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Abstract Thin films of (Ge,Sb,Tes)o0_Ag, (x=0, 1, 3,
5 and 10) were deposited using thermal evaporation tech-
nique. X-ray diffraction, scanning electron microscopy and
energy dispersive X-ray spectroscopy was used to confirm
the amorphous nature, uniformity and chemical composi-
tions of deposited films respectively. Transmission spec-
tra divulged the highly transparent nature of films in near
infra red region. The average transmission in near infra red
region and optical band gap (estimated by Tauc’s plot) was
increased with Ag doping upto x=3 while it decreased for
higher values of x. The increase in transmission and opti-
cal band gap was attributed to the reduction in density of
localized states and vacancies. However, the decrease in
the transmission and optical band gap is due to the increase
in distortion of the host Ge,Sb,Te; lattice because Ag is
doped at the expense of Ge, Sb and Te. The increased opti-
cal band gap could be utilized to reduce threshold current
which enhances switching speed in phase change materials.
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1 Introduction

Chalcogenide glasses are the potential candidate for vari-
ous technological applications due to their unique prop-
erties [1-5]. In the last few years, GeTe-based alloys are
well studied as phase change materials [3-5] for optical
data storage and phase change random access memory
(PCRAM) applications. Phase change optical memory
devices are based on the reversible phase transformation
of the materials between amorphous (low reflectivity) and
crystalline (high reflectivity) states. In optical memory
devices like CDs, DVDs, Blu-ray etc., data recording is
achieved by writing an amorphous state on a crystalline
film by local melting with a short pulse of focused and
high-intensity laser beam. Rapid cooling of the melt, at
rates higher than 10° Ks™, results in amorphous solidifica-
tion of the state. As an amorphous state has lower reflec-
tivity than the crystalline background therefore detecting
(reading) amorphous state is straight forward with a low
intensity laser beam. On the other hand, erasing of the state
is achieved by heating the amorphous state to temperature
above glass transition temperature and allowing the amor-
phous state to crystallize [6].

On the other hand, PCRAM devices are based on change
in resistance upon phase transition of phase change materi-
als. There is a three order of magnitude difference in resist-
ance of amorphous (high resistance, OFF state, RESET)
and crystalline (low resistance, ON state, SET) state [7].
In PCRAM, phase transition is retrieved by applying volt-
age pulse which heats the local state according to Joule’s
heating. This is non-volatile memory device, in which data
recording is done in terms of local structure rather than
charge [8]. As the amorphous state has higher resistance so
it is considered as RESET operation and crystalline state
has lower resistance it is considered as SET operation.
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In Ge-Sb-Te ternary diagram, along GeTe-Sb,Te;
pseudo binary tie-line, thermal stability increases but
crystalline speed decreases [9]. As GeTe is at the end so
it has high thermal stability but low crystalline speed, on
the other extreme Sb,Te; has low thermal stability but
high crystalline speed. Ge,Sb,Tes (GST) is the intermedi-
ate candidate on GeTe—Sb,Te; pseudo binary tie-line, so
it has good thermal stability and good crystalline speed
[9]. Due to better thermal stability, fast crystalline speed,
good endurance, scalability and reliability, GST is one
of the best phase change material among others. Further-
more, to improve up on these properties of GST, research-
ers have used different doping materials such as Mg [10],
Cr [11], Ni [12], Se [13], Ag [14-16], W [17] etc. Song
et al. [14] reported that with Ag doping in GST, the crystal-
line speed increases from 67 to 30 ns and the sheet resist-
ance increases 10 times in amorphous phase. Phase change
materials have a number of properties which are critical for
number of applications, including the resistance contrast,
transport speed between amorphous and crystalline state
and material dependence of the switching characteristics.
These are ultimately related to electronic states of the mate-
rials [18] which further depend upon their optical band gap.

In the present work, the effect of Ag doping on the
optical band gap of amorphous Ge,Sb,Tes thin films has
been investigated. As material optical property is strongly
dependent on its electronic structure, it is intriguing to tune
the optical properties by tuning the optical band gap.

2 Experimental procedure

(Ge,Sb,Tes) go_xAgy (x=0, 1, 3, 5 and 10) bulk alloys have
been prepared by melt quenching technique [16, 19]. Thin
films of the samples were deposited on glass substrates by
thermal evaporation technique using Hind HIVAC system
(Model: BC-300) at a deposition rate 10 A/s under the base
pressure of 2.4x107% mbar. The thickness of thin films
was measured by using digital thickness monitor (HHV
DTM-101). The detailed procedure of sample preparation
was discussed in elsewhere [16]. The amorphous nature
of prepared samples was confirmed by X-ray diffraction
technique (XRD) using X-ray diffractometer (X’Pert PRO
PANalytical) with radiation of Cu K, (A=1.54060 A)
in the 20 range 20°-80°. The surface morphology was
studied using a JEOL JSM-6510 LV scanning electron
microscope (SEM), while the elemental composition was
analyzed using INCAx-act, Oxford EDS. Elemental com-
position of thin film was also verified by X-ray photo-
electron (XPS) survey spectra using Omicron Multiprobe
Surface Analysis (Scienta Omicron, Germany). MgK, radi-
ation source (1253.6 eV) along with seven channel detec-
tor was employed for XPS data acquisition. The surface

contaminants were removed by means of mild sputtering
method using 500 eV Ar" ions for 10 min. Transmission
spectrum of thin films has been taken using UV-Vis-NIR
spectrophotometer (Perkin Elmer Lambda 750) in range of
500-3300 nm at room temperature (RT).

