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The mechanical and electrical properties of CdTe tetrapod-shaped nanocrystals have been studied
with atomic force microscopy. Tapping mode images of tetrapods deposited on silicon wafers
revealed that they contact the surface with three of its arms. The length of these arms was found to
be 130±10 nm. A large fraction of the tetrapods had a shortened vertical arm as a result of fracture
during sample preparation. Fracture also occurs when the applied load is a few nanonewtons.
Compression experiments with the atomic force microscope tip indicate that tetrapods with the
shortened vertical arm deform elastically when the applied force was less than 50 nN. Above 90 nN
additional fracture events occurred that further shortened the vertical arm. Loads above 130 nN
produced irreversible damage to the other arms as well. Current-voltage characteristics of tetrapods
deposited on gold revealed a semiconducting behavior with a current gap of �2 eV at low loads
��50 nN� and a narrowing to about 1 eV at loads between 60 and 110 nN. Atomistic force field
calculations of the deformation suggest that the ends of the tetrapod arms are stuck during
compression so that the deformations are due to bending modes. Empirical pseudopotential
calculation of the electron states indicates that the reduction of the current gap is due to electrostatic
effects, rather than strain deformation effects inside the tetrapod. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2786993�

I. INTRODUCTION

CdSe and CdTe nanocrystals possess interesting photo-
electronic properties1 that make them interesting materials
for solar cell applications.2 Branched tetrapods with a CdSe
core and terminal CdTe branches are also important due to
unusual charge-separation properties.3–5 In addition to elec-
tronic properties, the peculiar shape of the nanocrystals
might confer to these material interesting mechanical prop-
erties, such as large compliance and toughness, with poten-
tial applications as shock absorbers.

In this paper we present a study of the mechanical prop-
erties of individual CdTe tetrapods, including adhesion, com-
pliance, and resistance to fracture. We will also present some
results on the relationship between mechanical and electronic
properties.

II. METHODS

A. Experimental

CdTe tetrapods were synthesized using colloid
chemistry.2 The crystals were suspended in toluene with a
concentration of 1 �M. The solution was used without fur-
ther purification. For measurements of mechanical proper-
ties, the samples were spin casted from the toluene suspen-
sion onto a silicon wafer at a speed of 8000 rpm, followed by
rinsing with pure methanol. For electrical measurements the
tetrapods were deposited on a �111� oriented gold film on a
glass substrate following a similar spin casting procedure.
The Au substrate was prepared by annealing in a butane
flame in air, after cleaning in acetone, chloroform, methanol,
and piranha solution �2:3; H2O2:H2SO4�. The resulting sur-
face consisted of large grains exposing flat terraces of �111�
orientation with sizes up to 400 nm, separated by monatomic
steps.

To study the mechanical properties of the tetrapods the
force-volume �FV� technique was used.6–8 In this technique
force-distance curves are acquired at each pixel of a selected

a�Author to whom correspondence should be addressed. Electronic mail:
mbsalmeron@lbl.gov
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area imaged by the atomic force microscopy �AFM�. From
these curves adhesion and elasticity maps can be produced.
The measurements were carried out with an Asylum Re-
search MFP-3D AFM. The piezoscanner was calibrated in x,
y, and z directions using NIST certified calibration gratings
�MikroMasch�. The spring constants of rectangular silicon
cantilevers �Olympus� were determined from the thermal
noise spectrum and found to range from 1.2 to 1.7 N/m. All
experiments were performed under ambient conditions
�21±1 °C, 30% relative humidity�. A loading speed of
200 nm/s was used in all force-distance measurements.

The electrical measurements were carried out in a RHK
AFM operating in ultrahigh vacuum using cantilevers with a
conductive TiN coating.9 The spring constant of these canti-
levers was measured to be 2.5 N/m using the method of
Sader et al.10

