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Defects in solids are often the source of functional activity, 
the trigger for crystal growth and the seat of 
instability.  Screw dislocations are notoriously difficult to 
study by electron microscopy.  Here we decipher the complex 
anatomy of one such defect in the industrially important 
nanoporous catalyst SAPO-18 by atomic force microscopy. 

For over thirty years transmission electron microscopy (TEM) has 
been widely used to investigate extended defects in various 
nanoporous systems. TEM allows direct imaging of a wide range of 
defect structures with very high resolution. One of the early 
examples of HRTEM (high-resolution TEM) of nanoporous 
materials was the observation of the porous framework of zeolite A.1 
Later, zeolite intergrowths were investigated and twinning and 
stacking faults were observed in the FAU/EMT,2 MFI/MEL3 and 
zeolite beta4 intergrowth systems. However, observation of screw 
dislocations by TEM methods is extremely challenging. TEM relies 
on electron build-up of the long-range structure in order to give a 
high-resolution image. The structure at a screw dislocation is 
different to the bulk crystal only at the core where a significant 
amount of strain is stored. Therefore, it is difficult to image the 
screw dislocation even with the beam focussed down the zone axis 
of the dislocation, which may or may not be orthogonal to the crystal 
facet. Atomic Force Microscopy (AFM) overcomes this problem 
because the spiral growth hillock generated from the screw 
dislocation can be imaged directly on the crystal surface. Further, 
AFM can be performed in solution permitting in-situ studies of 
growth or dissolution at the screw dislocation. The first crystal-
growth AFM investigation of a zeolite5 was performed in 1996 and 
since then a wide range of nanoporous systems have been 
investigated. Screw dislocations in nanoporous materials are 
surprisingly common despite the relatively large Burgers vectors 
associated with these defects that might suggest a large amount of 
strain would be stored at the screw core. Theoretical calculations on 

the possible structure at the core of a screw dislocation in zeolite A 
shows how this crystal strain can be accommodated in these open-
framework structures.6 Our group has now observed spiral growth in 
a large number of varied nanoporous systems. The synthesis of 
silicoaluminophosphate SAPO-18 was first reported7 in 1994 after 
the preparation of the aluminophosphate analogue, AlPO-18, in 
1982.8 Silicon incorporation into the structure gives SAPO-18 its 
Brønsted acidity and it is an important catalyst in the Methanol-to-
Olefins (MTO) process, which has recently been commercialised.9 
Crystal-growth investigations are especially important for 
catalytically active materials as the presence of defects can have 
profound effects on the catalytic properties. Here, we present the 
first AFM observations of SAPO-18 and show that the growth is 
dominated by a particularly complex spiral-growth mechanism.  
  

 
Figure	  1.	  Cage	  structure	  and	  unit	  cell	  of	  SAPO-‐18	  showing	  the	  double-‐
6-‐rings	  (grey)	  and	  both	  orientations	  of	  the	  AEI-‐cage	  (red	  and	  green):	  a)	  
viewed	   along	   the	   a	   direction;	   b)	   viewed	   along	   the	   b	   direction.	   The	  
‘nose’	  of	  the	  AEI-‐cage	  is	  on	  the	  right	  in	  the	  A	  layer	  and	  the	  left	  in	  the	  B	  
layer	  in	  (a).	  
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SAPO-18 has the framework code AEI and the structure is 
given in Figure 1. Tilted double-6-rings (D6Rs, shown in grey) are 
connected by 4-membered rings to form the larger, pear-shaped 
cages (herein referred to as the AEI-cage – this is the same as the 
per polyhedra10 or the t-per tile defined by Anurova et al.11). Owing 
to switching in the orientation of the D6Rs in the c-direction, the 
AEI-cages alternate orientation when stacking in the c-direction 
giving rise to both A and B layers (Figure 1a), where the ‘nose’ of 
the cage points in alternating directions. The unit cell dimensions 
were calculated from the powder pattern to give a = 13.493 Å, b = 
12.619 Å, c = 18.413 Å and β = 95.33° (monoclinic space group 
C2/c). This unit cell is shown in Figure 1 in black and comprises 
both A and B layers. The 95° β angle is evident in Figure 1b. 
 

