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|. Introduction

Controlling the phase transition dynamics of GeTe
by Sn substitution for phase change memory,
photodetection and neuromorphic devices

Mubaris N. K.,° Rajkumar Shanajaoba Singh, (=¥ Prabhukrupa Chinmay Kumar,
Ramakanta Naik 2 ° and Vinod E. Madhavan () *?

Chalcogenide-based phase change memories are considered for next-generation phase change random
access memory (PCRAM) applications because of their unique reversible crystallization and amorphi-
zation properties. This study investigates the effects of substituting germanium (Ge) with tin (Sn) in
GeTe-based phase-change memory (PCM) materials. Substitution with Sn can play a crucial role
because it decreases the electrical bandgap and lowers the phase transition temperature, which benefits
tailored low-power PCM and neuromorphic applications. The addition of Sn accelerates the
crystallization process to the stable cubic phase, potentially controlling the PCM device's switching
speed. Furthermore, optimizing the Ge/Sn ratio is crucial, as excessive Sn may lead to enhanced
resistance contrast and reduced data retention, and can be utilized in applications such as multi-bit
memory devices. Although both alloys can be used for memory applications due to their distinct phase
contrast, the presence of Sn replacing Ge appears to be an ideal choice for photosensor applications as
well. The photoresponse study of the prepared samples under dark and light conditions assessed the
photodetection ability of the materials. Annealing played a crucial role in enhancing the photodetection
performance of the prepared films, leading to a sustainable alternative for photodetection devices using
chalcogenide semiconductor materials. These findings contribute to the development of more tunable
and reliable PCM materials for future memory and photosensor applications. The potential of bandgap
engineering and tuning transition temperature reveals the importance of lowering the impulses for
neuromorphic applications.

prowess, primarily by obviating the need for extensive data
transfer between disparate processing and memory units'™®

The advent of phase change material (PCM) based nonvolatile
memory products has revolutionized the computing landscape,
effectively bridging the performance gap between solid-state
drives (SSDs) and dynamic random-access memory (DRAM)."
Moreover, these innovative memory cells can be configured
into neural network-like architectures via crossbar arrays,
enabling direct arithmetic computations, logical operations,
and even machine learning tasks within memory units.> This
paradigm, dubbed neuro-inspired computing, promises unpar-
alleled efficiency in power consumption and computational
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When chalcogenide PCMs transform from amorphous to
crystalline (abbreviated as a-c phase transition), their electrical
properties will change from high resistance to low resistance.
The a-c phase transition of PCMs is characterized by fast
switching speed, non-volatility, and reversibility.”® PCM-based
memory cells can be assembled into devices that have more effi-
cient storage applications, fast transition speeds, non-volatility,
and thermal stability. And hence, massive and extensive data
transfer between multiple memory cells can be done. Here, the
crystallization and amorphization correspond to SET and RESET
operations, respectively. The large contrast in electrical resistance
is used to identify the binary logic states “0” (high resistance
amorphous state) and “1” (low resistance crystalline state). The
bottleneck in phase change materials in memory applications was
also addressed by the cell architecture design to reduce the
programming current and hence RESET power.” "

The well-known PCM material Ge,Sb,Tes (GST) lies in the
GeTe-Sb,Te; pseudo-binary tie-line, where one end of the
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1> Due to the need for cost-

tie-line is GeTe materia
effectiveness in commercial applications, researchers continue
to search for the best phase change memory materials. To do
this, several studies have investigated, replacing the expensive
metal Germanium with less expensive substitutes, opening the
door for PCM technology to be widely employed.* For doping
the elements having a large atomic radius, doped atoms tend to
replace the matrix atoms and bond with each other to optimize
the phase change performance.>®"> Since Sn and Ge are in the
same group (14), they possess the same number of outer elec-
trons and atomic structures, hence having similar properties.'®™®
Most research has reported that Sn doping can tune the phase
transition speed and reduce the melting point.’** Another study
pointed out that Sn incorporation makes distortions in the GeTe
lattice and forms a more stable cubic structure, while the lattice
parameters have increased due to the larger atomic radius of Sn
atoms compared to Ge atoms.>®

