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Conductive-tip atomic force microscopy (C-AFM) is a power-

ful tool for investigating the electrical characteristics of phase-

change materials commonly used for electronic and optical
data storage. We demonstrate the usefulness of this technique

by examining the electrical conductivity of crystalline marks

recorded with a focused laser pulse on a thin Ge2Sb2Te5 film.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Stanford Ovshinsky pioneered the
field of disordered materials that can be reversibly changed
between amorphous and crystalline states by an energy
source, such as electricity or a laser beam [1–3]. His
discovery of amorphous chalcogenides has revolutionized
the fields of electronic and optical data storage [4–16].
This paper, which is dedicated to ‘‘Stan,’’ as his friends and
admirers call him, briefly explores certain properties of thin
films of Ge2Sb2Te5, a leading candidate for both reversible
electrical and erasable optical memories.

Figure 1(a) shows the stack structure used in our
experiments. Here a glass substrate is first coated with
130 nm of ZnS–SiO2 dielectric layer, then covered with a
5 nm-thick gold film that acts as the bottom electrode in
our Conductive-tip atomic force microscopy (C-AFM)
measurements (MFP-3DTM, Asylum Research). A 10 nm-
thick amorphous Ge2Sb2Te5 layer (GST) is finally deposited
over the gold layer. The deposition is done in a conventional
magnetron sputtering system, and the recording of lines and
marks on theGST sample is carried out using a static test-bed
in which pulses from a l¼ 658 nm semiconductor laser are
focused on the sample surface via a 0.65NA diffraction-
limited objective lens.

Our C-AFM cantilever probe is coated with PtIr5
and is connected to the virtual ground, as shown in
Fig. 1(a). An SEM image of the C-AFM tip is shown in
Fig. 1(b). The bias voltage Vbias is applied to the gold
film through the application of silver paste and conductive
carbon tape to a region of the sample that is about 10mm
away from the area on which various laser-written marks
are located.

In what follows, we present optical, AFM, and
C-AFM images of laser-recorded marks on amorphous
GST films. We find that our C-AFM image contrast is
significantly enhanced when parallel straight lines are
carved into the sample by laser ablation, straight lines
that define amorphous GST stripes with an approximate
width of 5–10mm. Additional information and further
detail can be found in our previous publications on the
subject [17–25].
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1946 C. M. Chang et al.: Characterization of Ge2Sb2Te5 thin films using conductive-tip AFM
p

h
ys

ic
a ssp st

at
u

s

so
lid

i b

Figure 1 (online colour at: www.pss-b.com) (a) Diagram of the
experimental setup, depicting a conductive-tipAFMmonitoring the
local electrical resistivity of a sputter-deposited ZnS–SiO2(130 nm)/
Au(5 nm)/Ge2Sb2Te5(10 nm) stack atop a glass substrate. (b) SEM
image of the conductive probe, which is coated with a thin layer
of PtIr5.

Figure 2 (online colour at: www.pss-b.com) (a) Optical micro-
scope image of pairs of parallel straight lines recorded on the stack
of Fig. 1(a) at different laser powers (2–4mW) under the fixed
stage velocity of 100mms�1. While the as-deposited GST film
remains amorphous, the recorded lines are either crystalline or
ablated. (b) AFM and (c) C-AFM images of the same region of
the sample. The C-AFM image was acquired with Vbias¼ 50mV at
a current gain of 2 nAV�1.
2 Recording parallel straight lines When writing
straight lines on the GST film using a focused continuous-
wave (CW) laser beam, we have control over the laser power
Po and the stage velocity Vo. Figure 2 shows the results of
writing five pairs of straight lines at Vo¼ 100mms�1 using
different laser powers, starting with Po¼ 2mW on the
right-hand side, and increasing the power in increments of
0.5mW up to Po¼ 4mW on the left-hand side. With the
increasing laser power up to about 2.5mW, the recorded
lines become more and more conductive, but ablation sets
in at Po� 3mW. The line-pair on the right-hand side of
Fig. 2(b) is probably crystalline, as it shows a change in the
density/thickness of the film, but crystallization has not
yet led to a pronounced change in conductivity [26].
The conductivity of individual crystalline grains does not
seem to depend strongly on the laser power. The regions in
between the recorded lines, whether these lines are crystal-
line or ablated, remain amorphous. Neither the AFM nor
the C-AFM image in Fig. 2(b,c) indicate any changes in
the topology or the conductivity of the amorphous stripes
located between adjacent lines.

