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O
wing to their tunable properties
and large surface-to-volume ra-
tios, nanocrystals (NCs) are being

considered for a wide range of applications
including photovoltaics,1,2 biomedical
imaging,3,4 photocatalysts,5,6 opto-
electronics,7,8 and even rocket propellants.9

Nanocrystal heterostructures (NCHs) are an
emerging subclass of NCs where two or
more chemically distinct components are
brought together epitaxially.10 The best
known example is the core/shell structure
where the outer shell enhances the proper-
ties of the core (e.g., increasing photolumi-
nescence quantum yields of CdSe NCs with
ZnS or CdS shell).11�13 More recently, non-
core/shell or anisotropic NCHs have been
reported.14�23 These anisotropic NCHs pro-
vide opportunities to synergistically com-
bine unique properties of two or more ma-
terials potentially leading to entirely new
ones. Before we can exploit such benefits,
studies elucidating general parameters fa-
voring anisotropic as opposed to isotropic
growth are much needed. To date a few dif-
ferent anisotropic NCHs have been
achieved and they may be categorized into

two distinct types. First is the extension of

nanorods or related structures where the

spatial anisotropy already present in the

seed material facilitates unidirectional

growth of or spatially selective chemical

conversion to the second component.20�23

Second is the anisotropic nucleation from a

nearly spherical seed.14�18 One example of

the latter type is Fe3O4/CdS NCHs where the

large lattice mismatch in the presence of

near coincidence site lattices24�27 have

been shown to induce anisotropic growth

of the second component (i.e., in a noncore/

shell manner).14,28 Here, we examine how

size and growth rate affect the overall mor-

phology of Fe3O4/CdS NCHs.

The majority of the junctions formed in

the anisotropic Fe3O4/CdS NCHs have been

shown to be the near coincident {111}/{111}

interface with the same zone axes when

CdS is zinc blende and the equivalent {111}/

{0001} interface when CdS is grown in the

wurtzite structure.14,28 Even in the presence

of these coincidence site lattices, there is a

small but non-negligible mismatch. Better

accommodation of the residual interfacial

strain in smaller NCs has been shown to al-

low one or a small number of CdS NCs to

grow to large sizes on a small seed Fe3O4 NC

(i.e., limitations on the number of CdS nucle-

ated), whereas starting with larger seeds

easily leads to nucleation of multiple CdS

NCs with limitations on the sizes achievable.

To assess the possibility of single particle

precision morphology engineering based

on this strain effect, we first quantify the av-

erage saturation number of heterojunc-

tions that can form on seed Fe3O4 NCs of

varying sizes. To do so, we have separated

the junction formation step from the

growth step by multiple injection synthe-

sis. This in turn allows us to vary the rate of
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ABSTRACT To better understand the growth mechanism leading to enhanced anisotropy in nanocrystal

heterostructures synthesized from nearly spherical seeds, we have examined various factors that contribute to

structural diversification in Fe3O4/CdS systems. Pseudoseparation of nucleation and growth allows us to quantify

how the number of heterojunctions formed varies with concentration and the size of the seed nanocrystals. A

careful examination of the size dependence of the maximum number of CdS particles that can nucleate per seed

nanocrystal suggests strain induced limitations. By increasing the growth rate, we observe an enhancement of

spatial anisotropy in rods-on-dot heterostructures without the need for rod promoting capping molecules such as

phosphonic acids. Crystallographic details allow us to identify three distinct morphologies that can arise in rods-

on-dot heterostructures due to zinc blende/wurtzite polytypism in CdS. In all three cases, the junction planes

contain identical or nearly identical coincidence sites.
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growth independently from heterogeneous nucleation
allowing control over the average number of hetero-
junctions formed and providing a route to interesting
rods-on-dot morphologies without the need of capping
molecules that enhance unidirectional growth. Close
examination of crystallographic details of the hetero-
junctions reveals polytypism-induced structural diversi-
fication in rods-on-dot NCHs.

