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Effect of electron beam irradiation on thermally
evaporated Ge,Sh,Tes thin films
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Ge2Sh,Tes (GST) thin films have been grown by thermal evaporation technique. The grown films have been irradiated with
electron beam at various doses. As-deposited and irradiated films have been characterized for their structural, optical and
electrical properties. Raman spectra has been recorded to get more insight on structural rearrangement that happened
during the irradiation process. Detailed analysis of these data has been made to explore the behavior of system under

electron irradiation environment.
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1. Introduction

Phase change materials which exhibit phase
transformation upon external irradiation or application of
external voltage can be used to store digital information in
their amorphous and crystalline phases. The absolute
minimum quenching rate required for amorphization is
different for various materials, ranging from 10° to 10
K/s [1]. In optical route, medium power laser with typical
spot size of 1um is used to irradiate the sample.
Alternatively switching can be achieved by applied
electric field also. Ge,Sh,Tes (GST) is the most commonly
used phase change material in optical drives [2-8]. In
recent years, exhaustive theoretical investigations have
been made to understand the molecular dynamics of phase
transition. Also attempts have been made by experimental
techniques via extended x-ray absorption fine structure
(XAFS) and Raman scattering measurements to
comprehend the dynamics of phase transition in GST.
These studies suggested that the structure of amorphous
GST can be described as cross-section of a distorted
rocksalt structure with vacancies and the amorphization of
GST is due to an umbrella flip of Ge atoms from an
octahedral position into a tetrahedral position [9].
Irradiation of semiconducting materials with energetic
radiation can be adopted as a tool to introduce point
defects in controlled mode and tailor the properties [10].
The induced defects can yield new electronic
configurations which now have different coordination
numbers than in the crystalline materials. Also radiation of
suitable energy can enhance the number of intrinsic
carriers (electrons and holes) by several orders of
magnitude [11]. Additionally, these irradiation induced
defects can result in vacancies and interstitials; in some

cases even defect clusters may also form[12]. With a view
to get a better understanding of amorphous GST films
iradiated by electron beam, we performed the
investigations on a comprehensive morphology evolution
and local fine microstructure of GST films by using
Raman spectroscopy and atomic force microscopy (AFM).
Raman spectroscopy have proven to be powerful and
effective tools for characterizing the structure of local
arrangements in glasses [13].

2. Experimental details

Amorphous GST films with a thickness of about 100
nm were deposited on glass substrates by thermal
evaporation technique by maintaining the base pressure as
10° Torr. The substrate was maintained at room
temperature and deposition rate was kept at 6 nms™ by
ramping the filament current. The X-ray diffraction (XRD)
measurements are carried out with Cu Ko (1.54 A)
radiation using a Rigaku powder diffractometer with a
scan speed of 2°/min. Energy dispersive x-ray
spectroscopy (EDS) analysis is carried out using ZEISS
EVO-18 system to determine the chemical composition of
the prepared samples. The surface morphology of as-
synthesized thermally evaporated GST films and the effect
of electron beam irradiation on the morphology of films
had been examined by using Bruker-Innova atomic force
microscopy (AFM). The AFM images were analyzed
using Nanoscope version 120 software. Optical
transmittance and reflectance were recorded using
Shimadzu UV-VIS-NIR spectrophotometer (model UV-
3100). Raman spectra were collected in backscattering
geometry using an Ar® excitation source A = 488 nm
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coupled with a Labram-HR800 micro-Raman spectrometer
equipped with a x50 objective, an appropriate notch filter,
and a Peltier cooled charge coupled device detector.
Sandwich geometry with aluminium (Al) as contact
electrode was used for electrical study. In switching device
fabrication, firstly, a thin layer of Al was deposited on a
glass substrate which acts as a lower electrode (Fig. 1) and
over that GST film was deposited with appropriate mask.
Before the top electrode, the structure was exposed to
electron beam irradiation at various doses at Microtron
Center, Mangalore University, India with a peak energy of
8 MeV, beam current of 15-20 mA, pulse width of 1.5-2
ms at the dose rate of 0.017 kGy per second by
maintaining the sample distance about 30cm. Resistance of
as-deposited and irradiated films was estimated by four
probe method.

Glass Substrate

Fig. 1. Schematic representation of electrical switching device.