B. Theoretical

To simulate the mechanical properties of the tetrapods,
we used the valence force field �VFF� method containing
nearest-neighbor bond stretching, bond-angle bending, and
bond-length/bond-angle terms fitted to the experimental bulk
elastic constants.11 This type of classical model cannot
handle bond breaking, therefore our calculations only con-
cern the elastic regime in the experiment. The elastic con-
stants �C11,C12,C44� of our VFF model: �5.48,3.58,1.89�
�1010 N m−2 agree well with the experimental values
�5.35,3.71,2.02��1010 N m−2 of bulk CdTe.12 To model the
compression of the tetrapod, the top and bottom boundaries
of the system were treated as impenetrable planes perpen-
dicular to the vertical arm of the tetrapod, which were then
pushed together, minimizing the VFF total energy with re-
spect to all atomic coordinates. We examined two possible
cases: �i� the horizontal arms are allowed to slide freely on
the bottom plane, modeling a scenario in which there is no
sticking interaction with the surface; and �ii� the ends of the
horizontal arms are fixed in place, modeling a scenario in
which strong interaction with the surface prevents the ends
of the arms from sliding. The numerical derivative of the
energy �with respect to vertical displacement� gives the
force.

We consider a CdTe tetrapod with arm diameter of
2.8 nm, horizontal arm lengths of 38 nm, and vertical arm
length of 10.5 nm �containing 24 692 cation and anion at-
oms�, i.e., the dimensions were reduced by a factor of 3 from
the experimental one while keeping the same shape and as-
pect ratios. This is a compromise between making the system
size large enough to be physically relevant and the compu-
tational cost, especially for the subsequent quantum me-
chanical calculations. Since the displacement distances will
be smaller, we will instead compare the spring constants
�force/displacement�; and because the dimensional scaling is
expected to follow Young’s equation scaling, we will include
a multiplicative factor of 3 when comparing to the experi-
mental results.

To calculate the electronic structure of the tetrapod we
fitted a CdTe empirical pseudopotential with a band gap of
1.54 eV, effective mass of 0.125me �where me is the free

electron mass�, and spin-orbit splitting of 0.87 eV. The con-
duction band and valence band deformation potentials of the
pseudopotential are fitted to ab initio results.13 The band
edge states of the tetrapod under various compressive loads
are calculated using the folded spectrum method14 based on
this empirical pseudopotential Hamiltonian.

III. RESULTS

A. Geometrical structure of the tetrapods on Si
wafers

Figure 1�a� shows 2.4�2.4 �m2 tapping mode images
of isolated tetrapods on a silicon wafer. The tetrapods are
standing upright with three arms contacting the surface and
the fourth arm pointing vertically out. Instabilities in the
feedback control were observed during tapping to the tip of
the arm, which give rise to the bright spot in the images near
the center of the tetrapod. This instability might be related
with the easy bending deformation of the long arm. The
length of the three base arms was found to be 130±10 nm
�see histogram in Fig. 1�c��, while the vertical arm was about
120 nm. However, tetrapods with four long and nearly equal
arms like those in Figs. 1�a� and 1�b� were found to be un-
common. More often the images revealed tetrapods with a
substantially shortened vertical arm. The most commonly ob-
served height was 30±5 nm, followed by 40�±5� nm,

FIG. 1. �a� Tapping mode AFM image �2.4�2.4 �m2� showing several
tetrapods on a silicon wafer. The bright spot near the tetrapod center is due
to feedback response to mechanical instabilities. �b� Tapping mode image
�600�600 nm2� of a single tetrapod and cursor profile along the broken line
�e�. ��c� and �d�� Histogram of arm lengths found in the images. The histo-
gram shows that tetrapods with long vertical arms ��120 nm� are minority,
the majority having heights in the range from 20 to 50 nm and a few with a
length of 70 nm. �f� Model geometry derived from the height profile. The
slope of the near horizontal arms �from A to B� is small, about 4°, indicating
that the center of the tetrapod is separated from the substrate by 7–9 nm.
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20�±5� nm, and 70�±5� nm, as shown in the histogram in
Fig. 1�d�. Since the core of the tetrapod is 10–15 nm above
the surface, the actual arm length is also shorter by that
amount. An image of the more common short arm tetrapod is
shown in Fig. 2�a�. We hypothesize that fracture of the ver-
tical arm occurs as a result of capillary forces acting while
drying.

Line profiles over tetrapods both long and short �Figs.
1�e� and 2�b�� show that the base arms are closer to the
substrate than expected from a perfect tetragonal geometry.
The slope of the arm between point A and B is about 0.06,
corresponding to an angle with the substrate of �4° �Fig.
1�f��. This value should be compared with 19.5° expected for
undistorted tetrahedrons. In this geometry the gap between
the center of the tetrapod and the substrate is about 10 nm.
The distortion is probably the result of strong attractive
forces with the substrate that bend the arms and increase the
contact length.