Resistance drift, a process characterized by the gradual
increase in electrical resistance of the amorphous phase, pre-
sents issues for the stability of phase change materials (PCM).
Research indicates that replacing Ge with Sn significantly
mitigates this drift, resulting in enhanced memory stability.*
Ab initio simulations demonstrate that elevated Sn content
diminishes the prevalence of tetrahedral motifs and the extent
of Peierls distortion in amorphous GeTe.>* This reduction
correlates with diminished resistance drift, attributed to the
enhanced ionicity resulting from the substitution of Ge with Sn.
This substitution affects various properties critical to PCM
performance and neuro-inspired computing. Experimental stu-
dies have explored the effects of substituting Ge (germanium)
with Sn (tin) in GeTe-based phase-change memory (PCM)
materials, revealing notable changes in their properties. In this
study, we are exploring the possibilities of substituting Ge
with 50% of Sn to study compositional dependent changes.
To elucidate the phase transition behavior of Sn-doped GeTe,
a systematic study was undertaken, wherein samples of
Ge;_,Sn,Te with x = 0 (GeTe) and 0.5 (Ge, 5Sn, sTe-abbreviated
as GeSnTe) were synthesized and characterized.

The photoresponse study of GeTe and GeSnTe thin film
samples was conducted to understand photoresponsivity and
other critical parameters, such as responsivity and detectivity.
The photoresponse of GeTe and GeSnTe thin films plays a
pivotal role in determining their potential for optoelectronic
and photonic applications. These materials exhibit tunable
bandgaps and strong absorption in the near-infrared to
visible regions, making them suitable for photodetectors,
infrared sensors, and memory devices. GeSnTe, in particular,
benefits from the incorporation of Sn, which modifies the
electronic structure and can enhance carrier mobility and
photoresponsivity. The pronounced photoresponse arises
from the strong spin-orbit coupling and phase-change beha-
vior inherent to these chalcogenides, enabling fast and rever-
sible changes in optical and electrical properties under light
exposure. Understanding and optimizing the photoresponse
characteristics of these films is essential for advancing their
integration into next-generation non-volatile memories,
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reconfigurable photonic circuits, and neuromorphic comput-
ing platforms.

Il. Experiments

a. Sample preparation and characterization techniques

Highly pure Ge (99.999%, Unique Metals), Te (99.8%, Sigma
Aldrich), and Sn (99.8%, Sigma Aldrich) were measured in
stoichiometric proportions and sealed under vacuum (~1 X
107" mbar) in glass ampoules. The bulk materials were synthe-
sized using the melt-fusing technique in a high-temperature
furnace. The sealed ampoules underwent heating at 5 °C min~"
up to 950 °C, were maintained for 12 hours, followed by natural
cooling to ambient temperature. Thin films were subsequently
produced from the bulk samples via thermal evaporation using
molybdenum boats. The deposition chamber was maintained
at ~ 2 x 107° mbar, with the substrate holder rotating
continuously to enhance film uniformity.

Electrical resistance measurements as a function of tempera-
ture (R-T) were performed using a specially designed resistance vs.
temperature setup and a Keithley B2901B Source Measure Unit
(SMU). The resistance was determined through the two-point
probe technique, with the SMU recording resistance values across
a range of temperatures. To explore crystallization effects, films in
their as-deposited state were subjected to annealing at 100 °C,
200 °C, and 300 °C in a nitrogen environment. The as-deposited
and annealed films are analyzed by scanning electron microscope
(SEM) with a 2 kV source. The composition of various elements in
the film is confirmed by the energy dispersive X-ray spectroscopy
(EDS) technique by the same instrument. The device analysis was
conducted on a sandwich-type device, fabricated by the thermal
evaporation method, with aluminum serving as both the top and
bottom electrodes. The surface morphology of the as-deposited
samples and the cross-sectional thickness of each layer of the
device were examined using a Zeiss Sigma 300 scanning electron
microscope (SEM). The crystalline and amorphous characteristics
of both the as-deposited and annealed samples were analyzed with
a PANalytical X'Pert3 X-ray diffractometer, using a Cu-Ka source
(4 =0.154 nm).

