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Using a combination of Z-contrast scanning transmission electron microscopy, scanning tunneling microscopy, and plan view 
diffraction contrast imaging, we have studied the growth and relaxation mechanisms of YBa2Cu3OT_x deposited on MgO and 
SrTiO3 substrates. Two-dimensional island growth occurs on SrTiO3 substrates, with relaxation through the nucleation of dislo- 
cation half-loops. The threading dislocation segments then have a screw component and can lead to kinetic roughening through 
the development of growth pyramids. In contrast, growth on MgO occurs by true three-dimensional island growth (with no wet- 
ting layer), most of the interface being incommensurate with the substrate (although crystallngraphically aligned). Dislocations 
with both edge and screw components are generated on island coalescence. A highly anisotropic surface energy is shown to he 
responsible for cell-by-cell c.l. growth being thermodynamically preferred, although at high supersaturations a transition to a k 
growth occurs. 

1. Introduction 

The growth mechanisms of the layered supercon- 
ductors, like their transport properties, are highly 
anisotropic. Equally importantly, deposition, whether 
by laser ablation, sputtering, or molecular beam ep- 
itaxy (MBE), can take place very far from equilib- 
rium, and microstructures may well be determined 
by kinetic factors rather than thermodynamics. The 
competition between kinetics and thermodynamics 
plays an important role in determining surface mor- 
phology, which translates into interface morphology 
in superlattices and device structures, therefore de- 
termining the eventual transport characteristics. 
There is much current interest, therefore, in the link 
between growth mechanisms and microstructures [ 1- 
8]. 

Using the new technique of Z-contrast imaging in 
the scanning transmission electron microscope 
(STEM), the interface morphology and hence the 
growth mechanism can be visualized directly. We 
have also used scanning tunneling microscopy 
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(STM) and plan view transmission electron mi- 
croscopy (TEM) to study the initial stages of  film 
growth, the density of  threading edge and screw dis- 
locations, and their nucleation mechanisms. Even 
though the final morphology of  films grown on 
SrTiO3 and MgO is very similar, the development of  
the microstructures, and the origin and density of  the 
threading dislocations, is completely different. In 
particular we find that cell-by-cell c±  growth is ther- 
modynamically preferred, but that whether two- or 
three-dimensional growth occurs depends on the 
choice of  substrate. A three-dimensional growth 
morphology can also develop for kinetic reasons, 
either during c ± growth once threading dislocations 
are present, or at higher supersaturation when the 
growth mode switches to a 2_. 

2. Experimental 

The Z-contrast technique provides an incoherent 
image combining direct atomic resolution with "col- 
umn-by-column" compositional sensitivity [ 9, I 0 ]. 
The objective lens of  the microscope is located be- 
fore the specimen and used to form a finely focused 
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probe which is scanned over the sample. There are 
no imaging lenses after the sample; instead the high- 
angle scattering is detected as a function of probe po- 
sition and used to map the scattering power of the 
sample, which depends on the square of the atomic 
number Z. Channeling effects confine the current to 
the atomic columns so that, for a sufficiently small 
probe, the columns are illuminated one by one, and 
thereby revealed directly in the image. This is a dark- 
field technique, so that atomic columns are seen as 
bright spots in the image; the heaviest columns are 
always the brightest features, allowing the unambig- 
uous discrimination of Ba, Pr and Y. Similarly, the 
Cu-chain planes always image as dark lines, due not 
to the lower oxygen content (O is too light to con- 
tribute significantly to the high-angle scattering), but 
because the Ba-Ba separation is larger than the Ba- 
Y separation. All Z-contrast images were obtained 
with a VG Microscope's HB501 UX STEM oper- 
ating at 100 kV accelerating voltage and a probe size 
(FWHM intensity) of 2.2 A. The plan view TEM 
studies were carried out using a Philips EM400 
microscope. 

Films and superlattices were grown by laser abla- 
tion using a KrF (248 nm) excimer laser at an en- 
ergy density of  ~ 2 J cm-  2 to give a deposition rate 
of approximately 1 A s-  ~ [ 11 ]. Film surface tem- 
peratures are estimated to be 40°C lower than the 
heater temperatures quoted below. Growth interrup- 
tions between target changes were typically 20 s. The 
STM images were obtained with a Nanoscope II op- 
erating in air with 0.3 nA tunneling current and 0.5 
V bias [ 8 ]. 

