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A robust technique, based on vertical �z-lift� manipulation of a negatively biased oscillating atomic
force microscope cantilever, is developed which creates raised columnar nanostructures with high
aspect ratios �up to 40 nm high/150 nm wide� on amorphous CdS thin films. The nanostructures’
height �8–40 nm� is proportional to z-lift of the tip and correlates with CdS film thickness. An
in-house modified electric force microscopy is used to record the associated surface charge
distribution which is found to be opposite to that of the tip. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2742910�

CdS has been widely used in photovoltaic device appli-
cations for several decades. Recently, its importance as a
component layer in the fabrication of tandem junction thin
film1 and annealed polycrystalline thin-film solar cells2 has
been recognized. It has also been incorporated in an oxygen-
ated form �a-CdS:O� in polycrystalline CdTe based thin-film
solar cells.3 The electronic transport properties,4–8 grain size
distribution, and stoichiometry9 of polycrystalline CdS films
have been studied extensively for some time. In this letter we
fabricate ultrathin CdS films ��10–100 nm� by radio fre-
quency �rf� sputtering and then employ a biased oscillating
atomic force microscope �AFM� tip to create raised columnar
nanostructures on the films. These nanostructures increase
the effective surface area of the films and therefore may play
a significant role in improving the efficiency of certain pho-
tovoltaic devices.

The present CdS films were deposited onto 100 nm thick
Au–Pd sputter-coated silicon wafer substrates. The procedure
has been described previously10 so only a brief description is
given here. The films were rf sputtered in a background of
argon at a pressure of �50 mTorr using a high purity
�99.999%� CdS target supplied by Kurt J. Lesker Co. A very
low deposition rate ��0.01–0.02 nm s−1� was employed to
ensure smooth and uniform films as was confirmed by sub-
sequent AFM imaging. Film thicknesses were determined in
situ using a quartz crystal microbalance and ranged from
30 to 500 nm.

A patterning technique was used in this study to produce
robust geometric functionalization of the films. The tech-
nique presents a unique combination of two techniques ex-
ploited previously, namely, amplitude modulated atomic
force microscopy-assisted electrostatic nanolithography11

�AFMEN� and z-lift AFMEN.12 Both of these techniques
were conceptually developed from AFMEN,13 a technique
which generates features by mass transport of dielectric poly-
mer macromolecules in the presence of a strong nonuniform
electric field. These techniques11–13 have been shown to be
effective for sacrificial surface reshaping of a wide range of
thermoplastics and rigid rod polymers but have never been
combined before the present work.

A Veeco Metrology Digital Instruments 3100 Dimen-
sions AFM employing a Nanoscope IV controller was used
in this study. A noncontact, highly conductive Micromash
NSC12 ultrasharp cantilever, 90 �m long and 35 �m wide
�force constant of 5 N m−1�, was mounted on an in-house
modified tip holder isolated from the rest of electric circuits
by a piece of insulating material. A piezoelement embedded
in the tip-holder resonates typically at 2.5 V amplitude with
the frequency of 240–315 kHz. C��, combined with a Digi-
tal Instruments nanolithography package, was used to ma-
nipulate the AFM tip through the following steps. First, the
tip was brought towards the surface to a distance where the
vibration amplitude �varied between 0.5 and 3.0 V� was sup-
pressed by three orders of magnitude. An oscilloscope was
used to monitor the tip’s vertical deflection signal. The tip-
surface separation for this event was selected as the reference
point. Second, the tip, while oscillating, was raised to point A
varied between 10 and 50 nm. Third, a bias voltage in the
range of −10 to −40 V was applied to the tip which was
slowly retracted to point B varied between 150 and 400 nm.
The retraction speed varied from 50 to 200 nm s−1 which al-
lowed for a total exposure time of 0.5–2 s. The fourth step
was lateral displacement of the tip at distance varied between
300 and 500 nm and back to the reference point. The cycle
was then repeated to create more nanostructures. Schemati-
cally, this simple protocol named z-lift amplitude modulated
�ZAM� �AFMEN� is presented in Fig. 1.

An in-house modified electric force microscopy �EFM�
was used to monitor the electric charge distribution and its
sign at the sample surface �see Fig. 2�. The principles of
EFM and its applications are described elsewhere.14 In our
system a sweep function generator was used to apply a
25–30 kHz sinusoidal modulation reference signal with an
amplitude of 4–5 V rms the AFM tip, and a digital lock-in
amplifier was employed to recover the tip’s vertical deflec-
tion. It is assumed that the associated electrostatic force due
to the modulation signal has a negligible effect on the me-
chanical oscillations of the tip at 250–300 kHz.

The patterned nanostructures were imaged and their to-
pography and electric charge distribution at the surface were
recorded over a period of several seconds after the ZAM
protocol was completed. The results are presented in Fig. 3.
A comparison of the patterned features with corresponding
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EFM images from the same location indicates that the charge
deposited on the CdS surface remains there for 5–10 min
before it finally drains via the conductive substrate. How-
ever, AFM imaging of the nanostructures 7 days later
showed no structural changes. EFM measurements indicated
that the sign of the charge at the CdS surface was positive,
i.e., opposite to that of the negatively biased AFM tip. It is
well known that a weakly biased AFM tip forms a tiny water
bridge under 20%–40% ambient humidity.15 Electric break-
down in water occurs in the presence of an electric field
whose magnitude approaches 109–1010 V m−1, which is the
case for the present 10–20 V biased AFM tip separated from
the surface by a distance of 0.5–2 nm. It has been reported
recently16 that electric breakdown inside the water bridge
initiates field-induced water ionization producing free carri-
ers �electrons� as follows: H2O=H++OH·+e−. From the pre-
vious work, it is suspected that the abundance of electrons

generated inside the water bridge is responsible for an
anomalous electric current of 100–500 �A in magnitude ob-
served on the surface of n-type Si, which has similar physical
properties to CdS. Electric current studies suggest that elec-