 
Figure	  2.	   a)	  Vertical	  deflection	  atomic	   force	  microscopy	   image	  of	   the	  
{001}	   face	   of	   SAPO-‐18	   with	   the	   terrace	   edges	   outlined	   in	   white;	   b)	  
schematic	   showing	   the	   basic	   structure	   of	   the	   screw	   dislocation	   and	  
relative	  grow	  rates.	  

SAPO-18 crystals were successfully synthesised following 
the procedure outlined by Mertens et al.9 Experimental details, X-ray 
diffraction patterns (Figure S1) and scanning electron microscopy 
images (Figure S2) can be found in the Supporting Information. The 
reaction was quenched at the end of the synthesis to avoid changes in 
supersaturation from slow cooling, as this may affect the features 
visible on the surface. The crystals were not calcined prior to AFM 
analysis and exhibited a typical square-platelet morphology.12 Figure 
2a shows an AFM image of a representative SAPO-18 crystal 
(additional AFM images are given in Figure S3). The terrace edges 
are outlined for clarity and the original, unlabelled image is available 
as Figure S4a. The surface of SAPO-18 displays a complex spiral 
growth pattern with interlaced terraces present on the top left of 
Figure 2a, with arrows showing interlaced steps of one layer height 
(i.e. an A or B layer, half the unit cell). At the lower right of the 
figure another step edge (indicated by !) gives a triangular 
appearance to the spiral. The A and B layers emanate in concert 
from the screw core but then split (indicated by *) on the lower part 
of the figure. The heart of the dislocation near the core is 
characterised by small, ill-defined etch pits. 

Terrace step heights were measured in order to determine 
the structure of the dislocation. The straight terraces (indicated by " 
on Figure 2a) have step height 1.8 ± 0.1 nm (cross-section analysis is 
shown in Figure S4b). This corresponds to the unit-cell length in the 
c-direction of SAPO-18, demonstrating that the facet under 
investigation is the {001} face (as expected from the crystal habit). 
A schematic of the structure with crystallographic directions and 

relative growth rates is given in Figure 2b. These crystallographic 
directions were inferred from careful consideration of the AEI 
structure and relative growth rates. The [100] and [100] directions 
cannot be differentiated, and could be reversed, but these directions 
have been defined for clarity during the discussion. The step height 
across the interlaced terraces is 0.9 ± 0.1 nm, corresponding to a 
single A or B layer (half the unit cell, Figure S4c). The interlacing 
results from differences in growth rates between the A and B layer in 
the [110] and [110] directions. This is due to the switch in 
orientation of the AEI-cage from layer A to layer B (Figure 1a). The 
AEI-cages are displayed on the interlaced terraces on Figure 2b. In a 
given direction, the ‘nose’ of the AEI-cage either points out on the 
edge of the step or back into the terrace. This leads to growth 
anisotropy between the layers and also in the two different 
directions. In Figure 2b the A layer is shown as growing quickly in 
the [110] direction, but it is possible that the A and the B layers 
should be switched as we cannot easily ascertain which permutation 
will be more stable. The upper, more stable layer grows out to 
stabilise the underlying layer. The two possible arrangements are 
shown as Figure 3a and Figure 3b.  

 
Figure	   3.	   a)	   top-‐down	   view	   of	   the	   cage	   structure	   of	   the	   screw	  
dislocation	  with	  terraces	  edges	  indicated	  by	  white	  lines;	  b)	  alternative	  
structure	  where	   the	  order	  of	  A	   and	  B	   layers	   are	   reversed;	   c)	   oblique	  
view	  of	  the	  structure	  shown	  in	  (a).	  The	  screw	  axis	  is	  given	  by	  the	  black	  
line	  and	  D6Rs	  are	  omitted	  for	  clarity.	  

It has been shown in previous work13 that the stable 
structures in a nanoporous framework material are the closed cages – 
in this case the AEI-cages and the double 6-rings. The closed cages 
at the surface of the crystal consist of a mixture of Q4 and Q3 
tetrahedral sites. The stability of the cage is, to a first approximation, 
strongly related to the number of such sites, such that a cage with 
more Q3 sites will be less stable. However, in this case both 
permutations give four Q3 sites at the terrace edge (shown in Figure 
S5 in Supporting Information). The differentiation is that in one 
permutation the four Q3 sites are in an AEI cage and in the other 
permutation they are in a double 6-ring. Without a detailed 
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calculation of edge energy it is, therefore, not possible at this time to 
predict which of the two permutations is more stable.  