The Keithley 2450 source measuring unit (SMU) was utilized to
analyze the photo response by measuring the variation in the
photo and dark current over a voltage range of —5Vto+5V.A9 W
white LED bulb served as the illumination source, and photocur-
rent readings were recorded under both light and dark conditions
by switching the light on and off. To define the effective surface
area for measurement, the edges of the thin film were scratched to
form a square with a side length of 0.5 cm (resulting in an area of
0.25 cm?). The silver paste was applied to opposite sides of the film
to establish conductive contacts for measurement.

lll. Results and discussion
a. Temperature dependent resistance study

The resistance versus temperature (R-7) measurements were
conducted on the samples in their as-deposited state to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sheet resistance as function of temperature for GeTe and GeSnTe.

determine the transition characteristics from amorphous to
crystalline phases. These resistance measurements were per-
formed from room temperature up to 350 °C, with a heating
rate of about 2.5 °C min~", as illustrated in Fig. 1. Resistance
was also measured while cooling the sample (Fig. 1). The entire
measurement process was conducted in a nitrogen atmosphere
to prevent oxidation at high temperatures.

The resistance shows a continuous decrease with tempera-
ture until the crystallization temperature (7.), then an abrupt
drop, which indicates that an amorphous-to-crystalline transi-
tion has occurred. The T, of GeTe is measured to be ~150 °C,
and for GeSnTe is ~100 °C, showing a 50 °C reduction in the
transition temperature. This shows that the substitution of Sn
for Ge in GeTe will lead to easy crystallization. The resistance of
the amorphous phase does not decrease at the initial state,
which confirms that the hopping mechanism does not happen
for both compositions.**

Though it is reported that the thermal stability of the
amorphous state is decreased by the introduction of Sn,>>>®
our experiments suggest that the initial resistance of both
alloys is almost the same. Amorphous phase stability in phase
change materials (PCMs) is crucial for data preservation, espe-
cially at high temperatures when the data may be lost as the
amorphous phase crystallises.>> Amorphous chalcogenide PCM
materials spontaneously and thermally crystallize, affecting
reliability,®® that may impact data stability. Standard PCM cells
can store data for over 100 000 hours at 85 °C; however, higher
temperatures limit this. As thought, retention lifespan may not
follow the Arrhenius law according to temperature. At lower
operating temperatures, non-Arrhenius nucleation hinders
long-term data retention forecasts.>> While cooling the sam-
ples, the resistance shows a small increase with decreasing
temperature, which indicates that the crystallized samples are
also semiconducting in nature.*

At the same time, Sn substitution decreases the resistance of
the crystallized phase, which enhances the electrical resistivity
contrast and therefore GeSnTe shows a higher contrast of
6 orders of magnitude. This shows a significant improvement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for multi bit data storage by controlling the applied pulses for
multiple memory applications. The slope of the R-T graph is
used to compare the speed of phase transition. It is given by
(i—?) during the switching process. This slope —0.22 x 10>
for GeTe and —1.442 x 107> Q O~ ' °C™" for GeSnTe. This
indicates that the Sn-doped GeTe sample exhibits a steeper
slope than the parent GeTe, resulting in a faster crystallization
process for GeSnTe. This signifies that the process control is
possible for crystallization speed. Although T, decreases for the
Sn substitution, the electrical resistivity contrast is enhanced.
Notably, the fast crystallization speed likely transitions into a
stable cubic phase (Fig. 2). This offers benefits in terms of
controlled modifications for various synaptic pulses in neuro-
morphic computing. For instance, using Sn as a dopant or
substituent in GeTe allows for precise tuning to a lower T..
However, too much Sn can lead to higher resistance contrast
and reduced data retention, making it crucial to optimize the
Ge/Sn ratio for reliable memory performance. This study
demonstrates that the T, and resistance contrast can be tuned
by Sn substitution for neuromorphic applications by control-
ling the spiking of variable voltages as needed, and may be
beneficial for adjusting the power requirements of neuro-
morphic or PCM applications.