RESULTS AND DISCUSSION
Separation of Junction Formation and Growth. Separation

of junction formation and the ensuing CdS growth al-
lows for a careful study of each step of the synthesis
separately. Figure 1 demonstrates the technique in-
volved for dots-on-dot morphology. Fe3O4 NCs are first
synthesized with a narrow size distribution. A desired
average number of Fe3O4/CdS junctions are then
formed by varying the amount of Cd and S reagents
added in the first injection, the “nucleation” step. Here,
we refer to this first Cd/S reagent addition step as the
junction formation step or nucleation step interchange-
ably. Subsequent Cd/S reagent addition leads to a pref-
erential growth on the preformed nuclei. We refer to
this second injection and any other additional Cd/S re-
agent injections as the growth steps.

To verify that the subsequent growth injections do
not lead to new CdS nuclei formation, we have exam-
ined the average number of CdS NCs nucleated per
seed Fe3O4 NC after multiple growth steps. The nucle-
ated CdS grows larger in each growth step but even af-
ter four growth injections that were each five times
the amount of CdS precursors injected for initial junc-
tion formation step, the average junction frequency re-
mains constant as shown in Figure 2. The red shift in
the absorption shoulder corresponding to CdS band
edge transition further supports the increasing size of
CdS due to subsequent growth injection steps (Figure
S1 in Supporting Information).

Size Dependence of Saturation Number of Junctions. Having
established that the junction frequency is unaltered by
subsequent growth steps, we now examine how the
amount of CdS precursor added in the initial nucleation
step affects the junction frequency. Since the CdS “nu-
clei” are often difficult to distinguish, an additional
growth injection consisting of 2 or 3 times the original
nucleation amount of Cd/S reagents is carried out to fa-
cilitate statistical analysis. Figure 3 shows how the aver-
age number of junctions formed per seed Fe3O4 NC var-
ies with the amount of CdS precursors added in the
initial nucleation step for several different sizes of the
seed NCs. All cases appear to have a saturation limit
where the number of junctions/seed NC no longer in-
creases with increasing amount of Cd/S reagent added.
The increasing saturation number of junctions with in-
creasing size of the seed NC is expected on the basis of
previous observation that multiple CdS particle nucle-
ation is facilitated on larger NCs.28 The results shown in

Figure 3 can now be used as “calibration curves” for syn-

thesizing Fe3O4/CdS NCHs with desired average num-

ber of heterojunctions. More importantly, these results

provide insights on how the saturation number of junc-

tions scales with seed size.

To provide a more precise size dependence, 161 het-

erostructures have been measured from nine reactions

in the junction number saturation regime (e.g., at nucle-

ation amount of 0.3 mmol for 4�5 nm size range). Fig-

ure 4A shows the seed NC diameter dependence of the

Figure 1. TEM images outlining the general synthesis procedure. In
the junction formation step, Fe3O4 NCs appear to have small lumps
which are the CdS “nuclei.”

Figure 2. Average number of junctions formed per seed NC
with multiple CdS growth steps (number of injections). Fe3O4

NCs of average diameter 6.7 nm are first nucleated with 0.1
mmol of CdS precursors. Each growth step consisted of 5�
Cd/S reagent amount used for the initial nucleation. Error
bars are the standard deviation of the number of junctions
per seed NC counted from TEM images.

Figure 3. Dependence of the average number of hetero-
junctions formed per seed Fe3O4 NC on CdS precursor
amount injected in the “nucleation” step. Each data point is
a single synthesis which started with seed Fe3O4 in one of the
four average diameter ranges as indicated. Error bars are
the standard deviation of the number of junctions per seed
NC counted from TEM images. Junctions/NC > 7 are esti-
mates since some of the CdS NCs may be on top or below
the large Fe3O4 NCs and cannot be clearly distinguished.
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saturation number of CdS NCs that can nucleate per

Fe3O4 NC. Since each reaction leads to Fe3O4 NCs with

size distribution of about 5 to 10%, data shown are

binned at diameter increments of 0.5 nm. A near linear

dependence is seen in the diameter range from �4 to

�12 nm and saturation occurs at �8 junctions at the

largest sizes indicating that the maximum number of

junctions that can form on each seed particle is not a

simple function of the available surface area. The initial

linear behavior also suggests that this dependence on

size is unlikely to be determined by the number of fac-

ets per NC which we anticipate to be independent of

size for the diameter range studied here. However, the

fixed number of facets per NC, especially the {111}

planes of the Fe3O4 NCs which are always at the hetero-

interfaces whenever we can clearly identify the junc-

tion planes, should and does appear to place limitations

on the maximum saturation number of junctions at

�8. At the small size range there is also a limitation

from the surface area of the {111} planes. At �4 nm di-

ameter, we anticipate the {111} facets to be about 2 nm

across which is about the length scale of the minimum

size needed to accommodate enough coincidence sites

at the heterointerface (see Figure 4B). This may then in-

dicate the critical size for heterogeneous nucleation.

