which, in turn, result in regularly spaced, parallel line defectssj(111) surface steps and are elongated along surface ter-
at the Cal/Si(111) interface!® Figure Za), which was taken races. The triangular features visible in Fig&)2and 2b)
using a strongly excited &20] reflection, shows an array of are holes in the film where the islands have not completely
broken-translation-symmetry line defects at the interface becoalesced. The gray level next to each hole in Fil) 2or-
tween S{111) and a 1.5 nm thick CaHilm. A few of the  responds to the same thickness of either 3 or 4 TLs. The
line defects visible in Fig. @), for example the short defects smaller strain centers visible in Figs(@@@ and 2b) are pre-
running perpendicular to the broken-translation-symmetrysumably SiC particles, which commonly occur on Si surfaces
defects, show contrast consistent with a Burgers vector alongleaned using the Shiraki method. The SiC particles some-
(110 (the analysis is not presented herEhese are presum- times pin the Si 1/R.11] surface steps, giving cusps in the
ably misfit relieving dislocations, since the primary slip sys-CaR,/Si(111) interface steps, which can be seen in the strain
tem in bulk Cak is 1/X110 on{001.'® The change in con- contrast image in Fig.(@) and the thickness contrast image
trast on either side of two line defects in the lower right-handin Fig. 2(b). The SiC particles also influence the morphology
corner of Fig. 2a) is due to the buckling of the thinned TEM of the top surface, acting as secondary nucleation sites for
specimef’ in the presence of two 1210 type dislocations CaF, growth, leading to surface steps circling each SiC par-
which, in this case, happen to lie along 111] interfacial  ticle. The presence of well defined surface steps is direct
steps. The broken-translation-symmetry, i.e.,[11@], and  evidence for step-flow growth of Caft 700 °C.
misfit-relieving, i.e., 1/2110, line defects are not the only To understand the contrast in the GdR1] image
defects in the film. Triangular regions lying within individual shown in Fig. 2b), it is useful to consider the reciprocal
terraces and small strain centers are also visible. lattice for Si and twinned Cak drawn schematically in Fig.
Figure 2b) shows the same region as FigaR imaged 3. The CaK{111] reflection is coincident with the forbidden,
in dark field with Cak{111] close to the exact Bragg condi- weak Si 1/8511] reflection. Images taken with the
tion. Changes in thickness of 1 CAR. (0.31 nn) appear as CaF[111] reflection set close to the Bragg condition will
a change in brightness of the image. Two sets of steps atberefore be dominated by scattering in the CaFurther-
visible. The parallel steps, which are correlated with the armore, if the Cak film thickness is much less than the
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FIG. 3. A(112 section through the reciprocal lattices for twinned Cak

Si(111). Si reciprocal lattice points are black circles. Gaéciprocal lattice  F|G. 4. Two-beam Ca;flﬂ] images taken from samples grown @

maxima are ellipses. The dashed line lies alphiyl]. 700 °C with a deposition time of 72 s affio) 770 °C with a deposition time
of 140 s. The incident beam direction is close t§138] and the 0.5um

P P . . . scale bar applies to both figures. The ¢ag1] diffraction vectors are
CaFJ[111] extinction length, as is the case in FigbR mul- marked as arrows.

tiple scattering can be neglected and image brightness will be

proportional t(.) film thlckness.' T.h'S second approximation .'Simages. The method uses conventional TEM instruments
no longer valid for large deviations from the Bragg condi-

. ) . L nd, in th where the film an trat ttering ar
tion, which decrease the effective extinction length. The steﬁ1 d, © cases where e and substrate scattering are

contrast in Fig. &) vanishes if the sample is tilted 4° away Separable, can be applied to other materials systems. The

o . : observed contrast is also simple to interpret. We anticipate
from the Bragg condition, leaving contrast from line defec'[S'that the dark-field technique described here will be extremel
SiC particles, and holes in the film. The thickest G#fns q y

we have successfully imaged using gdR 1] reflections are powerful when appliedin situ, to thin-film growth.

~20 TLs thick. This limitation is due to increased diffuse . D. L. wou!d like to acknowledge hglpful dlscussmr_]s
. . : .~ with Steve Yalisove, T. T. Cheng, Mark Aindow, and Kevin
scattering from the Si, since plan-view TEM samples, which

) ) ; . Heim. This work was supported by the Director, Office of
are prepared by etching away the Si substrate, require tthkPBrasic Energy Sciences, Materials Sciences Division of the
Si backing to prevent thicker, strained, Gdlfms from re- '

laxing. In Fig. Zb) we use an extremely small, &m diam- U.S. Department of Energy under Contract No. ACO3-

eter, objective aperture to exclude as much diffuse back?6SF00098'

ground as possible.
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