3 Results and discussion

Figure 1 shows the XRD patterns for the
(Ge,Sb,Tes) go_xAg, (x=0 and 5) films deposited at
RT. The patterns do not show any characteristic peaks of
Ge-Te, Sb-Te, Ag-Te or Ge,Sb,Tes, confirming that films
are amorphous in nature. Other films have similar XRD pat-
terns [16]. Figure 2a, b shows the scanning electron micro-
scopic (SEM) images of (Ge,Sb,Tes),_xAg, (x=0 and 5)
thin films which are smooth and uniform. Other films have
similar SEM images (results not shown here), especially
the surface morphology of the thin films. Furthermore, it is
observed that the morphology of the thin films is not much
affected with the Ag doping in GST. Figure 2c, d show the
local chemical compositions of the (Ge,Sb,Tes);o0_Ag
(x=0 and 5) thin film which is characterized by energy
dispersive X-ray spectroscopy (EDS). It shows the exist-
ence of Ge, Sb, Te and Ag, and the atomic percentages of
these elements are very near to the starting elements atomic
percentages. EDS has been performed at different loca-
tions in the same sample, resulting in the identification of
similar chemical composition, which confirms a fairly uni-
form composition of sample. Other samples have almost-
similar composition as that of starting material (results not
shown here). The XPS survey scan of the sputter-cleaned
(Ge,Sb,Tes)g;Ag; film is shown in Fig. 3 which confirmed
the presence of Ge, Sb, Te, and Ag [20], and ruled out the
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Fig.1 X-ray diffraction (XRD) patterns of (Ge,Sb,Tes);oo_ AL
(x=0 and 5) thin films
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Fig. 2 a, b show the scanning electron microscopic images and ¢, d show the energy dispersive X-ray spectra with atomic and weight percent-
age of constituent elements of (Ge,Sb,Tes);o0_Ag, (x=0 and 5) thin films respectively
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Fig.3 X-ray  photoelectron  (XPS)  survey  spectra  of

(Ge,Sb,Tes)g;Ag;, thin film

incorporation of any other impurity during synthesis. How-
ever, some carbon content is detected in the as-deposited
thin film (result not shown here), which becomes negligible
after sputter cleaning.

The normal-incidence transmission spectra  of
(Ge,Sb,Tes) go_xAg, (x=0, 1, 3, 5 and 10) thin films are
measured by UV-Vis-NIR spectrophotometer in the wave-
length range of 500-3300 nm. Inset of Fig. 4 shows the
normal incidence set up for transmission measurements.

@ Springer

All optical transmission data are normalized to the trans-
mission of bare glass substrate. Figure 4 shows the opti-
cal transmission with wavelength for (Ge,Sb,Tes),oo_ Ag,
(x=0, 1, 3, 5 and 10) thin films. The figure shows distinct
interference fringes indicating that the films are smooth
and uniform [21]. The analysis shows that 3% Ag doped
GST film has maximum average transmission in the NIR
range confirming minimum density of defect states. The
transmission of the films show a relatively sharp absorp-
tion edge in near infrared region. A strong absorption nor-
mally would occur due to the electronic band transitions of
carriers. Figure 4 shows that the absorption edge is shifted
towards a lower wavelength till 3% Ag doping and then
shifted towards longer wavelength at higher percentages of
Ag doping.

Optical absorption coefficient () is calculated using the
relation a=[In(1/7)]/d, where T is the transmittance and
d is the thickness of thin film. The thickness of deposited
thin films is ~700 nm. In high absorption region (where
a>10* cm™"), optical band gap is calculated by Tauc’s
relation [22]:

ahv = B(hv — E;’”)’” (1)

where hv, EZ”" and B denotes the photon energy, opti-
cal band gap and band tailing parameter respectively.
The value of m depends upon the nature of transition;
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Fig. 4 Transmission spectrum of (Ge,Sb,Tes);qo_Ag, (x=0,1, 3,5
and 10) thin films and inset shows the normal incidence transmission
measurement mode where n,, n; and n, are the refractive indices of
air, thin film and substrate respectively

for direct allowed transition m is 1/2 for indirect allowed
transition m is 2, for direct forbidden transition m is 3/2
and for indirect forbidden transition m is 3. From litera-
ture m=2 is acceptable for chalcogenide glasses like
GeTe and GeSbTe [23, 24]. The optical bandgap (E")
can be obtained by extrapolating the straight-line portion
of (ahv)'? versus hv plots to the energy axis. The rela-
tionship between (ahv)"? and hv for GST films with dif-
ferent Ag doping is shown in Fig. 5, the inset of which
illustrates that the optical band gap increases with Ag
doping upto 3% and then it starts decreasing. Urbach
energy (Ey) is a very important parameter to understand
the width of band tail in the forbidden energy gap. The
relation between the absorption coefficient, incident pho-
ton energy (hv) and Urbach energy is known as Urbach
empirical rule [25] and it is given as:

hv
a=aoexp[E—] )