To account for the near linear dependence in the in-
termediate size regime, we consider possible effects of
the strain due to an effective 2D lattice mismatch of
�4% between the coincidence planes (Figure 4B).14,28

For simplicity, we assume that the strain field with a
characteristic length � imposes the closest possible dis-
tance between two CdS particles on the same Fe3O4

NC to be 2� as schematically shown in Figure 5. We fur-
ther simplify by assuming � to be independent of size.
This constraint then leads to the saturation configura-
tions shown in Figure 5. The diameter range for each
configuration comes from the following. The minimum
is the diameter of the sphere in which the correspond-
ing polyhedron of sides 2� fits and the maximum is the
diameter of the sphere in which the immediately larger
size polyhedron, again with sides 2�, fits (e.g., tetrahe-
dron and octahedron in a sphere with edges of length
2� define the range for 4 particles on a seed NC). This
simple picture would lead to steps in the diameter de-
pendence of the saturation number of junctions at
number of junctions � 1, 2, 3, 4, 6, and 8 as shown in
the blue dashed line in Figure 4A. We note that if we im-
pose the condition that only {111} facets of Fe3O4 can
accommodate CdS growth, which is what we observe,
then 3-junction case would be eliminated. However, the
diameter range for 3-junction case is rather small and
would not alter the dependence very much. More im-
portantly, given that the seed NCs are likely to have
variations in shape (e.g., varying aspect ratios, different
faceting, etc.), this geometrical constraint would not be
strictly followed. Therefore, instead of the diameter
ranges shown in Figure 5, we consider the expected
saturation number of junctions with respect to the ex-
pected average diameter �d� defined as the average of
the minimum and the maximum values in a given
range. That is, we expect to see 2 junctions at a diam-
eter around (1 � 2/(3)1/2) � and so on. The �d� value for
1 junction is set as the average of the lower limit fixed at
4 nm (based on the above argument that 4 nm is about
the size at which the {111} facet area is large enough
to accommodate a heterojunction) and the diameter at
which the 2-junction structures begin. For the upper
size limit, the �d� value for the 8 junction case is taken
as the average between the minimum expected value
of (12)1/2� and the maximum experimental value of 16
nm. These geometrical expectations based on strain in-
duced minimum distance between particles are plot-
ted as blue open squares along with the experimental
data in Figure 4A. The agreement is excellent with a rea-
sonable value of � � 3.5 nm. Considering variations in
shape, which can only be a reduction in symmetry from
simple sphere considered, would lead to less than the
discrete junction frequencies of 2, 4, 6, and 8 for a given
diameter (i.e., the open squares in Figure 4 would shift
down) but a slightly smaller value of �, which would be
closer to �1 to 3 nm observed in TEM images, would
lead to essentially the same diameter dependence.

Figure 4. (A) Dependence of saturation number of junctions per NC
on the seed Fe3O4 diameter (filled circles). Error bars are the standard
deviations in the numbers counted from TEM images. Blue open
squares and dashed line are expectations from a simple geometrical
strain model with characteristic length of 3.5 nm as described in the
text. (B) The coincidence sites on the (111)Fe3O4 /(111)CdS(Zinc Blende) or
(0001)CdS(Wurtzite) junction planes. Smaller red circles represent Fe at-
oms and the larger blue circles represent S atoms.

Figure 5. Schematics and the corresponding diameter range
for the simple geometrical model described in the text. A fixed
effective strain length (�) leads to limitations on the maxi-
mum number of junctions per NC of a given diameter (d).
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We emphasize that this simple geometrical model
serves only as an intuitive guide. One immediate correc-
tion to consider, even in the absence of shape distribu-
tion pointed out above, may be the nonuniform strain
field. Following Figure 4B, every three atomic steps of S
sites along either one of the directions labeled with
length would lead to near coincidence with every two
atomic steps for the corresponding directions in Fe
sites. On the basis of lattice parameters of bulk crys-
tals, three atomic steps of S sites are larger by �4% than
the two atomic steps for Fe. This would lead to a slight
tension in the Fe3O4 NC in the direction parallel to the
junction plane making the parallel {111} plane directly
opposite to the plane on which initial CdS nucleated (as
in the 2-junction case in Figure 5) better matched for
second CdS to nucleate. However, other possible junc-
tion planes that are at angles between 45 and 135° to
the first junction plane would become more difficult
from which to nucleate (owing to positive Poisson ra-
tio). Several additional factors including diameter-
dependent strain fields, surface/interfacial relaxation,29