3. Cell-by-cell growth of YBa2Cu3OT_x on SrTiO3 

Fig. 1. Z-contrast image of an amorphous/crystal interface in cZ 
ion-implanted YBCO revealing the preferred crystal termination 
at the Cu-chain plane. 

RHEED oscillations have shown the strong ten- 
dency of oxide materials to grow unit cell by unit cell 
when all constituents are provided simultaneously 
[ 12 ]. They cannot, however, indicate the crystal ter- 
mination during growth, which is of major interest 
if attempting to fabricate planar superconducting de- 
vices. Both the origin of this behavior and the sur- 
face terminating plane can be inferred from fig. 1, 
which shows the amorphous/crystalline interface 
formed by room-temperature implantation of oxy- 
gen ions into a thin film of YBa2Cu3OT_x (YBCO). 

The macroscopic waviness seen in the low-magni- 
fication view is seen at higher resolution to resolve 
into discrete interface steps, the height of each step 
being the full 11.7 A c-axis lattice parameter. Re- 
markably, the interface is atomically abrupt and 
shows an overwhelming tendency to reside at the Cu- 
chain planes in the crystal, which are seen as the dark 
vertical lines. This observation implies that the sur- 
face energy of the Cu-chain plane must be substan- 
tially lower than that of the many other possible 
crystal termination planes. The Cu-chain plane is 
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therefore the thermodynamically preferred crystal 
termination. This explains why the c-l- growth mode 
is thermodynamically preferred, and why it too pro- 
ceeds on a cell-by-cell basis to maintain the same low- 
energy terminating plane. 

This interpretation assumes that, during implan- 
tation, the end-of-range region is close to thermal 
equilibrium. Striking evidence that this is indeed true 
comes from studies of Si, where it was shown that 
the position of the amorphous/crystal interface could 
be altered reversibly by changing incident flux or 
substrate temperature [ 13 ]. Thus we can consider 
the cell-by-cell amorphization seen in fig. 1 to rep= 
resent the reverse process to the thermodynamically 
preferred growth mode. It should be noted, however, 
that fig. 1 shows only the location of  the terminating 
plane within the unit cell. Our current image reso- 
lution is not sufficient to determine the number and 
arrangement of Cu atoms on this plane directly. 

Images from YBa2Cu3OT_x/PrBa2Cu307_x super- 
lattices grown on SrTiO3 directly confirm that c±  
growth proceeds on a cell-by-eell basis. Figure 2 shows 
a single-unit cell superlattice in which the single 
YBCO layer, though stepped, is clearly seen to be al- 
most perfectly completed before the next layer is nu- 
cleated [ 5 ]. The steps reflect the statistical nature of 
island nucleation and subsequent coalescence, and 
are uncorrelated in neighboring YBCO layers. Thus 
growth is occurring through the sequential nuclea- 
tion and coalescence of islands, as indicated sche- 
matically in fig. 3, which is the origin of the RHEED 
oscillations. In addition, the lateral size of the unit 
cell high islands under the nonequilibrium condi- 
tions of actual growth can be inferred from the sep- 
aration of steps, which is seen to be 20-30 rim. 

This two-dimensional island growth mode results 
in a gradual roughening of the film's surface mor- 
phology with increasing film thickness. Note that the 
transition between step-flow growth (nucleation at 
preexisting surface steps) and two-dimensional is- 
land growth (nucleation on the terraces) occurs when 
the surface diffusion length LD is comparable to the 
terrace width LT. This is controlled by the supersa- 
turation during growth (temperature, deposition rate, 
and oxygen partial pressure) and by substrate tilt. 

This growth behavior has been confirmed directly 
by STM observations at different film thicknesses 
[ 8 ], which are presented in fig. 4. In the case of a 

Fig. 2. Z-contrast image of a 1 × 8 YBCO/PBCO superlattice re- 
vealing the two-dimensional cell-by-cell growth mechanism. 

