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Abstract. Local electrical conductivity of Ge,Sb,Tes thin films deposited on a thin-film gold electrode is measured over a
fairly large surface area using a conductive-tip atomic force microscope (C-AFM). Being amorphous, the as-deposited
chalcogenide films have negligible electrical conductivity. With the aid of a focused laser beam, however, we have written
on these films micron-sized crystalline marks, ablated holes surrounded by crystalline rings, and other multi-ring structures
containing both amorphous and crystalline zones. Within these structures, nano-scale regions of superior conductivity have
been mapped and probed using our high-resolution, high-sensitivity C-AFM. When the Ge,Sb,Tes layer is sufficiently thin,
and when laser crystallization/ablation is used to define long, isolated amorphous stripes on the samples, we find the
C-AFM-based method of extracting information from the recorded marks to be superior to other forms of microscopy for
this particular class of materials. Given the tremendous potential of chalcogenides as the leading media candidates for
high-density electronic memories, our method of conductivity enhancement using isolated stripes could be a valuable tool in
furthering research and development efforts in this important area of modern technology.
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1. Introduction. Optical and thermal properties of GeSbTe-based phase-change alloys have been used in the past two
decades for write-once as well as rewritable optical disk data storage [1-10]. In more recent years, research and development
efforts have been directed toward phase-change electronic memories, which exploit the reversible electrical properties of the
same class of materials [11-24]. In the context of the latter application, understanding and optimizing the material properties
at nano-scale require tools and techniques that are sensitive to changes in the electrical conductivity of the material on the
scale of individual crystalline grains, typically only a few nanometers in diameter [25,26]. Conventional methods of atomic
force microscopy, combined with scanning and transmission electron microscopy, provide valuable information about the
morphology, crystal structure and orientation, and local composition of the materials. However, local electrical conductivity
of the material can only be monitored with scanning probe microscopy using a conductive tip [27-31].

In this paper we use conductive-tip atomic force microscopy (C-AFM) to examine the electrical properties of
laser-written marks on as-deposited amorphous Ge,Sb,Tes thin films. We explore the electrical conductivity of various
zones within the recorded marks, as well as their dependence on the recording conditions. Isolated narrow stripes carved on
the surface of GST thin films will be shown to have superior characteristics for imaging recorded marks at high resolution,
enhanced image contrast, and with a high signal-to-noise ratio.

2. Experimental setup. Two sets of thin film stacks on glass substrates, one having the structure ZnS-SiO, (130nm)/
Ge,Sb,Tes (10nm), the other being ZnS-SiO, (130nm)/Au (5Snm)/ Ge,Sb,Tes (10nm), were fabricated using conventional
magnetron sputtering equipment (Shibaura Co., Japan). The as-deposited Ge,Sb,Tes films were in the amorphous state;
hereinafter, we shall refer to this material as the recording layer. The ZnS-SiO, layer, used in the phase-change optical disk
industry as the standard under-layer (and also over-layer), is valued for its optical and thermal properties, as well as for its
protection of the GST film from undesirable environmental effects. We use the gold (Au) film primarily as an electrically
conductive electrode, placing it in direct contact with the GST film. Despite its extreme thinness, the
high-thermal-conductivity gold layer will influence, perhaps to a small extent, the formation and properties of the marks
written onto the adjacent GST layer. Of the two aforementioned stacks, the one without a gold layer will be our benchmark
sample, used to demonstrate that no electrical signals can be detected in the absence of the gold electrode. The sample with
5 nm of gold directly beneath the 10nm GST layer will be seen to be the one that yields high-contrast C-AFM images of the
recorded marks. We mention in passing that we have also experimented with thicker GST films (50 nm and 20 nm) in
conjunction with both thin and thick gold films; however, the C-AFM images of recorded marks on these thicker samples
were unsatisfactory in all cases. We are thus led to believe that the combination of a 10 nm GST film and a 5 nm gold
electrode is nearly ideal for such studies as reported in the present paper.

The laser irradiation of the as-deposited amorphous GST films were carried out using an optical pump-probe system
(Static Media Tester, TOPTICA Co., Germany). This system focuses a red laser beam (A, =658 nm) through a
high-numerical-aperture objective lens (NA = 0.65) onto the GST film that is the top layer of our sample. The laser power
was controlled in the range from 2.0 mW to 20 mW, while the laser pulse duration could be varied from 100 ns to 1500 ns.
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Fig. 1. (a) Diagram of the experimental setup, depicting a conductive-tip AFM measuring the local
electric resistivity of a sputter-deposited ZnS-SiO, (130 nm)/Au (5 nm)/Ge,Sb,Tes (10nm) stack atop a
glass substrate. (b) Scanning electron micrograph of the PtIrs-coated probe tip.