interactions with capping ligands, and varying facet ar-
eas and facet-to-facet distances also need to be consid-
ered for a more complete description. All of these fac-
tors should contribute to the observed deviations from
the steplike behavior expected from the simple geo-
metrical considerations given here.

Growth Rate Dependent Heterostructure Morphology. In ad-
dition to the precursor concentration and the size de-
pendence of the number of heterojunctions formed,
the separation of junction formation step from growth
allows us to examine the role of growth rate on the fi-
nal NCH morphology. As a simple control over the
growth rate, we have varied the amount of Cd/S re-
agent added in the second injection step, that is, in-
creasing “monomer” concentration to just below the
homogeneous nucleation threshold to increase growth
rate. With the increased growth rate, we observe CdS
rods to form on the seed Fe3O4 NCs. Figure 6 compares
the dots-on-dot structures obtained at slow growth
rates (A and C) with the rods-on-dot structures from
the fast growth conditions (B and D) for two size ranges.
It is interesting to note that CdS rods are grown on the
seed NCs without the need for enhancing rod growth
with capping molecules such as octadecyl phosphonic
acid.30,31

Figure 7 shows how the average length and the di-
ameter and therefore the aspect ratio of CdS evolve
with the amount of reagents added in the growth step
for NCHs with average seed Fe3O4 NC size of 7 nm.
When the amount of the Cd/S reagent added for the
growth step is similar to that of the initial nucleation
step (i.e., at low growth rates), the resulting CdS NCs are
nearly spherical as shown in TEM images of Figure 6A
and C. As the ratio of Cd/S reagents added in the
growth step to that added in the nucleation step in-
creases (i.e., growth rate increases), the aspect ratio also

increases eventually leading to rods-on-dot morpholo-

gies as seen in Figure 6B and D. As expected, decreas-

ing the overall concentration of the reaction mixture

with noncoordinating solvent (while keeping the

growth injection amount of Cd/S as high as when rods

are achieved) leads to lower aspect ratios further con-

firming the effects of Cd/S reagent concentration on the

growth rate and therefore the overall NCH morphology.

Wurtzite/Zinc Blende Polytypism and Structure Diversification.

Previous studies on Fe3O4/CdS NCHs have shown that

the CdS can grow as wurtzite or zinc blende.14 This

polytypism in CdS leads to diversification of possible

morphologies within the rods-on-dot geometries even

when the number of nuclei per seed NC can be con-

trolled. While the structural diversity may be amplified,

the rods-on-dot structures can in turn facilitate charac-

terizing crystallographic orientations at the heterojunc-

tions due in part to the larger sizes of the rods and in

Figure 6. TEM images demonstrating rod-on-dot anisotropy
dependence on precursor concentration. Smaller size seed
Fe3O4 NCs with 1:1 (A) and 5:1 (B) growth-to-nucleation CdS
precursor amount ratio leading to slow and fast CdS growth,
respectively. Panels C and D are analogous to panels A and
B for larger sizes of seed NCs. Higher magnification images
are shown in the insets.

Figure 7. Evolution of average diameter (circles), length
(squares), and aspect ratio (triangle) of CdS rods with in-
creasing growth rate as represented by the ratio of amount
of reagents added during the growth step to that of nucle-
ation step. The nucleation amount consists of 0.15 mmol of
CdS precursor.
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part to easy-to-identify rod growth axis. There are three
distinct CdS rod configurations that we have observed
in the rods-on-dot NCHs. In all three configurations, CdS
always grows on the {111} plane of the seed Fe3O4