SrTiOa substrate (fig. 4 ( a - c ) ) ,  the film initially 
grows very smoothly, the dominant surface features 
being substrate steps preserved in the film's surface 
morphology. By a thickness of 16 unit cells, flat- 
topped islands are seen, in accord with the cross sec- 
tion images of  fig. 2. It is not clear at this stage of 
film growth whether the roughening is due to kinetic 
factors or represents the onset of islanding to relieve 
the substrate misfit strain. (Ion channeling studies 
clearly show that YBCO on SrTiOa grows strained 
initially [ 14 ]. ) By a thickness of 200 nm, however, 
the surface morphology is very different. Large spi- 
ral-topped growth pyramids are seen, indicating that 
the film has now relaxed and contains threading dis- 
locations with a screw component. On SrTiOa, there- 
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Fig. 3. Schematic indicating the transition between step-flow and two-dimensional island growth mechanisms. 

fore, the growth and relaxation mechanisms appear 
to be those familiar from semiconductor epitaxy, with 
the exception that the growth unit is a complete unit 
cell terminated at the Cu-chain plane. The transition 
between terrace sweeping or two-dimensional island 
growth can be tuned through the deposition condi- 
tions and substrate misorientation, and relaxation 
occurs through a mechanism of dislocation half-loop 
nucleation, followed by glide to the interface to form 
strain relieving misfit dislocations as shown sche- 
matically in fig. 5. The dislocation segments left 
threading the film at each end of the misfit dislo- 
cation will have some screw component and there- 
fore provide preferential nucleation sites where they 

emerge at the film's surface. This results in the growth 
of the large pyramids observed in thick films, a form 
of kinetic roughening. 

Note that the density of these dislocations and the 
size of the pyramids will be very sensitive to the ac- 
tual growth conditions. We would predict, for ex- 
ample, that lower deposition rates would lead to a 
lower density of screw segments, there being a longer 
time between individual nucleation events allowing 
more expansion of dislocation half-loops before they 
encounter another. This in turn will lead to a lower 
density of growth pyramids, and, since growth will 
be nearer to equilibrium conditions, their size should 
be smaller. Annealing a film with growth pyramids 



S.J Pennycook et aL / Growth and relaxation mechanisms 

Fig. 4. STM mierographs of YBCO films deposited on SrTiO3 to a thickness of (a) 8 unit cells, (b) 16 unit cells, and (c) 200 nm; and 
on MgO to a thickness of (d) 8 unit cells and (e) 200 nm. The early stages of growth are very different though the final microstruetures 
are similar. 

SrTi03, . MgO - Volmer Weber 

Fig. 5. Schematic showing the origin of threading dislocations (a) on SrTiO3 due to strain relaxation through the surface nucleation of 
dislocation half-loops and (b) on MgO as a result of island coalescence. 

should also result in smoothing, as the microstruc- 
ture relaxes towards the thermodynamically pre- 
ferred flat surface with the minimum number of  
steps. 

4. Three-dimensional growth of YBa2Cu3OT_~ on 
MgO 

The STM image of  an ultrathin film of YBCO on 
MgO (fig. 4 ( d ) )  shows that the initial stage of film 
growth is very different from growth on SrTiO3. Spi- 
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ral-topped islands can be seen in films only a few unit 
cells thick. In order to distinguish Stranski-Kras- 
tanov growth (strain-driven islanding in the pres- 
ence of a wetting layer of YBCO on the substrate) 
from Volmer-Weber growth (islanding with no wet- 
ting layer), dark-field plan view electron microscopy 
was performed using the {100} reflections of 
YBa2Cu307_x. Since these reflections are forbidden 
in MgO, the bare substrate shows dark. As can be 
seen in fig. 6, no wetting layer is present between the 
islands, and in fact the image intensity is seen to be 
quantized corresponding to thicknesses of 1, 2, or 
more unit cells of YBa2Cu3Ov_x. 

The moird fringes visible in the image show di- 
rectly that even the single-unit-cell regions of the film 
have relaxed close to their bulk lattice parameter. 
Most of the film shows no localized strain fields in- 
dicating an incommensurate interface with the sub- 
strate. Such islands are essentially floating on the 
substrate surface and must presumably acquire their 
epitaxial alignment (cube-on-cube as shown in fig. 
6) by nucleating graphoepitaxially at atomic steps in 
the MgO substrate. This was suggested by Norton et 
al. [ 3 ], although their substrates had been thermally 
treated to form large steps many atomic layers high. 
Here the same effect is occurring at substrate steps 
which are presumably less than the 11.7 :k height of 
the YBCO island. 

Small regions of the film, however, show fringes 
having twice the periodicity of the moir6 fringes. This 
indicates the presence of interfacial dislocations, and 
therefore the formation of significant chemical 
bonding with the substrate. Their presence has been 
confirmed by tilting experiments as shown in fig. 7. 
Since the moird fringes result from interference be- 
tween beams diffracted by the film and those dif- 
fracted by the substrate, high visibility fringes only 
occur over a small range of incident beam orienta- 
tions. On tilting the specimen slightly, the moir6 
fringes almost vanish while the interfacial disloca- 
tions remain in strong contrast. 