B. Mechanical properties

The mechanical response of the tetrapods to applied
loads was investigated using FV mapping with a pixel den-
sity chosen so that at least one force-distance curve is taken
over the top of the vertical arm in each tetrapod. An adhesion
or pull-off force map from these curves is shown in Fig. 2�c�.
The adhesion of the tip is lower on the tetrapods �by about
10 nN, see histogram in Fig. 2�d��, than on the silicon sub-
strate. This is not surprising because �a� the tetrapods are
covered by a layer of trioctylphosphine oxide and octade-
cylphosphonic acid, which terminate with hydrophobic and
weakly interacting CH3 groups while the Si substrate is hy-
drophillic, so that in air an additional capillary adhesion
force is present; �b� the contact area between the AFM tip
and the tetrapods is small because the tip radius is about
40–60 nm and the arms have a diameter of 8 nm.

To determine the elastic or inelastic response of the tet-
rapods, we performed experiments at increasing values of the
maximum load. Figure 3�a� shows a 2.4�2.1 �m2 tapping
mode image of an area containing several tetrapods, with
vertical arm lengths in the range of 30–60 nm. After an FV
experiment with maximum load of 50 nN, the same area was
reimaged and is shown in Fig. 3�b�. The tetrapods appear
broader now due to an increase in the tip radius. It was often
found that sharp tips ��10 nm radius� giving the highest
resolution images break easily upon application of forces
above a few tens of nanonewtons. The heights are now close
to 25 nm, indicating that loads of 50 nN are sufficient to
break the vertical arm. Since the contact area between tip and
tetrapod is essentially determined by the diameter of the ver-
tical arm �8 nm�, the ratio 50 nN/��4 nm�2= �1 GPa puts a
higher bound to the elastic deformation limit of shortened
vertical arms. A second FV experiment was performed with
maximum load of 90 nN. Figure 3�c� shows an image ob-
tained after this experiment. Except for some drift, the image
is similar to the previous one and the height of the tetrapod is
unchanged. However, as the applied force continues to in-
crease the rest of tetrapod structure finally collapses. This
occurred after the third FV experiment at a load of 130 nN.
Figure 3�d� shows the image obtained after such experiment.

More quantitative observations can be made by exami-
nation of individual force-distance curves, as shown in Fig.
4. In these curves the origin of distances was arbitrarily
placed at the minimum of the approach curve. The initial
height of the tetrapod in the image of Fig. 4�a� �enclosed in a
circle� was 25 nm. Three force-separation curves on top of
the tetrapod with maximum load values as in the previous
experiment �50, 90, and 130 nN� were obtained and are
shown in Figs. 4�b�–4�d�. Separation �x axis� in these curves
is defined as the difference between the advance of the
sample and the bending of the lever, thus corresponding to
actual compression of the sample. At a load of 50 nN �Fig.
4�b��, the tetrapod has been compressed by 4 nm. The retract
curve in the same graph shows some hysteresis as well as a
higher adhesion �pull off� force. After release of the load the
height recovered to 25 nm. The difference between the
height under compression and the height under zero load

FIG. 2. �a� Topographic image of a tetrapod with a height of 25 nm, and
height profile �b�. �c� Adhesion force map extracted from the pull-off forces
in a 64�64 pixel force-volume experiment. �d� Histogram of adhesion
forces showing a bimodal distribution.

FIG. 3. Tapping mode AFM images �2.4�2.1 �m2�. �a� Initial image be-
fore application of forces. The tetrapod heights vary between 30 and 60 nm.
�b� After a FV scan with maximum load of 50 nN. �c� After a FV scan at
90 nN. �d� Same after 130 nN. At this load the base arm structure is
damaged.
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�4 nm� corresponds to the elastic deformation, which can be
attributed to flattening of the pyramid formed by the three
base arms. The spring constant for this tetrapod deformation
mode can thus be estimated to be 50 nN/4 nm=12.5 N/m.