NCs.
For NCHs with 7�9 nm Fe3O4 seeds, the most abun-

dant of the three configurations is the “branched” struc-
ture (56% out of 126 junctions examined via high reso-
lution TEM) as shown in Figure 8A. For the larger 15�16
nm seed diameter as shown in Figure 8B, we observe
similar but slightly lower yield of these branched junc-
tions (41% out of 79 junctions). Note that these struc-
tures sometimes have only one branch as shown in Fig-
ure 8A which then makes them appear similar to the
“kinked” structures discussed later. However, the single-
branch structure can be easily distinguished from the
kinked structures by high resolution images showing
lattice fringes and by difference in the angle of the rod
growth direction with respect the Fe3O4 {111} plane.
Branching occurs when the CdS is initially nucleated as
zinc blende and fast growth conditions favoring rod

growth lead to tetrapod-like structures where wurtzite
rods grow out of the {111} planes of the zinc blende nu-
clei. The Fe3O4/CdS heterojunctions in these cases are
the zone axes aligned {111}/{111} planes with coinci-
dence sites shown in Figure 4B.

For the smaller 7�9 nm seed size range, the sec-
ond most abundant configuration observed is the lin-
ear structure (27%) as shown in Figure 9A. At the larger
seed size of 15�16 nm, we observe a substantial in-
crease in the yield of these junctions (58%) as shown
in Figure 9B. These linear structures arise from CdS be-
ing nucleated as wurtzite and continuing to grow in the
same crystal structure with preferential growth along
the �0001	 direction. The heterointerfaces in this con-
figuration are the same junction planes with coinci-
dence sites as shown in Figure 4B with the {0001} planes
for CdS which is equivalent to the {111} planes of zinc
blende.

The less frequently observed NCH morphology is
shown in Figure 10. This “kinked” structure, which is ob-
served �15% of the time for the smaller 7�9 nm seed
NCs and only �1% of the times for the larger 15�16 nm
seeds, arises from wurtzite CdS growth. The heterojunc-
tion in this case consists of {111}/{101̄1} interface. A
schematic of this interface is show in Figure S2 of the
Supporting Information. These kinked structures are
also often associated with stacking faults near the
Fe3O4/CdS interface as indicated in Figure 10. The
{101̄1} plane of wurtzite is a near close-packed plane,
that is, similar to the {0001} plane. Incorporating the
stacking faults, the CdS part of the interface then be-
comes the same as or very close to the junction plane
with coincidence sites shown in Figure 4B. We believe
that the main reason for the low yields of these kinked
structures on larger seed Fe3O4 NCs may be associated
with interfacial strain. The smaller seed NCs will likely
accommodate strain better making it more versatile for
the CdS {101̄1} junction plane to form.

CONCLUSION
We have shown that the junction formation step

can be separated from growth while the average num-
ber of CdS particles growing on Fe3O4 can be main-
tained in anisotropic NCH synthesis. By doing so, we
have been able to examine how the maximum num-
ber of heterojunctions that can form depend on the size
of the seed NCs and how the growth rate affects the re-
sulting NCH morphology. The emerging picture of the
growth mechanism for anisotropic Fe3O4/CdS NCHs
from the results obtained is as follows. CdS can nucle-
ate on {111} planes of seed Fe3O4 NCs in either wurtz-
ite or zinc blende form. Slow growth leads to dots-on-
dot morphologies where the maximum number of CdS
that can grow on Fe3O4 is mainly determined by the in-
terfacial strain. The strain may be considered to limit
the nearest possible distance between growing CdS
particles. Rods-on-dot structures arise at fast growth

Figure 8. High resolution TEM images of branched CdS nanorods
grown on Fe3O4 NCs. Branching occurs by initial zinc blende nucle-
ation followed by wurtzite growth. An example is shown for small (A)
and large (B) seed NCs. Note that the junction planes are the same in
both cases.

Figure 9. High resolution TEM images of linear CdS nanorods grown
on Fe3O4 NCs. Linear rods arise from nucleation of wurtzite CdS and
continued wurtzite growth. An example is shown for small (A) and
large (B) seed NCs.

Figure 10. High resolution TEM images of kinked CdS nanorods grown
on Fe3O4 NCs. Note the stacking fault near the junction in the CdS is of-
ten observed and may help to better accommodate the
heterointerface.
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rates and these structures provide insights on the het-
erointerfaces and how polytypism in CdS leads to three
distinct morphologies: “branched” structure when CdS
nucleates as zinc blends and “linear” and “kinked” struc-
tures with wurtzite nucleation. The branched and the
linear structures have the same junction planes with co-
incidence sites, that is, {111}CdS(Zinc Blende) or
{0001}CdS(Wurtzite) aligned with {111}Fe3O4. The CdS junc-

tion planes of kinked structures are {101̄1} planes
which in the presence of stacking faults may become
nearly identical to the {0001} planes at the inter-
face. While the overall wurtzite to zinc blende ratio
of the CdS nuclei does not appear to change very
much with size, the linear-to-kinked ratio increases
with increasing seed Fe3O4 size which may also be
attributed to strain effects.