The results of recording straight lines on the GST
sample with a fixed laser power at different stage velocities
are shown in Fig. 3. The three line-pairs in this figure were
recorded at Po¼ 2.8mW and Vo¼ 50, 75, and 100mms�1,
respectively. At the slow scanning rate of Vo¼ 50mms�1,
ablation appears to be setting in. This is not visible in the
optical image of Fig. 3(a), but inferred from the AFM image
in Fig. 3(b). Frames (d, e) of Fig. 3 aremagnified views of the
line-pair appearing on the left-hand side of the frames (a–c),
clearly indicating the onset of ablation. Apparently, the
nonuniform stage motion consists of a series of discontinu-
ous jumps. In all cases, crystallization of the lines does not
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
seem to affect/modify the amorphous stripes in between
adjacent line-pairs. At high magnification, however, weakly
conducting spots appear to be present at random in the
amorphous regions; see Fig. 3(e).

We mention in passing that the scale-bars used for AFM
and C-AFM images are generally chosen for the highest
possible image contrast, which requires striking the right
balance between the signal and noise levels.

3 Characterization of marks recorded on
amorphous GST stripes Figure 4 shows optical, AFM,
and C-AFM images of a series of marks recorded with
different laser powers (4–20mW) and pulse durations (100–
1500 ns) on the amorphous stripes that are defined by an
array of crystalline lines. The lines themselveswere recorded
with a focused CW laser beam at Po¼ 2.5mW and with a
www.pss-b.com



Phys. Status Solidi B 249, No. 10 (2012) 1947

Original

Paper

Figure 3 (online colour at: www.pss-b.com) (a) Reflection optical
microscope image of straight line pairs recorded on the stack of
Fig. 1(a) with a fixed laser power of 2.8mW at different stage
velocities of 50, 75, and 100mms�1. (b) AFM and (c) C-AFM
images of the same region of the sample. (d, e) Magnified AFM
and C-AFM images, respectively, of the line pair recorded at
Vo¼ 50mms�1. The C-AFM images in (c) and (e) were acquired
with Vbias¼ 100mV and a current gain of 2 nAV�1.

Figure 4 (online colour at: www.pss-b.com) (a) Reflection optical
microscope image of marks recorded with different laser powers
(4–20mW) andpulse durations (100–1500 ns) on the stack structure
depicted in Fig. 1(a). Also written on this sample are straight
crystalline lines with a focused CW laser beam at Po¼ 2.5mW
and a stage velocity Vo¼ 100mms�1. (b) AFM and (c) C-AFM
images of recorded marks and crystalline lines in the same region
of the sample. The C-AFM image in (c) was acquired with
Vbias¼ 50mV and a current gain of 2 nAV�1.

www.pss-b.com � 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online colour at: www.pss-b.com) (a) Reflection optical
microscope image of marks recorded with different laser powers
(4–20mW) and pulse durations (100–1500 ns) on the stack
structure of Fig. 1(a). Also written on this sample are ablated
straight lines with a CW laser power of Po¼ 10mW at a velocity
of Vo¼ 100mms�1. (b) AFM and (c) C-AFM images of recorded
marks and ablated lines in the same region of the sample. The
C-AFM image in (c) is acquired with a bias voltage of 50mV and
a current gain of 2 nAV�1.
stage velocity of Vo¼ 100mms�1. In the C-AFM image of
Fig. 4(c) the crystalline lines are barely visible, indicating
that the degree and/or depth of crystallization has been
insufficient to create a conductive path to the gold under-
layer. Note that our general procedure for presenting AFM
andC-AFM images is to choose the corresponding scale-bars
for maximum image contrast. Thus the fact that the C-AFM
image in Fig. 4(c) fails to reveal the existence of many of the
smaller marks is an indication that the small-mark signals in
this instance are below the noise level.

In Fig. 5 we show images of the same set of recorded
marks as in Fig. 4, but the straight lines in this case were
written with a 10mW focused laser beam at a speed of
100mms�1. The highly crystallized boundaries of the
ablated lines are electrically conductive, forming a continu-
ous path from the various regions of the sample to the
grounding pad, which is pasted on the lower part of the
sample (not shown). The recorded marks in Fig. 5(c) exhibit
higher C-AFM image contrast relative to those in Fig. 4(c),
presumably because the crystalline lines in Fig. 4, unlike the
ablated lines in Fig. 5, have failed to make proper contact
with the gold under-layer. Another difference between the
two cases is that, in the case of Fig. 4, the gold under-layer
has remained intact, whereas in Fig. 5 the high-power laser
beam has carved a groove into the gold layer as well, making
the GST stripes electrically disconnected from the adjacent
stripes. Whether or not this electrical isolation of the
amorphous stripes plays a role in the improved C-AFM
image contrast is not clear at this point.

Figure 6 shows AFM and C-AFM images of two of the
marks recorded within the stripe regions in between the
ablated lines of Fig. 5. The mark depicted in (a,b) is written
with an 18mW–100 ns laser pulse, and appears in the AFM
image to be depressed at the boundary but slightly bulging at
the center. The nature of electrical conductivity in the bulge
region is spotty, either as a result of partial crystallization
within the melt-quenched amorphous bulge, or because of a
slight detachment of the GST film from the gold under-layer;
see Fig. 6(b). In contrast, the mark depicted in Fig. 6(c,d),
written with a 6mW–500 ns laser pulse, has a central disk
that appears in the C-AFM image to be fully crystallized, as
it exhibits a solid conductive patch surrounded by a slightly
depressed, amorphous ring. Note that the cross-sectional
profiles shown below each frame of Fig. 6 are plotted over
the full range of 0–20 nA.