The problem of edge stability, however, can be addressed 
by considering growth in the [100] direction. In the [100] direction 
(as it is defined in Figure 2b), interlacing does not occur because the 
growth rate is slower than the [110] and [110] directions and hence a 
new terrace edge is formed (shown in Figure 2a with !). The 
growth rate along the a-direction is anisotropic because of the 95.33° 
tilt of the unit cell, which results in an acute and an obtuse edge. In 
calcite the obtuse step retreat upon dissolution is faster, thus the 
acute step is more stable.14 It is possible that this is the same in the 
case of SAPO-18 but a detailed theoretical study would be required 
to determine which step is more stable. Splitting of the steps is 
visible on the AFM images (Figure 2a, shown by *) approximately 
half way along the terrace edge. These crystals are a record of the 
growth features near to equilibrium where there is a balance between 
growth and dissolution. Therefore, the splitting will be a 
consequence of this balance such that the terrace is dissolved until 
the dissolution is arrested and pinned at the corner (shown in Figure 
3c) by the more stable corner in the layer above. We can determine 
which permutation is more stable by counting the number of Q3 sites 
in the cages at this corner and this reveals that the permutation 
shown in Figure 3a is more likely (Q3 count shown in Figure S6, 
Supporting Information). The acute angle that the split step adopts 
will also be a result of the balance between growth and dissolution 
such that the higher energy of the split step is countered by the 
shorter overall edge length (basic schematic given in Figure S7). 

 
Figure	   4.	   a)	   in-‐situ	   dissolution	   of	   SAPO-‐18	   after	   102	   minutes	   in	  
solution;	  b)	   schematic	   showing	  a	   trace	  of	   the	   terraces	  edges	  and	   the	  
spiral	  dissolution	  pit on	  the	  dissolved	  crystal;	  c)	  3D	  representation	  of	  a	  
simple	   round	   spiral	   growth	   hillock	   with	   a	   spiral	   dissolution	   pit	   at	   its	  
core.	   Red	   arrows	   show	   two	   terraces	   winding	   down	   from	   the	   same	  
layer.	  Scale	  bar	  shown	  in	  a)	  is	  500	  nm.	  

The screw dislocation was examined further by dissolving 
the crystal in pH 5 H3PO4 solution and performing in-situ AFM. 
Figure 4a shows a SAPO-18 crystal after 102 minutes of dissolution 
where the surface has partly dissolved leading to separation of the 
terraces and loss of the interlaced structure. The most important 
feature is the increased size and internal structure of the etch pit at 
the centre of the dislocation. A spiral is visible running down into 
the crystal and a trace of the terrace pattern is given in Figure 4b. 
This is a spiral dissolution pit at the centre of the spiral growth 
hillock. A cross section across the surface is given in Figure S8 to 
show the height changes across the dislocation. A simplified 
schematic of the spiral is shown in Figure 4c and the red arrows 
show the direction that the terrace is winding down from the core (or 
into the core). Both arrows are shown on two terraces from the same 
layer, one inside the spiral dissolution pit and one outside on the 
main spiral growth hillock. The spiral maintains its handedness but it 
gives the appearance of the spiral changing direction.  

Prior to dissolution, a small etch pit was apparent at the 
centre of the screw dislocation and these etch pits were universal to 
all crystals observed by AFM. In-situ AFM revealed that these etch 
pits are tight spiral dissolution pits. This is an unusual phenomenon 
and to our knowledge never reported previously. Interestingly, 
zeolite A crystals15 showed similar etch pits but since these crystals 
were never investigated by in-situ methods it is unknown whether 
these are also spiral dissolution pits. Monte Carlo simulations show 
that during dissolution conditions spiral dissolution pits can be 
generated.16 Many semiconductor materials show large holes at the 
centre of screw dislocations but are typically characterised as 
‘nanopipes’ caused by open core screw dislocations.17,18 In SiC, 
screw dislocations below three lattice constants do not have hollow 
cores but the ion-milled etch pits are smooth.19 