b. X-ray diffraction studies

Fig. 2 shows the XRD pattern of the as-deposited and annealed
GeTe and GeSnTe films. The XRD pattern shows the phase
transformation with temperature, resulting from atomic rear-
rangements. The increase in annealing temperature gives a
crystalline pattern, which demonstrates that crystallization
occurs above a certain critical temperature. This can match
the T. observed by R-T measurement. The patterns of the
samples annealed above T, represent the crystalline phase of
the films.*> Fig. 3a shows a black colored pattern without
distinct peaks, confirming the amorphous nature of the as-
deposited GeTe samples. Upon annealing at 300 °C, XRD peaks
verify the crystalline nature of the GeTe sample. The crystalline
peaks exactly match with standard ICSD pattern (ICDD-00-047-
1079). The GeTe was found to crystallize in a rhombohedral
structure with the R3mH space group.

The as-deposited GeSnTe sample shows the presence of
crystalline features, confirming the easy crystallization possibi-
lity when Sn substitutes for Ge. Annealing at 300 °C, the
crystalline phase evolved with a cubic structure (ICDD-01-071-
4742), which shows GeSnTe undergoes a phase transition to a
cubic structure when the Sn amount is about 50%. At higher level
of substitution such as 50%, Sn may also occupy some interstitial
sites rather than substitutional ones, causing significant local
distortions that further fragment crystallites. The broadening of
crystalline peaks for GeSnTe is because of two reasons, one is the
reduction of the crystallite size with addition of Sn and second, Sn
substitution causes uneven lattice stretching, leading to variations
in interplanar spacing (d-spacing). This microstrain may be
another reason for the broadening of XRD peaks.

Mater. Adv.
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Fig. 2 XRD pattern of (a) GeTe and (b) GeSnTe thin films.
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Fig. 3 SEM images of GeTe, (a) as-deposited (b) annealed at 300 °C, GeSnTe (c) as deposited, and (d) annealed at 300 °C.

At high temperature, pure GeTe exhibits a rhombohedral
structure (R3m) due to Peierls instability-induced distortion.
Introducing Sn as a dopant reduces this distortion, steering the
structure toward a cubic (rock-salt) form similar to SnTe. This is
similar to the rhombohedral structure of GeTe being modified
to a simpler cubic structure in the presence of Sn. This shift is due
to Sn’s inclination for cubic symmetry, as observed in the NaCl-
type structure of SnTe. Sn*>" has an ionic radius of 1.40 A, which is

Mater. Adv.

larger than Ge?*, which has an ionic radius of 0.87 A. Replacing Ge
with Sn leads to local lattice distortions because of this size
difference. This strain disrupts the lattice’s long-range order,
breaking crystallites into smaller domains (crystallite size
reduction) or causing uneven lattice spacing (microstrain). Amor-
phous to cubic structure transformation is more favorable than
amorphous to rhombohedral transformation; the system is easily
transformable to a cubic structure corresponding to a lower Tt.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, Sn substitution did not add any phase preci-
pitation, especially Ge phases, as shown by the absence of Ge
peaks in XRD. Tellurium peaks were observed (ICDD-01-086-
2268), indicatingthat Te segregates during the sample prepara-
tion process. The segregation of Te may be because of the lower
activation energy for diffusion compared to Ge and Sn, which
results in more mobility of Te during the phase change process,
causing segregation of Te in crystallization, and because when
Sn is bonded with Ge, some Ge-Te bonds are formed, leaving
some Te segregation.

c. SEM analysis

Fig. 3 shows the surface morphology of the as-deposited and
annealed samples at various magnifications. Both the as-
deposited samples (Fig. 3a and c) exhibit uniform morphology
without any signs of cracks. SEM of GeTe shows surface
characteristics like uniform distribution of small particles,
boundaries, and the distribution of amorphous phases. The
surface features of GeSnTe show well rounded features differ-
ent from the GeTe samples. Annealed samples at 300 °C (Fig. 3b
and d) show the more distinct boundaries, which indicate the
crystallization induced changes.