When the maximum load was 90 nN in the second FV
experiment, the force-separation curve on the same tetrapod
shows a compression of 9 nm. After release of the load the
height recovered again to its initial value of 25 nm. We at-
tribute the 9 nm elastic deformation again to flattening of the
base of the pyramid. The same simple arithmetic calculations
as before gives a spring constant of 90 nN/9 nm=10 N/m,
not too far from the previous estimate.

The third FV experiment to a maximum load of 130 nN
produced a compression of 15 nm. As shown in Fig. 3 these
high load values produced irreversible damage to the base
arms of the tetrapod. A higher limit for the plastic yield stress
for this deformation can thus be set to 130 nN/��4 nm�2

=2.6 GPa.
Our first simulation considered the case of a tetrapod in

which the horizontal base arms are allowed to freely move
along the surface, shown as the dashed line in Fig. 5. The
force increases linearly as the base arms are completely flat-
tened against the surface, with a calculated spring constant of
0.07 N/m. In the inset figures, we depict representative
structures from these simulations, color coding the local hy-
drostatic strain at each atom site. The greatest compressive
and expansive changes occur near the core joining the arms
together, and the horizontal base arms are relatively uncom-
pressed except near the tip. Scaling the spring constant by 3
�as discussed in Sec. II B� gives a result of 0.25 N/m, which
is �50 times smaller than the experimental value. Since the
AFM imaging performed in Sec. III A might not resolve an
enlarged zinc-blende core of the tetrapod, we have examined
how this might change the forces. Increasing the diameter of
the zinc-blende core by as much as a factor of 1.5 �while

keeping the diameter of the arms fixed� did not alter the force
behavior significantly, so we eliminate this possibility.

Next we examined the case in which the horizontal base
arm ends were fixed horizontally in place, as might result
from the strong sticking interaction with the substrate men-
tioned in Sec. III A. The results of this simulation are shown
as the solid line in Fig. 5. Unable to slide along the surface,
the horizontal arms undergo an S-shaped buckling, as shown
in the top right inset of Fig. 5. For displacements up to
�3.3 nm, this would correspond to a spring constant of
1.5 N/m, leading to a scaled spring constant for the tetrapod
of �4.5 N/m, which is more consistent with the experimen-
tal results than the freely sliding case. Beyond 3.3 nm dis-
placement, the force is observed to be reduced, but this prob-
ably corresponds to the plastic regime observed in the
experiment and would be accompanied by other structural
effects which are beyond the scope of our elastic simulations.
The fact that our calculated spring constant is about a factor
of 2 smaller than the experimental one might have several
causes. One possible reason is that in our calculation, we
have ignored any capillary force between the tetrapod and
the substrate. Such capillary force could flatten the lower
part of the tetrapod legs, thus effectively reducing their
length while increasing the spring constant.

C. Electrical conductance of tetrapods under load

Figure 6�a� shows a topographic image of a region in a
Au film containing a tetrapod. Its vertical arm is 23 nm high.
Using a conductive TiN-coated tip, the current through the
tetrapod was measured as a function of applied bias,15 with
the tip contacting the top of the tetrapod’s vertical arm at a
load below 0 nN �i.e., pulling the tip away from the surface
but still in the attractive well�. The current bias characteristic

FIG. 4. �a� Tapping mode image �1.5�1.5 �m2� containing three tetrapods
with heights of 24, 25, and 25 nm. ��b�–�d�� Force-separation curves taken
over the center of the tetrapod marked by the white circle in �a�. The maxi-
mum loads are 50, 90, and 130 nN in each curve, respectively, which pro-
duced compressions of 4, 9, and 14 nm respectively.

FIG. 5. �Color online� Calculated force-displacement relationship. The fig-
ures represent the tetrapods with color code to indicate local hydrostatic
strain at each atom site. Green means zero hydrostatic strain, red means
tensile strain, and blue means compressive strain. The dashed line in the
graph at the center corresponds to the free sliding arm case �bottom figures�;
the solid line corresponds to the fixed end arm case �top figures�. The tetra-
pod used in the calculations is three times smaller in each dimension than
the ones used in the experiment. The green line in the force curve indicates
where the linear fitting of the spring constant is performed.
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under this condition is shown in Fig. 5�b�, both in I-V and
dI /dV forms �the latter in a log scale�. These I-V curves were
quite reproducible, indicating that the contact is elastic at
these loads. The current became immeasurably small
��0.1 pA� when the applied voltage between tip and gold
decreased below ±1.1 V. This 2.2 eV range of current gap is
higher than the optical band gap of CdTe �1.6–1.8 eV� re-
ported by Manna et al.16 In general, the measured current
gap is not necessarily equivalent to the semiconductor energy
gap because in a diode configuration the field distribution in
the gap between tip and gold electrodes is unknown. In ad-
dition, Schottky barriers and poorly defined interfaces of the
electrodes with the surfactant covered tetrapods make the
2.2 eV current gap an upper limit of semiconductor energy
gap.

