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ABSTRACT

A scanning probe microscope coupled with either femtosecond laser pulses or terahertz pulses holds great promise not only for observing
ultrafast phenomena but also for fabricating desirable structures at the nanoscale. In this study, we demonstrate that a few-nanometer-scale
phase change can be non-thermally stored on the Ge,Sb,Tes surface by a laser-driven scanning tunneling microscope (STM). An atomically
flat Ge,Sb,Tes surface was irradiated with the optical near-field generated by introducing femtosecond laser pulses to the STM tip-sample
junction. The STM topographic images showed that few-nanometer-scale mounds appeared after irradiation. In addition, tunneling conduc-
tance spectra showed that the bandgap increased by 0.2 eV in the area of 5 x 5nm?. These indicate that the nanoscale crystal-to-amorphous
phase change was induced by the STM-tip-induced near field. Our approach presented here offers an unprecedented increase in the record-

ing density of optical storage devices and is, therefore, expected to facilitate the development of next-generation information technology.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032573

In optical storage devices such as DVD-RAM, information is
recorded on phase change materials (PCMs) of which structural
phases can be optically switched and detected.” PCMs have recently
attracted much attention as candidate materials for phase change ran-
dom access memory (PCRAM),nys which is a next generation nonvola-
tile electrical memory that utilizes the resistance contrast. Among
PCMs, Ge,Sb,Tes (GST) is a representative example: it has two crys-
talline phases, the metastable face-centered cubic (fcc) and the stable
hexagonal close-packed (hcp) phases, and an amorphous phase.”” The
fcc phase can be thermally transformed into the amorphous phase via
the liquid phase by laser irradiation. The amorphized region can be
conversely crystallized in the fcc structure by weak heating. This ena-
bles us to repeatedly write and erase the information.

The recording capacity of optical storage is determined by the
size and the positional uncertainty of the amorphous/crystal-phase
spots, which are in general limited by the diffraction limit of light. So

far, many attempts have been examined to reduce the spot size. By
heating a small area of the GST surface with gold antennas in a 5 um
gap, the size of amorphous marks can be reduced below the diffraction
limit.” Sato et al. demonstrated that nanoscale amorphous marks can
be created by applying voltage pulses from the tip of a scanning probe
microscope (SPM).”'" However, the heat generated in small areas
often damages the sample and its structural configuration, and the
smallest mark size is still limited to ~10 nm, which can be explained
using a thermodynamic model. In addition, the recording speed of
conventional optical storage devices and PCRAMs is limited by ther-
mal processes including melting, quenching, and crystallization.""
To overcome these problems, a technique should be developed to
non-thermally induce the phase change in small areas.

It has been reported that GST can be amorphized non-thermally
by femtosecond laser irradiation.”” '* The mechanism of the non-
thermal amorphization is explained by the flipping of the Ge atom
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from the octahedral symmetry site to the tetrahedral symmetry site
assisted by the optical excitation of electrons in the valence band to the
conduction band.'”'® The non-thermal ultrafast amorphization of
GST has been achieved with various center wavelengths ranging from
800 to 1500 nm'”*"*"” presumably because the optical excitation of
valence band electrons only requires the photon energy larger than the
bandgap. Implementation of this non-thermal ultrafast amorphization
with an ultrashort pulsed laser is expected to minimize the heating
effect, which is critical for realizing high-density and high-speed
recording.

Recently, SPMs combined with either ultrashort laser pulses or
terahertz pulses have been extensively developed to image electronic
properties of materials with high spatiotemporal resolutions.'" '
These techniques allow us not only to track the motion of single mole-
cules but also to coherently control the motion of electrons.”” " The
tip-enhanced electric near field produced by irradiating the tip-sample
junction with laser pulses is strongly confined and can be utilized to
fabricate nanoscale structures.”” > In this study, we demonstrate the
utilization of the optical near field generated by irradiating a scanning
tunneling microscope (STM) tip with femtosecond laser pulses for
creating nanoscale amorphous marks, which will contribute to realiz-
ing the high-density recording technique.

Figure 1 shows a schematic of the experimental apparatus. The
STM and scanning tunneling spectroscopy (STS) experiments were
conducted at room temperature with an ultra-high vacuum (UHV)
STM system with a base pressure lower than 1 x 1077 Pa. A mechani-
cally sharpened PtIr wire was used as a probing tip. Laser pulses with
the incidence angle with respect to the sample surface of 45°, the cen-
ter wavelength of 1035 nm, and the pulse duration of 300 fs generated
by a fiber laser amplifier were focused to the tip-sample junction by a
lens in the STM measurement chamber. The repetition rate and the
fluence of each pulse were 100 kHz and 107-127 m]J/cm?, respectively.
We carefully confirmed that the fluence was enough to induce the
crystal-to-amorphous phase change on GST without ablation. The
beam waist diameter of the incident laser pulses was designed to be
10 um, which was verified using a charge-coupled device (CCD)

edr field

Ao

FIG. 1. Schematic of the photoassisted STM. When the laser pulses were applied
to a tip-sample junction, the tip was lifted by 5nm far from the sample before the
laser irradiation, to avoid tip crash due to thermal expansion of the tip.