We examined the morphology as well as the electrical conductivity of recorded marks using an atomic force
microscope both with and without its conductive-tip (C-AFM, Asylum Research). The C-AFM cantilever probe is coated
with Ptlrs and is connected to the virtual ground, as shown in Fig. 1(a). A 50 mV bias voltage was applied to the gold film
through the application of silver paste and conductive carbon tape to a region of the sample that was about 10 mm away
from the area on which various laser-written marks were located. We also used a scanning electron microscope (SEM)
equipped with an x-ray diffraction (XRD) micro-probe to analyze the morphology of the recorded marks as well as the
concentration of Au within and in the immediate neighborhood of these marks.

3. Results and discussion. Figure 2(a) shows a photo-micrograph of an array of laser-recorded marks on the benchmark
sample consisting of amorphous GST film (10nm) and ZnS-SiO, under-layer (130nm), coated on a glass substrate. The
various laser powers (2.0 mW-20 mW) and pulse durations (100 ns-1500 ns) used in writing these marks are indicated on
the vertical and horizontal axes, respectively. It is seen that, at higher laser powers and/or longer pulse durations, the center
of the mark will be ablated.

The lower edge of each sample is covered with silver paste, forming the contact pad for the battery during C-AFM
measurements. The diagram in Fig. 2(b) shows the patch
of silver paste and its distance from the recorded marks
(tens of microns). Later, when we write straight lines
onto the GST film to create isolated stripes for the
recording of marks, the lines will be made long enough
to contact the silver paste.
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Fig.2. (a) Reflection optical image of laser-recorded
marks on a sample of Glass/ZnS-SiO, (130 nm)/
GST(10 nm), using different laser powers, 2 mW-20 mW,
indicated on the vertical axis, and pulse durations,

100 ns-1500ns, indicated on the horizontal axis. (b) The
lower edge of the sample is covered with silver paste,
which makes contact with the gold underlayer and
creates a return path for the electric current. 1500 1300 1100 900 700 500 300 100
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Figure 3(a) is an Atomic Force Microscope (AFM) image of marks recorded on the benchmark sample (same marks as
those shown in Fig. 2). The range of laser powers and pulse durations used in this case is 6 mW-20 mW and 100 ns-1500 ns,
respectively. The ablated holes are seen to be ~10 nm deep, which is the thickness of the GST layer. These holes are
surrounded by a ring whose height is nearly 20 nm above the surface of the sample. Figure 3(b) shows the C-AFM image of
the same region of the sample as depicted in Fig. 3(a), with the current gain factor set to 20 nA/V. Hardly any current flows
through the sample in this case and, therefore, no images of the recorded marks have been captured.

A close-up view of the mark recorded on the benchmark sample with an 18 mW-1300 ns laser pulse is shown in Fig. 4.
The AFM image in Fig. 4(a) and its corresponding cross- sectional view show the raised boundary, the ablated ring
immediately inside the raised boundary, and accumulated debris near the center of the mark. The C-AFM image of the same
mark shown in Fig. 4(b) is obtained with the current gain factor set to 20 nA/V. A weak current (peak value ~0.7 nA) is seen
to flow through the boundary region of the recorded mark. In the absence of a gold under-layer in this sample, the origin of
the observed current is uncertain, although, in all likelihood, it is an undesirable consequence of the cross-talk between the
AFM tip and the C-AFM electronics.
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Fig. 3. (a) AFM image Of marks 0 1500 1300 1100 900 700 500 300 100 80 1500 1300 1100 900 700 500 300 100
recorded on the benchmark sample of
Glass_substrate/ZnS- SiO, (130nm)/
GST (10nm) with different laser
powers and pulse durations (6-20 mW,
100- 1500 ns). (b) C-AFM image of the
same region of the sample as in (a),
monitored under Vi, = 50 mV and a
current gain of 20 nA/V. No images of
the recorded marks have been captured,
as no current flows in the absence of
the gold electrode.
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Fig. 4. Close-up view of the mark
recorded on the benchmark sample
with an 18 mW-1300 ns laser pulse. (a)
AFM image and its corresponding
cross-sectional profile show the raised
ring at the boundary, the ablated region
immediately inside the ring, and
accumulated debris at the center of the
mark. (b) C-AFM image of the mark
and its corresponding cross-sectional
profile, acquired with the current gain T T T T
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Figure 5 is similar to Fig. 4, except that it depicts a mark recorded with a 4.0 mW-1300 ns laser pulse. There is no
ablation in this case, and the center of the mark is seen to have risen by about 6.0 nm above the surface of the sample, while
the region surrounding the central (g (b)
bump is depressed by about 1.0 nm. As . s
before, the C-AFM signal shown in
Fig. 5(b), with its extremely weak i » o 0
electric current peaking at ~ 0.5 nA, is B o
probably due to noise and cross-talk. . s s | o5
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Fig. 5. Similar to Fig. 4, but for a mark
recorded with a 4.0 mW-1300 ns pulse.
The center of the mark is seen in the
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The AFM image of recorded marks on a sample of Glass /ZnS-SiO, (130 nm)/Au (5 nm)/GST (10 nm) with different
laser powers and pulse durations (6-20 mW, 100-1500 ns) is shown in Fig. 6(a). As before, the marks recorded with a high
laser power and/or with long pulses are ablated at the center and exhibit a raised ring at their periphery. The C-AFM image
of the same region of the sample, monitored with a current gain of 2.0 nA/V, is shown in Fig. 6(b). The recorded marks are
now clearly visible in the C-AFM image, especially within the ring regions of the high-power/long pulse marks.