This gap was found nonetheless to depend on applied
load, as shown in Fig. 6�c�. For small elastic deformations,
i.e., for effective loads below 50 nN �pressure �1 GPa�, the
gap remains approximately constant. Between 50 and 70 nN,
when the pyramidal structure is elastically flattened, the gap
decreases to about 0.9 eV. Finally, at high load ��100 nN�,
the I-V measurement shows a metallic character, suggesting
that the tetrapod has been damaged and that the tip contacts
the gold substrate. This is consistent with the observation in
Fig. 3�d� where the horizontal arms were damaged by a load
of 130 nN.

We have calculated the conduction band minimum
�CBM� and valence band maximum �VBM� states using the
empirical pseudopotential Hamiltonian. We have calculated
three loading situations: one with zero load �bottom left inset

in Fig. 5, to be called free tetrapod below�; one at the maxi-
mum load with fixed arm ends �top left inset in Fig. 5, to be
called fixed arm tetrapod below�; and one with the arms
touching the substrate in the free sliding case �bottom right
inset in Fig. 5, to be called free sliding flattened tetrapod
below�. The VBM energies for these three cases are −3.997,
−3.965, and −4.017 eV, respectively, while the CBM ener-
gies for these three cases are −2.002, −1.911, and −1.957 eV,
respectively. Thus the band gap changes from 1.995 eV in
the free tetrapod to 2.054 eV in the fixed arm tetrapod to
2.06 eV in the free sliding flattened tetrapod. The VBM and
CBM wave functions for the free tetrapod and the free slid-
ing flattened tetrapod are plotted in Fig. 7, while the wave
function plots for the fixed arm tetrapod are very similar to
that of the free tetrapod. For this reason they are not shown
here. We see that both VBM and CBM wave functions are
localized near the core of the tetrapod, except for the CBM
of the free sliding flattened tetrapod, where 70% of the
weight of the charge density is located at the arms. The
CBM+1 state in the free tetrapod is found to be located at
the three arms17 and it has the same symmetry as the CBM at
the core. In the free sliding tetrapod, the core region has a
strong compressive hydrostatic strain, which raises the en-
ergy of the original CBM at the core. As a result, this CBM
and the CBM+1 states hybridize and form the current CBM
with both core and the arm charge. It is at an anticrossing
transition stage of these two states. Thus our calculation in-
dicates that it might be possible to use mechanical load to
cause state crossing. Note that for larger tetrapods �as in the
experiments reported here�, this state crossing becomes
easier since the original CBM to CBM+1 energy difference
is smaller, but the strain effects remain the same. It will be
interesting to measure such state crossing experimentally in
the future since it corresponds to a significant photolumines-
cence optical signal change.

The calculated band gap change, from 1.995 to 2.06 eV,
is due to the internal strain of the tetrapod caused by the
application of load. It does not explain the large experimental
current band gap changes observed in Fig. 6�c�, and it has the
wrong sign �band gap increases, instead of decreasing�. One
possible reason for the current band gap decreasing is due to
the polarization potential P�r� in the quasiparticle equation.18

P�r� is defined as 0.5�r�→r�W�r� ,r�−Wb�r� ,r��, where
W�r� ,r� is the screened potential at r� of a point charge at r
in the given system, and Wb�r� ,r� is the same screened po-

FIG. 6. �Color online� �a� Contact mode AFM topographical image �1.0
�1.0 �m2� obtained in ultrahigh vacuum, of a Au�111� oriented film with a
tetrapod deposited near the center �marked by a circle�. The height is 25 nm.
�b� Current-voltage �I-V� and dI /dV plots at an effective applied load of
0 nN showing an apparent gap in the current of 2.2 eV. �c� Plot of current
gap width as a function of effective applied load. In the left region the
tetrapod deforms elastically by flattening of the pyramidal base. In the cen-
ter region the load causes the tetrapod arms to be flattened against the
substrate. The right hand region corresponds to damage of the tetrapod and
tip-gold metallic contact.