3. Results and discussion
3.1. Structural properties

X-ray diffractogram confirmed the amorphous nature
of the as-deposited films. The broad diffuse pattern
observed in the XRD pattern of as-deposited films
confirmed the amorphous signature of the structural
phases as shown in Fig. 2. No phase transition was
observed after irradiation at various doses.
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Fig. 2. XRD pattern of as-deposited GST thin films
confirming amorphous nature

AFM micrographs reveal that the as-deposited GST
thin films consisted of uniform and smaller grains. When
the GST thin films irradiated with different electron doses,
surface roughness has increased with dose initially and
then started decreasing from 8kGy onwards. BExposure to
radiations that excites electron—hole pairs produces
structural changes in nearly all chalcogenide glasses and
amorphous films. This results in changes in atomic
configuration, and a subsequent change in the physical and
chemical properties such as structure, optical and
electronic transport properties of the materials [14]. Fig. 3
depicts the three-dimensional (3D) AFM images of GST
film surface before and after irradiation. Morphological
analysis of the irradiated amorphous GST films suggests
that the structural changes in the deposits are associated
with the tendency of the samples to undergo a certain local
structural ordering on a microscopic scale, first of all, in
the nearest neighbor environment of atoms. The as-grown
GST films are found to be slightly Te-rich in composition
as compared to that of the source material and no
compositional change has been observed even after
electron irradiation, as examined by electron dispersion
spectroscopy (EDS). The surface morphology is an
important aspect affecting the electrical and optical
properties of devices irrespective of the growth procedure.
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Fig. 3. AFM images (3D) ofGST thin films irradiated with different doses (a) 0 kGy (b) 1 kGy (c) 2 kGy (d) 3 kGy
(e) 4 kGy (f) 5 kGy (g) 6 kGy (h) 8 kGy respectively.

3.2. Optical properties amorphous GST thin films had been calculated from
absorption coefficient (o) data as a function of wavelength
The optical band gap of GST thin films has been from the Tauc relation [9]:
determined from the measured absorption spectra. The
optical band gap of unirradiated and irradiated samples of
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ahv = const(hv—E;)"

where the const. which is different for different transitions
indicated by the different values of r and Eg is the
corresponding band gap. The exponent ris an appropriate,
selected index, which depends on the nature of electronic

transition and is assumed to have a value of % for direct
transition and 2 for indirect transition, respectively. For the
case of GST thin films, we choose r = 2 in the equation
which corresponds to the optical transitions in most
amorphous semiconductors as proposed by Tauc [15].
Many papers have shown r = 2 acceptable for amorphous
chalcogenide semiconductors, including GST [16]. Fig. 4
shows a typical plot of (ahv)? vs. hv for the unirradiated
GST thin films where energy band gap is obtained by
intersecting the extrapolated line on the x-axis. The optical
energy band gap (Eg) of unirradiated (0 kGy) GST thin
film, obtained by intersecting the extrapolated line on the
x-axis, is 0.71 eV. The Eg values reported in some other
papers, approximately 0.7 eV for amorphous Ge2Sh2Te5
thin films, were in good agreement with our own results
[16]. The shift in the optical band gap of amorphous GST
thin films after irradiation may be caused due to micro-
structural changes in the nearest neighbor environment of
atoms and changes in the electron defect subsystem or
may also be due to the strains that had been modified by
electron irradiation possibly due to the elimination of
defect accumulation.
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Fig. 4. Typical plots of (¢hv)¥? vs. hv of GST
(as deposited) thin films

Through the irradiation process, the strained or
partially strained GST structures will be relaxed due to
various processes for e.g. electronic excitation, heat
generation etc. Since, electron beam would interact with
amorphous  GST  differently  for different grain
sizes/boundaries as the ratio of surface to volume
scattering changes. Also, as the sizes of particles begin to
approach the wavelength of the electron beam involved,
the fundamental scattering behavior will change. The
increase in the optical band gap may be due to formation
of grains, the reduction in the disorder and decrease in
density of defect states (which results in the reduction of

tailing of bands). The transition in an amorphous
semiconductor is called “direct” because it does not need
phonon assistance. The direct transition in a crystal occurs
between two states with the same k, whereas the transition
in an amorphous semiconductor occurs without the k-
space conservation rules [17].