The AFM close-up image of a mark recorded with an 18 mW-1300 ns laser pulse, depicted in Fig. 7(a), shows that the
ablated region is nearly 15 nm deep, that is, both GST and Au have evaporated out of this region. The bright spot at the
center of the ablated pit is probably a mixture of GST and Au, but because it is disconnected from the rest of the gold film, it
cannot produce any C-AFM signal. The raised boundary of the mark is 15 nm above the surface on the left edge of the
ablated hole, and 10 nm on the right edge. The C-AFM image of this mark and its corresponding cross-sectional profile,
shown in Fig. 7(b) were obtained with the current gain factor set to 2.0 nA/V. Certain spots within the raised boundary of
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the mark conduct electricity, with a current that is as large as 10 nA in some regions. Two possibilities exist for the
occurrence of electrical conductivity within the raised ring: (i) the GST film has crystallized and the crystalline grains
extend through the thickness of the ring and make contact with the underlying gold film; (ii) ablated gold from the interior
regions of the mark is mixed in with GST, producing in certain spots an electrical pathway from the top of the ring to the
underlying gold electrode. Without @ ®)
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Fig. 6. (a) AFM image of recorded
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Figure 8(a) is the AFM image and its corresponding cross-sectional profile for the mark recorded with a 6 mW-1300 ns
laser pulse within the 10 nm-thick GST film that is in direct contact with the 5 nm-thick gold electrode. The image indicates
that the mark consists of a raised core and a slightly depressed boundary. No ablation has taken place, and we suspect the
gold film to have remained intact. In all likelihood, the raised core of the mark in the GST layer is detached from the
underlying gold film. The slightly depressed, darker ring surrounding the core of the mark is expected to be partially
crystalline. The C-AFM image of this mark, shown together with its cross-sectional profile in Fig. 8(b), were obtained with
the current gain factor set to 2.0 nA/V. Only the boundary of the recorded mark is seen to be electrically conductive at
several spots, with the current being as
large as 2.0 nA in some regions. These (a) (b)
spots are expected to be crystallites 5
that span the thickness of the GST film
and make contact with the Au layer. 4

Fig. 7. (a) AFM image of a mark
recorded with an 18 mW-1300 ns pulse
on the GST film. The bright spot at the
center of the ablated pit is probably a
mixture of GST and Au, but because it
is disconnected from the rest of the
gold film, it does not produce any 0
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Figure 9(a) is a photo-micrograph of marks recorded with different laser powers and pulse durations (2-20 mW,
100-1500 ns) on the 10 nm-thick GST film deposited atop a Snm gold layer. Also recorded on this sample —in the
continuous illumination mode — are parallel straight lines written with a cw laser power of 10 mW and a stage velocity of
100 um/s. The straight lines are ablated, and the gold has been evaporated from the bottom of the grooves. A scanning
electron microscope (SEM) image of the same sample is shown in Fig. 9(b). Marks written at low laser power and with
short pulse durations are hardly visible in either image.