METHODS
All syntheses were carried out using standard airless tech-

niques under N2. Reagents were used as received. All steps of
the synthesis described below were carried out as a one-pot syn-
thesis where the reaction mixture is always kept in the same re-
action vessel under N2. Small aliquots were taken out of the re-
action mixture after each step for characterization.

Synthesis of Fe3O4 NCs. Fe3O4 NCs were prepared in a 50 mL
three neck round-bottom flask with a reflux condenser by ther-
mal decomposition of 0.2 mL of Fe(CO)5 in a vacuum degassed
solvent of dioctyl ether and oleic acid according to ref 32. The av-
erage size of the NCs was controlled by changing the amounts
of oleic acid and dioctyl ether, while the amount of iron pentac-
arbonyl was kept constant in all syntheses. As an example, 10 mL
of dioctyl ether and 1.1 mL of oleic acid were used to make NCs
with 7 nm average diameter. We note that vacuum degassing of
the solvent to consistent dryness is important in achieving de-
sired size of Fe3O4 with narrow size distribution.

Heterojunction Formation. Following the synthesis of Fe3O4 NCs,
the reaction mixture was cooled to 100 °C under N2 and an indi-
cated amount of 1 M bis-trimethylsilylsulfide (TMS2S) in 3 mL of
trioctylphosphine (TOP) was injected. The solution was then
heated up to 180 °C at �15 °C/min and held at this tempera-
ture for 5 min before cooling to 60 °C. An equimolar amount (1:1
Cd:S) of 1 M Cd(CH3)2 in TOP was then added dropwise to the re-
action mixture. After 5 min of vigorous stirring the solution was
heated at �15 °C/min to 250 °C and maintained at this temper-
ature for 30 min. The amount of CdS precursors injected for this
junction formation step determined the average frequency of
heterojunctions formed per seed NC.

Subsequent growth of CdS. Following the nucleation step, the re-
action mixture was cooled to 60 °C and indicated amounts of
0.5 M Cd(CH3)2 and TMS2S in TOP (1:1 Cd:S molar ratio) were
added dropwise. After stirring for 5 min, the solution was heated
up to 200 °C at �15 °C/min and annealed for 1 h. At annealing
temperatures of 200 °C and below, the rods-on-dot geometry is
maintained but higher temperature annealing (e.g., reflux at
�280 °C) causes structures to slowly revert to dots-on-dot mor-
phologies. The resulting NCHs can be precipitated with ethanol
and redissolved in nonpolar solvents. The molar ratio of growth
injection of CdS precursors to the nucleation amount determines
the aspect ratio of the epitaxially grown CdS. Smaller growth/
nucleation Cd/S reagent ratios lead to spherical CdS grown on
Fe3O4 NCs while higher ratios lead to CdS rod growth. Injecting
more than 6
 the amount of Cd/S reagent for the growth step
than the nucleation step generally leads to homogeneous nucle-
ation of isolated CdS NCs. This is independent of the nucleation
amount. Adding oleic acid before the growth step greatly re-
duced the aspect ratio for CdS. The overall junction formation
and growth of CdS on Fe3O4 NCs are outlined in the series of TEM
images in Figure 1.

Characterization of NCHs. Transmission electron microscopy
(TEM) samples were prepared using a dilute chloroform solu-
tion of NCs on Cu grids coated with a thin carbon film (Tedpella
Inc.). TEM analysis was conducted with a JEOL 2010 LaB6 operat-
ing at 200 kV. Powder X-ray diffraction (PXRD) measurements
were carried out on a Rigaku Geigerflex with a D-MAX system.
Fe3O4 NCs typically had a standard size deviation of 6%. Samples
with higher than 10% size distribution were not included in the

statistical analysis. In all plots shown, the error bars are the stan-
dard deviation in the TEM statistics from the average value which
is the plotted point.
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