The reason that a spiral dissolution pit is present at the 
centre of the dislocation is that, as discussed previously, these 
crystals are near equilibrium where there is a balance between 
growth and dissolution. As a consequence, the effect of dissolution 
at the screw core makes a small spiral dissolution pit of only ca. 50 
nm and, therefore, cannot be properly imaged by the tip and appears 
as an ill-defined etch pit. When the feature being imaged is smaller 
than the size of the AFM tip then the tip is imaged rather than the 
surface features, resulting in an artefact being created. Upon further 
dissolution by acid the spiral dissolution pit expands from the core 
outwards making it accessible to the AFM tip. It is very unlikely that 
earlier in the synthesis, at higher supersaturation, that these spiral 
dissolution pits exist. It is much more likely that the spiral growth 
hillock would have a regular shape. 

The SAPO-18 crystal shown in Figure 2a in fact has four 
adjacent screw dislocations of the same handedness, leading to a 
composite spiral pattern. A schematic of the structure is given in 
Figure 5a and the small spiral dissolution pits are shown (the spirals 
of the dissolution pits cannot be directly imaged by AFM but the 
structure is inferred from the pattern of the larger spiral dissolution 
pits visible after in-situ dissolution). Figure 5b shows an enlarged 
image of the spiral centre. The overall growth patterns are identical 
for a single dislocation or a composite dislocation as the same 
structural rules and relative growth rates apply. The cores of these 
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spiral dissolution pits have well-defined structure unlike any other 
materials currently reported in the literature. 
 

 
Figure	  5.	  a)	  Schematic	  of	  the	  centre	  of	  the	  spiral	  for	  the	  crystal	  given	  in	  
Figure	   2a	   showing	   the	   small	   spiral	   dissolution	  pits	   at	   the	   core	  of	   the	  
spiral	  growth	  hillock;	  b)	  enlarged	  AFM	  image	  of	  the	  centre	  of	  the	  screw	  
dislocation.	  The	  terrace	  pattern	  is	  a	  result	  of	  a	  composite	  of	  four	  screw	  
dislocations.	  The	  spiral	  dissolution	  pits	  can	  be	  seen	  as	  dark	  defects	  on	  
the	  crystal	  surface.	  Scale	  bar	  shown	  on	  b)	  is	  500	  nm.	  

 
It is an important finding that the apparent ill-defined 

screw core is in fact a well-defined structure. Although we do not 
know the exact atomic structure at the screw core this result suggests 
that the structure is itself well defined. This is not surprising because 
of the facile manner in which these crystals grow via screw 
dislocations. It will be important in the future to perform both 
theoretical calculations and also careful electron microscopy studies 
in order to try to define exactly the atomic nature at these screw 
cores. 

In conclusion, SAPO-18 crystal growth proceeds via a 
spiral growth mechanism with complex terrace patterns specific to 
the AEI structure. The unusual terrace pattern was fully described by 
consideration of the AEI-cage structure of the two layers in the 
SAPO-18 unit cell. However, there are still some uncertain elements 
such as the definitive arrangement of the A and B layers, the relative 
growth rates of the acute and obtuse steps, and the nature of the split 
terraces. Therefore, this structure would be amenable to detailed 
theoretical studies. These SAPO-18 screw dislocations are unique 
because at their core there was evidence of spiral dissolution pits. 
This gave the appearance of etch pits on the surface, but dissolution 
revealed the unusual spiral dissolution pit	   at the dislocation core. 
Understanding the crystal growth of nanoporous materials is the first 
step to control of the defect formation and thus the catalytic 
properties. Spiral growth is important when considering intergrowth 
formation because in many cases intergrowth cannot occur on a 
spiral growth hillock so the intergrowth is inhibited. This is 
particularly important in the industrially relevant CHA/AEI 
intergrowth system because spiral growth is an important growth 
mechanism in both SAPO-18 and SAPO-34 (CHA).20 Therefore, 
these crystal growth observations have significant implications for 
defect incorporation in real industrial catalysts. 
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