In Fig. 7, we compare the current–voltage (I–V) curves
obtained from the central regions of two different marks, one
written with a 6mW–300 ns laser pulse and shown in frame
(a), the other written with a 4mW–1100 ns laser pulse and
shown in frame (b). The I–V curve of the mark in Fig. 7(a)
clearly shows amorphous behavior (i.e., low electrical
conductivity), with the current ranging in the �1.5 nA
interval when the bias voltage is scanned in the �300mV
range. The AFM image of the mark, shown in the inset, is
reminiscent of the bulged mark depicted in Fig. 6(a). In
Fig. 7(b), the I–V curve indicates excellent crystalline
behavior (i.e., high electrical conductivity), with the current
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Figure 6 (online colour at: www.pss-b.com) (a, b) AFM and
C-AFM images (including cross-sectional profiles) of a mark
recorded by an 18mW–100 ns laser pulse on the GST film with
ablated lines depicted in Fig. 5. The C-AFM image in (b) was
acquired with Vbias¼ 50mV, where the full range of the current
signal was 0–20 nA. (c, d) Images of a mark recorded by a 6mW–
500 ns laser pulse under otherwise identical circumstances.

Figure 7 (online colour at: www.pss-b.com) Current–voltage
(I–V) curves obtained at the center of two marks recorded on
the GST film in between the ablated lines depicted in Fig. 5. The
laser pulse used to record the mark was (a) 6mW–300 ns and
(b) 4mW–1100 ns. AFM images of the marks appear in the insets.

www.pss-b.com
varying between �20 nA when the bias voltage is scanned
in the range of �400mV. The AFM image of the mark
in this case, again shown in the inset, is reminiscent of the
well-crystallized mark depicted in Fig. 6(b). Note that the
nonlinear character of the I–V curve in Fig. 7(b) is not an
indication of electric breakdown in the resistivity of the spot
under consideration, since the curve retraces itself upon
reversing the voltage.

Finally, Fig. 8 shows the results of repeated C-AFM
measurements of the same mark that has been recorded with
a 6mW–300 ns laser pulse within an amorphous stripe
defined by a pair of ablated lines; see Fig. 8(a) for an AFM
image of the mark and its immediate surroundings. The
three scans of the same region shown in frames (b)–(d)
at Vbias¼ 50mV show a fading of the contrast, presumably
due to a deterioration of the C-AFM probe tip, which is
working in the contact mode, or perhaps because the
properties of the GST material are changing as a result of
contact with the C-AFM tip. Frames (e)–(g) of Fig. 8 show a
second set of three scans of the same region, with bias
voltages of 100, 150, and 200mV, respectively. The image
contrast remains apparently unchanged in these three frames,
Figure 8 (online colour at: www.pss-b.com) Calibration process
of C-AFM. Images of a mark recorded with a 6mW–300 ns laser
pulse on the GST film with the ablated lines depicted in Fig. 5.
Each C-AFM image is accompanied by the corresponding cross-
sectional profile. (a) AFM image of the recorded mark and its
surroundings. (b–d) Repeated C-AFM images of the same spot,
acquired with the same bias voltage of 50mV and current gain of
2 nAV�1. (e–g) C-AFM images of the same region of the sample,
obtained with Vbias¼ 100, 150, and 200mV, respectively.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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indicating that perhaps the increased bias is canceling
the effects of tip/sample deterioration.

The cross-sectional profiles in Fig. 8 vary significantly
in shape and in magnitude from one scan to the next. This
is not surprising, however, considering that a slight mis-
registration of the scan coordinates can result in such
variations. What is remarkable here is the discrete nature of
the crystallinity of recorded marks, which is consistently
observed in all our C-AFM measurements.

4 Concluding remarks We have shown that C-AFM
is a powerful tool for studies of phase-change materials used
in both electronic and optical memories. In many instances,
when a recordedmark is too small to be recognized by optical
or atomic force microscopy, the C-AFM scans not only
reveal the existence as well as the shape and location of the
mark, but also enable direct measurements of the I–V curves
on nanometer-sized regions within and at the boundaries of
the mark. The C-AFM signal contrast can be enhanced if
crystalline marks are recorded within amorphous stripes
defined by ablated lines carved into both the GST film and
the conductive underlayer, which underlayer acts as an
electrode in C-AFMmeasurements. The spotty nature of the
conductivity maps of various laser-written marks clearly
indicates the formation of thin conductive filaments through
the thickness of the GST film.
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