FIG. 7. �Color online� Wave function isodensity plots �shown in blue� of
conduction band minimum �CBM� states ��b� and �d�� and valence band
maximum �VBM� states ��a� and �c��, for uncompressed tetrapods ��a� and
�b�� and compressed free sliding flattened tetrapods ��c� and �d��. The same
isosurface value is used in all plots.
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tential in an infinite bulk. It has been shown that18 P�r� needs
to be added �subtracted� to the pseudopotential Hamiltonian
to get the quasiparticle equation for the electron �hole�. In the
above calculation, P�r� is not included. However, due to the
existence of the metallic substrate, there could be a large
negative P�r�. Since the wave functions are localized near
the core, the magnitude of P�r� at the core can provide an
estimate for the eigenenergy change. For a metallic substrate
P�r� is caused by the image charge. Thus, if the height of the
core is h, P�r�=−1/4h and the change in the quasiparticle
band gap is 2P�r�=−1/2h. A typical tetrapod will have h
=25 nm when �20 nN negative load is applied, this will
yield a band gap reduction of �30 meV. When large load
��30 nN� is applied �near the limit of the elastic regime in
Fig. 6�c��, the core of the tetrapod is probably close to make
contact with the substrate. Then h=4 nm for an 8 nm diam-
eter tetrapod. This will give a band gap reduction of
�0.2 eV. This can be used to explain the �0.2 eV band gap
reduction in the elastic regime of Fig. 6�c�. After the tetrapod
completely contacts the substrate �perhaps, in the plastic re-
gime of Fig. 5�c��, the above perturbation argument might no
longer hold, and more detailed calculations based on the P�r�
added to Schrodinger’s equation become necessary. In those
cases, the wave function might become further localized due
to P�r� and make the band gap even smaller, which might
correspond to the big band gap drop in the plastic regime
shown in Fig. 6. Other plastic changes of the tetrapod shape
and atomic structure can also cause large changes in the band
gap.

IV. CONCLUSIONS

We have used AFM to study the mechanical and elec-
tronic properties of individual tetrapod-shaped CdTe nano-
crystals. The tetrapods were found to be very fragile, and
many “as deposited” tetrapods have their vertical arm con-
siderably shortened, fractured we believe by capillary forces
during solvent evaporation. We also found that such fracture
events result in a distribution of vertical heights with the
most commonly found values being 30, 40, 20, 70, and
120�±5� nm.

We have shown that the vertical arm can be also broken
by the AFM tip when the applied force reaches a few tens of
nanonewtons. An upper limit of 1 GPa was found for the
elastic-inelastic threshold leading to tetrapod fracture. After
the vertical arm is reduced to a few tens of nanometers, the
remaining pyramidal structure behaves as a spring with a
constant of approximately 10 N/m. The deformation occurs
by flattening of the pyramid while maintaining the base arms
intact. The tetrapod structure �horizontal arms� collapses at
pressures above 2.6 GPa. Our simulations indicate that the
substrate plays an important role in determining the spring
properties in the elastic regime, depending on whether or not
the ends of the arms are allowed to slide freely. By compar-
ing the calculated and the observed spring constants, we con-
cluded that the ends of the arms are probably stuck during
the compression process.

Electrical transport measurements of tetrapods on a gold
substrate indicate that they behave as semiconductors with
an apparent energy gap of 2.2 eV or less at pressures below
1 GPa �corresponding to a 50 nN load�. This gap decreases
to about 0.9 eV in the pressure range of 1–2 GPa
�60–110 nN loads�, when the pyramidal structure is de-
formed. At higher loads, the contact has a metallic character
due to the tip making contact with the gold substrate. Atom-
istic quantum mechanical calculations show that band gap
changes due to the elastic deformation of the tetrapod are
much too small to explain the observed change in the elastic
regime. Instead, an electrostatic polarization potential due to
the image charge on the metallic substrate might explain the
observed large band gap reduction. Our calculations also in-
dicate that mechanical loads might be used to induce electron
state crossing in the tetrapod.
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