U
here a, is constant. Variation of In(a) with incident pho-
ton energy is given in Fig. 6. Reciprocal of the slope of
this straight line gives the value of Urbach energy. Inset
of Fig. 6 shows the variation of Urbach energy with Ag
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Fig. 5 Variation of (ahv)"? with hv for (Ge,Sb,Tes),0o_ Ag, (x=0,
1, 3, 5 and 10) thin films and inset shows the variation of optical band
gap with Ag content

content. With Ag doping upto 3% E;, decreases and then
increases for higher Ag content.

Generally, materials show a blue or a red shift on dop-
ing due to decrease or increase in gap states in chalcogenide
glasses, respectively. The increase in optical band gap with
Ag doping upto 3% can be understood from the decrease of
density of localized states in the band gap. These localized
states are responsible for number of effects in amorphous
materials like structural, magnetic, optical etc. The presence
of these localized states in gap has been discussed in various
models [26-31]. According to these models, there are donor
(D7) as well as acceptor (D*) defect states present near the
Fermi level (represented by E, and E, in Fig. 7). These defect
states are also known as wrong bonds or dangling bonds.
The density of these states is very large ~10'® cm™ [27]. The
width of band tail near mobility edge depends upon the den-
sity of defect states in the amorphous materials [32]. Chaud-
huri et al. [33] reported that when Ag is doped in chalcoge-
nide glasses, it is weakly bonded and neutral but in trapping
centre it is Ag™ state. So doping of Ag in chalcogenide glasses
convert charged defect states into neutral states in trapping
centres as follow [32].

DY+ ¢ - D° 3)
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Fig. 6 Variation of In(a) with Av for (Ge,Sb,Tes) q)_,Ag, (x=0, 1,
3, 5 and 10) thin films and inset shows the variation of Urbach energy
(Ey) with Ag content
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In this way, Ag doping reduces the density of charged
defect states in GST. Due to this, disorder in the material
decreases which causes decrease in the width of band tail-
ing near mobility edge as shown in Fig. 7. Urbach energy

Fig. 7 Schematic illustration of
change in the optical band gap
with Ag doping in Ge,Sb,Tes
using density of localized states
in the band gap

[—— Mobility Gap ——

results also show the decrease in the width of band tail-
ing near mobility edge (Ey to Ez and E to E, in Fig. 7).
Increase in transmission with Ag doping also confirm
the decrease in width of band tailing near mobility edge.
Hence the optical band gap increases with Ag doping upto
3% and decreases for higher Ag doping. This decrease in
the optical band gap is due to the increase in distortion of
the host GST lattice because Ag is doped at the expense of
Ge, Sb and Te. Singh et al. [16] reported the distortion in
GST host matrix with Ag doping at higher content in their
recently published work. It is verified by Raman spectros-
copy that Raman band at ~124 cm™' and ~152 cm™! are
present in host and Ag doped GST up to 3% content which
are assigned to GeTe,_,Ge, (n=1,2) corner sharing tetra-
hedral and Sb-Te vibrations in SbTe; unit or from defective
octahedral coordination of Sb atoms respectively. Struc-
tural distortion at higher Ag content is confirmed from the
decrease in intensity of these bands.

Increase in optical band gap is very important in order to
reduce threshold current which enhances switching speed
and gives better thermal stability in phase change materi-
als [34]. Enlarged band gap also increases signal to noise
ratio, which gives large resistance contrast and due to this
the data readability gets improved in PCRAM devices [14].

4 Conclusions

(Ge,Sb,Tes) go-xAgy (x=0, 1, 3, 5 and 10) bulk alloys have
been prepared by melt quenching technique. Thin films of
these samples were deposited on glass substrate using ther-
mal evaporation technique. From transmission spectrum of
deposited thin films, optical band gap was calculated using
Tauc’s plot. The increase in optical band gap upto 3% Ag
doping was due to reduction in density of defect states and
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decrease in depth of band tails. At higher percentage of Ag
doping the band gap decreases due to distortion in the host
GST lattice. Increase in optical band gap could be impor-
tant factor to reduce threshold current which enhances
switching speed in phase change materials. In this way,
we can tune the transmission band over a wide range of
frequencies.
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