Cross section images have also indicated two dif- 
ferent forms of interface structure. In fig. 8, the light 
MgO substrate shows dark, and most of the interface 
is seen to prefer the Cu-chain terminating plane. In 
some areas two rows of Ba atoms are visible, which 
implies that the interface is formed at the CuO2 
planes. It is tempting to associate the stable Cu-chain 

termination with the incommensurate islands seen 
in plan view TEM, and the minority higher energy 
CuO2 termination with the formation of interracial 
bonds and localized misfit dislocation cores. Careful 
examination of fig. 1 also reveals some indications 
of this termination at the amorphous/crystal inter- 
face, implying that it is a slightly higher energy ter- 
mination and therefore less common. Although de- 
tailed interface structures cannot be deduced without 
improved image resolution, it is clear that the exis- 
tence of a single interface structure is rather unlikely, 
even for a single epitaxial orientation, given the 
number of possible structures with rather similar 
energies. 

Individual islands tend to show small angular mis- 
alignments, and as they coalesce on further film de- 
position, they form low-angle grain boundaries. The 
edge components of grain boundary dislocations can 
be seen clearly in the moir6 patterns. Interestingly, 
many small pinholes can also be seen in the film, with 
diameters ~ 7 nm. From the surrounding moir6 
fringes, it is clear that if filled they would contain a 
dislocation core (usually one {200} moir6 fringe ter- 
minates indicating a partial dislocation). Whether 
or not these pinholes eventually fill, they will be ca- 
pable of acting as active flux pinning sites, since the 
strain field around a threading dislocation can pre- 
vent the orthorhombic to tetragonal transition [ 15 ]. 

Islands nucleating on substrate terraces of differ- 
ent height could also produce c / 3  stacking faults on 
coalescence. Films grown at low substrate tempera- 
tures retain such stacking faults, which run right 
through the film thickness (see fig. 9) [ 16 ], and se- 
riously degrade the transport properties. The re- 
moval of this fault requires the nucleation of a screw 
dislocation, which, since stacking faults are not seen 
at normal Film deposition temperatures, is presum- 
ably the origin of the high density of growth spirals 
observed in the early stages of film growth by STM 
[ ~  101° cm -2, see fig. 4 (d ) ] .  The edge dislocation 
density can be determined directly from the moir6 
patterns and was found to be ~ 1011 cm -2 (similar 
to that seen by Streiffer et al. [ 4 ] ). The total density 
of threading dislocations seems quite ample to ac- 
count for the strong flux pinning seen by Mannhart 
et al. [ 17 ]. However, their films were grown on 
SrTiO 3 and had a much lower density of screw dis- 
locations. Based on our results, there is no obvious 
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Fig. 6. Dark-field plan view TEM image and microdiffraction patterns from a three unit cell YBCO fdm deposited on MgO. Dark regions 
represent bare substrate, and moir~ fringes indicate relaxation has occurred in single unit call regions of the fdm. 

reason for the existence of  a high density of  thread- 
ing edge dislocations. Even though their films were 
deposited by sputtering, we would still anticipate two- 
dimensional growth of  a strained layer, followed by 
relaxation through the nucleation of  dislocation half- 
loops. The threading dislocation segments should all 
have a screw component and be visible by STM. The 
origin of flux pinning in this case is still unknown. 

5. a 3. growth at high supersaturation 

Although cA_ two-dimensional island growth is the 
thermodynamically preferred growth mode of  
YBa2CuaOT_x, since it maintains the lowest energy 
crystal termination, kinetically it is rather ineffi- 
cient. A large amount of  surface diffusion is required 
to grow a layer one unit cell in thickness. I f  the crys- 

tal orientation were to change to a_l., then practically 
no surface diffusion would be necessary. The incom- 
ing flux would automatically find itself at the active 
crystal growth sites, as indicated schematically in fig. 
10. This growth mode therefore occurs under con- 
ditions of  high surface supersaturation. Figure 11 
shows the transition from c±  growth near the sub- 
strate to a_l_ growth. 