3.3. Raman Spectroscopy

Raman spectra has been recorded for as-deposited and
electron beam irradiated films and analyzed to get more
insight on the irradiation induced structural modifications.
The origin of the individual modes in GST films can be
revealed by comparison with binary compounds in which
the atoms are in the same local bonding geometry. Since
the ternary GST material system is composed of the binary
GeTe and Sh,Tez compounds, the coherent phonon spectra
of Ge,Sh,Tes and its binary constituents are compared to
elucidate the origin of the modes observed. Since no long-
range order exists in amorphous materials, only local
phonon modes can be excited [18]. These points towards a
similar short-range order in both amorphous Ge,Sb,Tes
and amorphous GeTe. The observed Raman bands reflect
some very basic structural features. Raman spectrum
recorded for amorphous GST thin films exposed to
different dose of electron irradiation is shown in Fig. 5.
Total four Raman bands with various intensities have been
identified in the Raman spectra in the range from 50-200
cm™. The observed, approximate Raman band positions in
all the amorphous GST thin films irradiated with different
electron doses are as follows: band A ~ 69.4, band B ~
91.1, band C ~ 107.2 and band D ~ 150.0. Reasonable
qualitative agreement has been found between the Raman
bands observed in the present study and the bands
previously reported for GeTe and GST compounds [19-
22]. The mode analysis and main atomic motions involved
are considered as given by Andrikopoulos et al. and
Mazzarello. et al. [21-23]. According to Mazzarello et al.,
the weak features in the range 60-80 cm™ correspond to
the broad experimental peak at 75 cm™ (resolved in two
Gaussian peaks at 65 and 88 cm™ and assigned to Al
vibrations of GeTe4., tetrahedral in Ref. [21]. The other
main theoretical peak at 110 cm™ assigned to bending
modes of corner sharing tetrahedral in Ref. [22]. An
interesting feature that has been observed in Raman
spectra is a remarkable change in the relative intensity of
the vibrational modes with increasing electron dose. In
Fig. 5, it is seen that large change is observed in the
intensity of amorphous GST activated Raman modes as
the irradiation doses is varied. Of the four distinguishable
peaks observed in Raman spectra of pristine GST films, ~
69.4 cm® (A), ~ 91.1 cm?* (B), ~ 107.2 cm™ (C) are
assigned to different vibrations of Ge-Te and ~ 150.0 cm™
(D) attributed to Sbh-Te, respectively. Upon the detailed
analysis of Raman spectra of amorphous GST thin films
irradiated with different doses of electron irradiation, no
frequency shift observed compared to as-deposited films.
It is also interesting to note that, there occurs no vibration
neither due to homopolar bonds nor Ge-Sb bonds.
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Fig. 5. Raman spectra of amorphous GST thin films
irradiated with different doses.

3.4. Hectrical properties

Electrical switching study has been performed on un-
irradiated and irradiated GST thin films. Thermally
evaporated GST thin films do not show smooth switching
behavior as GeTe which has been presented in our earlier
paper [24]. This may be due to the composition
segregation during thermal evaporation, cluster formation
or diffusion of elements into the electrode material or vis-
a-versa. It indicates that thermal evaporation is not suitable
for depositing multi component alloys. The failure of
smooth switching behavior in GST devises could be due to
the difference in mass density of the electrode material at
the interface or due to electron irradiation induced void
formation over the bottom electrode contact. The other
main failure mechanism may possibly be elemental
segregation, in particular Sb enrichment in the switching
region caused by electro-migration. Instead of displaying
switching phenomena, we represent resistance of different
GST thin films irradiated with electron beam in Table 1.
Here we observe a significant decrease in resistance, for
2kGy in accordance with higher and a reasonably lower
value of surface roughness and band gap. The resistance
further increased to 0.167 mQcm for 3kGy, at the same
time surface roughness also decreased to 5.39 nmwhereas
band gap increased to 0.71 eV. The results are consistent
with the reported values [25]. These measurements could
be correlated to each other either by band gap, surface
roughness or the resistance values since they display a
reasonably decrease or increase with respect to each other
and seems inter dependent with electron irradiation.
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Fig. 6. Typical 1-V plot showing poor electrical switching

in GST thin films

Table 1. Comparison of band gap and resistivity of
amorphous GST thin films as a function of electron doses

Dose Band gap Resistivity (x 10”° Qcm)

0 0.71 0.218
1 0.60 0.095
2 0.63 0.062
3 0.71 0.167
4 0.60 0.145
5 0.70 0.123
8 0.69 -

4. Conclusions

Effect of electron beam irradiation of thermally grown
GST thin films has been studied in detail. AFM image
analysis revealed that irradiation changes the surface
roughness which could be due to local structural ordering
in a microscopic scale. Change in the electrical resistance
followed it. Also the change has been observed in optical
band gap due to irradiation with a correlation between
change in optical band gap and electrical resistance.
Raman spectra analysis indicated the formation of Ge — Te
bond and Sb — Te bond. Also interesting to note that
neither homopolar bond nor Ge — Sh bond signatures were
observed in Raman study.
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