scitation.org/journal/apl

camera. The tip was retracted by 5nm from the surface during laser
irradiation to avoid tip crash due to the thermal expansion of the tip.
Since the amorphization induced by a single-laser-pulse irradiation
occurred with much less efficiency, we implemented the irradiation of
2000-10 000 laser pulses with a time interval of 10 us, which ensured
high producibility of the photoassisted amorphization. The relatively
long time interval also may minimalize the thermal process for the
photoassisted amorphization.

GST thin films with a 100-300 nm thickness, which is thick
enough to prevent ablation,"* were sputter-deposited onto a cleaved
highly oriented pyrolytic graphite (HOPG) surface at room tempera-
ture. The deposition rate was set to 0.714 nm/s. After taking out from
the deposition chamber into air, the samples were dipped in distilled
water for one minute to remove the oxidized layer.”””" After loading
the samples into the STM chamber, the samples were annealed in
UHV for crystallization and to flatten the surfaces atomically.””
Notably, to obtain the fcc phase, the temperature should not exceed
300 °C during the whole procedure as GST transforms into the hcp
phase at 310°C.

.~ (c) 240°C, 3h (d)240°C, 10h 5

-
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FIG. 2. STM images of Ge,Sb,Te5(300 nm)/HOPG surfaces prepared by dipping
them in distilled water and UHV annealing at (a) 200 °C for 3 h, (b) at 220 °C for
3h, (c) at 240°C for 3h, and (d) at 240°C for 10h. (e) The line profile of (d)
whose position is indicated by the black line. (f) The atomic image of the sample
obtained by the same preparation procedure as (d) taken with Vs = —50 mV and
=20 pA.
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Figures 2(a)-2(c) show the STM images of the samples annealed
for 3h at 200, 220, and 240 °C, respectively, recorded with the sample
bias voltage (V;) of 5V and the tunneling current () of 5pA. The
sample annealed at 240 °C had a clear step-terrace structure, whereas
the structures of samples annealed at 200 and 220 °C were unclear.
The areas of the terraces were enlarged by increasing the annealing
time to 10h, as shown in Fig. 2(d). The step height was estimated as
0.34nm from the line profile as shown in Fig. 2(e), which agreed well
with the distance between neighboring Te layers’”” and is signifi-
cantly different from the interlayer distance of the hep phase.'®”* The
atomic image shown in Fig. 2(f) exhibits a defect-free hexagonal array
with a distance between atoms of 0.41 = 0.01 nm, which indicates that
the surface is the Te-terminated GST (111) surface.”’ Based on these
results, the GST film prepared by annealing at 240°C for 10h was
appraised as having a crystalline phase with a fcc structure.

Figures 3(a) and 3(b) show the STM images taken before and
after the irradiation, respectively, and Fig. 3(c) shows the line profiles
of the location indicated by the black bars. Atomic corrugations are
faintly visible in Figs. 3(a) and 3(b) and their periodicity is consistent
with that of Te-terminated GST (111) surfaces, which was confirmed
by two-dimensional fast Fourier transformation. A mound-like feature
with a height of ~ 0.3 nm and a width of ~ 4 nm was formed by laser
irradiation. All the scan lines within ~2 nanometers from the irradia-
tion point exhibited a similar feature, which indicates that a nanoscale
mound was formed by laser irradiation. Figure 3(d) shows the tunnel-
ing current-voltage (I-V) curves and differential tunneling conduc-
tance (dI/dV) spectra measured at the location shown by the black
dots in (a) and (b). The difference in the position is due to the thermal
drift. The dI/dV spectra were obtained by numerically differentiating
the I-V curve measured after stabilizing the tip height at Vi
= —100 mV and I, = 20 pA. The differential conductance spectrum
before laser irradiation exhibits a bandgap, and the Fermi level is