The surface morphology also changes radically 
with a ± growth. Since there is no long-range surface 
diffusion, the scale of  the roughness decreases sharply. 
Instead of the macroscopic waviness seen with c±  
growth, a microscopic roughness develops, as pre- 
served by the a ± superlattice imaged in fig. 12. This 
can only be distinguished from interdiffusion in the 
very thin regions of  the sample, so that the image is 
rather noisy, but the change in composition from 
PrBa2Cu307_x to YBa2CuaO7_x, and back, can just 
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Fig. 7. (a) Image showing both moird fringes and regions with interracial dislocations. (b) Image after a slight tilt to reduce the visibility 
of the moir6 fringes. 

be discerned in each individual unit cell column [ 5 ]. 
The anisotropy in surface energies, which leads to 

the relatively smooth interfaces found for c±  growth 
(and c ± amorphization), means that there is rather 
little driving force for smoothing an a ±  film; rough- 
ness only increases the surface area of the  low-energy 
planes (see fig. 8). Obviously, microscopic rough- 

ness such as is seen in fig. 10 could significantly af- 
fect the characteristics of any device structure re- 
quiting thin insulating layers, particularly a tunnel 
junction. In view of the recent interest in such de- 
vices [ 18 ] this is a major concern, although neither 
diffraction contrast TEM nor STM has had the res- 
olution to  detect it. Recently, however, Matsumoto 
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Fig. 8. Z-contrast image of MgO/YBCO interface showing two different interface structures. 

Fig. 9. c/3 stacking faults produced by low-temperature deposition. 

(a) c-.J.,  thermodynamically prefered 

slow low energy surface 

(b) a-J_ kinetically more efficient 

slow  
fast low energy surface 

,, / /  
V,..slow 

Fig. 10. Schematic indicating the transition from thermodynam- 
ically preferred c.l_ growth to kinetic.ally preferred a± growth at 
high supersaturation. 

et al. have demonstrated [ 19 ] near-atomic resolu- 
tion STM images from SrTiO3 using highly doped 
crystals. 

Note also that once the a_L morphology has nu- 
cleated, it continues through the superlattice struc- 
ture in spite of  growth interruptions at target changes. 
Streiffer et al. [ 20 ] have found a.L growth to be nu- 
cleated directly from a LaA103 substrate. Thus, it 
seems likely that in this case lower deposition rates 
or longer growth interruptions could be used to re- 
duce the surface roughness to desirable levels. 

6. Summary 
The thermodynamically preferred growth mode of  

YBCO is c_L, maintaining the low-energy Cu-chain 
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Fig. 11. Z-contrast image showing the transition from c±  to a ± growth (growth direction is towards the right). 

Fig. 12. Z-contrast image of an a_l_ 4 × 16 supeflattice preserving remarkable microscopic interracial roughness. 
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surface t e rmina t ion  through cell-by-cell growth. The 
t rans i t ion  f rom step flow to two-dimensional  is land 
growth can be control led through substrate  miso-  
r ienta t ion  and supersaturat ion.  On SrTiOa, fi lms 
grow init ially strained, and  relaxation occurs through 
the nucleat ion o f  d is locat ion half-loops. The  thread-  
ing segments with a screw componen t  emerging at 
the f i lm surface can then act as preferent ial  nuclea- 
t ion sites leading to growth pyramids .  The densi ty  o f  
threading screw dis locat ions is insufficient,  however,  
to account  for the strong flux pinning observed by 
Mannhar t  et al. [ 17 ], and  given this growth and re- 
laxat ion behavior ,  it is difficult  to see why a high 
densi ty  o f  threading dis locat ions o f  edge character  
should be present.  

In  contrast ,  growth on MgO occurs by  the Vol- 
m e r - W e b e r  mechanism,  three-d imensional  islands 
nucleat ing at a tomic  steps on the substrate  by  gra- 
phoepi taxy.  Most  o f  the interface is incommensura te  
with the substrate, regions only a single unit  cell thick 
being relaxed, and  small  misor ien ta t ions  o f  the is- 
lands create a high densi ty  o f  threading  dis locat ions  
as they coalesce on further depos i t ion  ( ~ I 0 ll c m - 2  
o f  edge type, 10~° c m -  2 o f  screw type) .  This  growth 
behav ior  does lead to the required densi ty  o f  thread-  
ing dis locat ions necessary to explain  strong flux 
pinning. 

Substant ia l  kinet ic  roughening has been observed 
for a_l_ growth induced  through high supersatura-  
tion, as well as for c ±  growth once screw disloca- 
t ions are present.  The  lateral  scale o f  the roughness 
is two orders  o f  magni tude  smal ler  in the  case o f  a ± 
growth. 
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