Figure 10(a) shows an AFM image of recorded marks as well as straight lines in a region of the sample also depicted in
Fig. 9. The ranges of the laser pulse power and duration are 6.0-20 mW and 100-1500 ns, respectively. Note that the
boundaries of the ablated marks as well as those of the straight lines are raised above the background surface by several
nanometers. The C-AFM image of the same region of the sample, acquired with the current gain factor set to 1.0 nA/V, is
shown in Fig. 10(b). The boundaries of the ablated lines are highly conductive (current ~ 10 nA), as are those of the ablated
marks recorded at high power and/or with long pulses. Also conductive are marks recorded at low laser power with short
laser pulses. Marks that are nearly impossible to find in the optical, AFM, and SEM images, are clearly visible in this
C-AFM image.

Figure 11(a) is the close-up AFM image and its corresponding cross-sectional profile of a mark recorded with a
18.0 mW-1300 ns laser pulse on an isolated stripe created by the laser-ablated straight lines depicted in Figs. 9 and 10. The
boundary of the mark is seen to have risen by as much as 10 nm above the background surface. The interior of the mark is
ablated, with both the GST and the gold layers removed from the top of the dielectric under-layer. In the C-AFM image of
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the same mark shown in Fig. 11(b), a fairly strong electric current flows through the raised ring surrounding the ablated
hole —the current is as large as 9 nA in some regions. Note that the background material, which lacked electrical
conductivity in previous examples, is now showing spotty conductivity in what appears to be random locations. The striping
of the GST film in the present case (a) (b)
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Fig. 9. (a) Reflection optical micro-
graph of marks recorded with
different laser powers/pulse durations
(2 mW-20 mW, 100 ns-1500 ns) on
the sample having the stack structure
Glass/ZnS-Si0, (130nm)/Au (5nm)/
Ge,Sb,Tes (10nm). Also written on
this sample are straight parallel lines
with a cw laser power of 10 mW and
a stage velocity of 100 um/s. The
straight lines are ablated and the gold
has been evaporated from the bottom
of the grooves. (b) SEM image of the
same region of the sample as in (a).
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Figure 12(a) is the AFM image of a mark recorded with a 4.0 mW-1300 ns laser pulse on an isolated stripe created by
the laser-ablated straight lines depicted in Figs. 9 and 10. The mark is depressed by about 1.5 nm below the surface, a sign
that the recorded mark is crystalline. The C-AFM image in Fig. 12(b) shows a spotty current profile in the depressed
(crystalline) region and its immediate surroundings, with a current that is often as high as 10 nA. In the optical, SEM, and
AFM images, this mark is barely visible, but the C-AFM image is clear and has a good contrast. Note on the right-hand side
of Fig. 12(b) how the boundary of the straight-line adjacent to the mark is coming into view.
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In Fig. 13(a), the mark recorded with a 4.0 mW-300 ns laser pulse on an isolated stripe of the 10 nm-thick GST film is
not visible in the AFM image, but can be seen clearly as an aggregate of dark spots in the C-AFM image depicted in
Fig. 13(b). Similarly, the mark recorded with a 6.0 mW-100 ns laser pulse on the same (striped) GST film is not visible in
the AFM image of Fig. 14(a), but can be recognized, albeit faintly, in the collection of dark spots in the C-AFM image of
Fig. 14(b).
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Fig. 11. (a) AFM image of a mark
recorded with a 18.0 mW-1300 ns laser
pulse. (b) The C-AFM image and its
corresponding cross-sectional profile
(Vpias = 50 mV, gain factor = 1.0 nA/V)
show a strong electric current — as large
as 9 nA in some regions — flowing
through the raised ring surrounding the
ablated hole.
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4. Summary and conclusions. Conductive-tip atomic force microscopy (C-AFM) is a versatile tool for imaging as well as
analyzing the recorded marks in phase-change chalcogenide-based media of data storage. We obtained high-contrast images
of laser-written marks on a 10 nm-thick film of amorphous Ge,Sb,Tes that has been sputter-deposited on a 5 nm-thick gold
film, which acts as a second electrode for the C-AFM. The image quality and signal-to-noise ratio improved when isolated,
10 um-wide stripes were created on the GST film by laser ablation of parallel straight lines on the sample.

Although we have reported here only the results of C-AFM microscopy obtained with ablated straight lines, the quality
of the images did not suffer at all when the straight lines were written at lower cw laser power (e.g., 2.5mW rather than
10 mW), thus creating crystalline lines instead of the ablated lines of Figs. 9 and 10. It is likely that regions adjacent to the
crystallized or ablated lines, having been exposed to cw irradiation, are more easily crystallized in the process of mark
formation, thus producing electrically-conductive filaments throughout the isolated GST stripes, which filaments
subsequently form an interconnected network that gives rise to high-contrast C-AFM images of recorded marks.
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