06 T T T SOFT T T T 40
++++ Before irradiation a5k Before imadiation |
= After irradiation -5 ++++ Current , 1 - 300
04 - 20 vees dli/dV b
= S 2017 Afterirradiation 1 <
£ % = Current T, 20 ¢
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FIG. 3. STM images taken (a) before and (b) after laser irradiation. (c) The line
profiles of the location indicated by black bars in (a) and (b). (d) /-V curve and differ-
ential tunneling conductance spectra measured at the location indicated by black
dots in (a) and (b).
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located near the top of the valence band, which indicates that the sam-
ple is a p-type semiconductor. The p-type carriers are typically attrib-
uted to excess vacancies.”” " The few-atom-scale contrast in atomic
images can also be attributed to the spatial distribution of the density
of excess vacancies. The conduction band bottom moved upward by
~ 0.2 eV after laser irradiation, indicating that the region was
amorphized by a tip-enhanced near field.”” The formation of a mound
can also be explained by the lattice expansion of GST by amorphiza-
tion.”” From the observed height of the amorphous mound and the
expansion rate of 4.6%, the depth of the amorphous region is
roughly estimated to be 7nm. The defect-free atomic rows are still
faintly visible after amorphization, suggesting that the amorphization
is driven non-thermally without liquidization.'**’

The height of the amorphous mound is lower than the surface
roughness, which means that it is difficult to detect the amorphized
region only from the topographic image. On the other hand, the
shapes of I-V curves, which reflect the local density of states (DOS) of
electrons, are not disturbed by the surface morphology. The I-V curve
is, thereby, more suitable for detection of the amorphous region, and
the tunneling current mapping before and after laser irradiation was
implemented. As only the conduction band bottom moves upward by
amorphization™ [see Fig. 3(d)], the rising edge in the positive bias
region of the I-V curves shifts upward, leading to the decrease in
current at the positive bias. Figure 4(a) shows a 100 nmx 100 nm topo-
graphic image of the GST(100 nm)/HOPG surface. The root mean
square roughness was 2.69 nm, which is one order of magnitude larger
than the height of the mound (=~ 0.3 nm) formed by amorphization.
The laser pulses were introduced after settling the tip at the position
represented by the green dot. We measured I-V curves after stabilizing
the tip-sample distance at V; = —600 mV and I; = 70 pA at the cen-
ters of each square in the grid pattern with 5 nm intervals arranged in
the area of Fig. 4(a) before and after the irradiation. The I-V curves
before irradiation show p-type semiconducting behavior. After the
irradiation, bandgap broadening was observed only at the irradiated
point. These results well reproduced the result shown in Fig. 3(d).
Here, we introduce the normalized tunneling current —I(V
= —200mV)/I(V = 600mV) for the evaluation of the area of the
laser-induced amorphization. Based on this treatment, we could
minimize the deterioration of the signal-to-noise ratio caused by the
instability of tip-sample distance.*! Figures 4(b) and 4(c) show the
—I(V=-200mV)/I(V =600mV) mappings before and after
the irradiation, respectively. The small shift of the green dot indicating
the irradiated position is due to the thermal drift. A bright protrusion
corresponding to the laser-induced amorphous region clearly appears
at the spot, whose intensity (13.1) is much larger than the standard
deviation (0.34) of the background region. This demonstrates that the
amorphous area could be sensitively detected with a good signal-to-
noise ratio by utilizing the I-V characteristics, even if the topographic
image is not flat enough to resolve the height of the amorphous
mound. We also found that the size of the laser-induced amorphous
region was comparable to the pixel size (5 nm x 5nm), which is signif-
icantly smaller than the smallest thermally created amorphous marks.”’
This indicates that a nanoscale crystal-to-amorphous phase change
was induced non-thermally by the STM-tip-induced near field and
that the tip-enhanced near field is localized within few-nanometer
area, which is smaller than the typical tip apex radius (10-100 nm).
This is supported by simulation results showing that the near field is
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FIG. 4. (a) Topographic image of Ge,Sh,Tes(100 nm)/HOPG surface with a 100 nm
% 100nm area. (b) —/(V = —200mV)/I(V = 600 mV) mapping of the same
area as (a) before and (c) after laser irradiation.

localized within a few nanometers from the tip center due to the field
enhancement by the tip-sample gap.””** Tt is well known that the
amorphous-to-crystalline phase change can be introduced by either
weak heating®” or irradiating with intense terahertz pulses.” These will
be conducted in the future to examine the rewritable characteristics of
the nanoscale phase change of GST.

In conclusion, we have demonstrated that STM coupled with
femtosecond laser pulses can be utilized to non-thermally create
nanometer-scale amorphous marks on GST surfaces. The amorphous
region can be detected through either the changes in the topographic

ARTICLE scitation.org/journal/apl

images or the change in the I-V characteristics originating from the
bandgap broadening. Because both generation of optical near fields by
SPM tips and the non-thermal amorphization of GST can support a
wide range of wavelengths,'”*'” our concept presented here should
work with various laser sources and may help in increasing the infor-
mation storage density of memory devices.

This work was supported in part by the Grants-in-Aid for
Scientific Research (KAKENHI Nos. 17H06124, 17H06088,
18H04288, 20H00326, and 20H05662 from the Japan Society for
the Promotion of Science (JSPS). The STM topographic images
were processed using WSxM."’
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