FIG. 1. �Color online� Schematic representation of the four-step ZAM pro-
tocol: First, a weakly biased AFM tip is brought towards the surface of the
a-CdS film �whose thickness was in the range of 30–500 nm�. Second, the
tip is held at reference point A. Third, the AFM cantilever, oscillating at
240–330 kHz, is slowly retracted from point A to point B while simulta-
neously applying a bias voltage of −10 to −40 V: this step forms the nano-
structures, 8–40 nm high and 50–150 nm wide, on the a-CdS surface. Bot-
tom: Three dots formed using an exposure time of 2 s; the AFM tip was z
lifted from 50 to 250 nm and the tip bias was −30 V.

FIG. 2. �Color online� Block diagram of the electric force microscopy
�EFM� technique. To reduce unwanted noise, an ac modulation signal
�25–30 kHz, 4–5 V rms� is applied to the tip and the vertical deflection
response signal �which contains information of surface electric potential� is
recovered using a lock-in amplifier. The image is collected 30 s after the
ZAM protocol is completed.

FIG. 3. �Color online� Examples of geometric functionalization of the
a-CdS surface. �a� 30 nm �8 nm high dots�, �b� 50 nm �22–25 nm high
dots�, �c� 100 nm �10–16 nm high dots�, �d� 200 nm �40 nm high dots�, and
�e� 500 nm �35 nm high dots� films. The tip is retracted from the surface to
a distance in the range of 50–250 nm; the tip bias is varied between −20 and
−40 V. The height of the features increases from 8 to 40 nm, which appears
to correlate with film thickness. EFM data suggest that positive electric
charge is deposited on the surface �in the darker colored regions as shown�
and dissipates 5–10 min later. However, all the physically patterned features
remain intact for 7 days. �e� Example of silicon surface oxidation using the
ZAM protocol �the tip is retracted from 50 to 250 nm and a negative bias of
−15 V was applied�: the height of the features was less than 3 nm.
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tric breakdown in water is common and takes place in a
variety of the systems involving high magnitude electric field
and dielectric, or in semiconductor substrates and we antici-
pate this to be the case in the present CdS work.

The large dc electric field due to the biased AFM tip in
proximity to the grounded CdS film may exceed
108–109 V m−1 because of local structural variations of the
tip and CdS surface; this field is sufficient to break Cd–S
bonds and trigger ionized mass transport through the CdS
films. However, electrochemical reactions at the CdS/water
interface which may also produce Cd ions cannot be ruled
out. For example, it has been proposed that photocorrosion
of CdS occurs in the presence of dissolved oxygen in aque-
ous solution.17,18 In this photocorrosion process light is es-
sentially an initiator which generates electron-hole pairs in
the CdS films. After a series of reactions involving the CdS
film, holes, and oxygen in the aqueous solution, the net result
is that SO4

2− and Cd2+ ions are the main photoproducts. In the
present work we propose that the large electric field close to
the biased AFM tip provides the energy required to create the
electron-hole pairs in the initiation step. Then, once Cd ions
have been created, oxidation mechanisms and/or mass trans-
port of the Cd ions are possible causing deposition of oxide
products and/or Cd ions at the CdS surface creating the ob-
served nanostructures. This suggests transport of material
vertically from below the nanostructures towards the surface
along electric field lines. Clearly, further work is required to
determine the exact nature of the mechanisms leading to
nanostructure formation. A useful starting point would be the
investigation of the following observations in support of a
mass transport mechanism: �a� The height of the nanostruc-
tures �8–40 nm� patterned on CdS is much greater than that
of structures patterned on silicon due to the surface scanning
oxidation. ZAM protocol has been used to pattern nanostruc-
tures on crystalline Si�110� surfaces and the results indicate
that their height does not exceed 3 nm. �b� The height of the
structures on CdS appears to correlate with film thickness;
we have observed 8 nm structures for a 30 nm film,
22–25 nm for a 50 nm film, 10–16 nm for 100 nm films,
40 nm for a 200 nm film, and 35 nm for 500 nm films. Fu-
ture work to confirm this correlation would support the hy-
pothesis that the material is displaced vertically. �c� The
structures on CdS remain the same for a substantial period of
time; if the sole mechanism for nanostructure formation were
oxidation, the structures would be expected to change over
time. This lends further support to our suggestion that a com-
bination of processes is responsible for their formation.

In summary, we have developed a patterning technique,
ZAM, which creates raised columnar nanostructures of
150 nm wide to 40 nm high on amorphous CdS films. Al-
though sequential in nature, ZAM protocol allows robust
geometric surface functionalization. It is anticipated that
ZAM can be implemented for biological applications, pre-
cise surface modification, where large area functionalization
is not required, and for photovoltaic applications in other
semiconductors �possibly organic�. Based on the height of
the structures and their stability over time, it is suspected that
a plausible physical explanation for the formation of these
nanostructures is related to a combination of oxidation and
ionized mass transport along the lines of very strong nonuni-
form electric field although further investigations are re-
quired to elicit the exact nature of these mechanisms.
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