The incorporation of Sn can alter surface uniformity and
grain arrangement. Sn doping leads to grain refinement by
decreasing size and encouraging denser packing, resulting in
uniform grain formations in GeSnTe. These alterations have
the potential to influence the material’s electrical and optical
properties, both of which are exceptionally important for the
performance of PCM and neuro-inspired computing devices.

The reduced crystallite size, as shown from X-ray diffraction
study and confirmed by surface morphological analysis, reveals
that the Sn doping can bring the high endurance of devices.
Smaller grains in the devices result in more grain boundaries,
which hinder atom mobility and reduce unwanted diffusion
and elemental segregation over repeated cycling. The phase
change process will be stabilised, and the device life will be
extended by this homogeneous and fine-grained structure.
A higher grain boundary density traps defects and restricts
their spread during repeated switching cycles by acting as a
barrier to atom migration and phase segregation.

d. Optical studies

For optical phase change applications, the difference in reflec-
tance between the crystalline and amorphous phases of phase
change memory materials is utilised. Transmission spectra of
GeTe and GeSnTe thin films are shown in Fig. 4.

Reflectivity is higher in the crystalline phase and lower in
the amorphous phase. The increase in reflection is linked to the
observed decrease in transmission in crystallised films. The
transmittance spectra show a significant difference between the
crystallised samples and the amorphous samples (Fig. 4a and
c). In the amorphous state, low transmittance is observed at
shorter wavelengths, indicating a larger bandgap, which is
consistent with amorphous materials’ lower conductivity.>*
The transmission was studied with various annealing tempera-
tures, which reveals that the transmittance edge is different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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before and after the phase change. This is observed for both
GeTe and GeSnTe. This is because the optical band gap is
reduced when amorphous changes to crystalline structure.

The optical band gap was calculated using the Tauc model
and the formula,*?

(ohv)"? = B (hv — Eope) (1)

E,pe stands for the optical bandgap, v for frequency, % for
Planck’s constant, o for the absorption coefficient, and B'?
for the Tauc parameter. The Tauc plots for both samples are
plotted in Fig. 4b and d. Table 1 presents the optical bandgap
values obtained from the Tauc plot, illustrating how the band-
gap varies with annealing temperature.

When amorphous GeTe changes to crystalline GeTe during
phase transition, a new rhombohedral structure is formed
with some vacancies. A reported optical bandgap of GeTe is
~0.48 eV.** So, this transition is accompanied by a vacancy
formation in GeTe lattice resulting a band gap shown in Fig. 4.
In the case of GeSnTe, when the Sn atom replaces Ge, the
system forms a cubic lattice which is symmetrically preferred
than rhombohedral latiice. There is a possibility that the
vacancies are already removed in the phase formation. And a
corresponding band gap is observed. This tends to be a higher
value with respect to the GeTe. When GeTe is doped with Sn, its
optical band gap decreases due to a number of interrelated
factors that cause the change in electronic structure of the
material. Atomic level disorder and lattice distortion brought
about by Sn substitution disturb bonding environments and
electronic states. Sn-Te bond formation increases ionicity and
defect states by altering the local chemical environment. Band
edges move closer together as a result of these modifications,
which reduce the energy differential between the valence and
conduction bands.?*>*® The band gap is further reduced by Sn
doping, which also lessens Peierls distortion and tetrahedral
motifs in the amorphous phase. The density of electronic states
close to band edges is impacted by the narrowing of the band
gap, which is associated with elevated levels of disorder and
defects.®” By altering optical and electrical switching character-
istics that are essential to device performance, these changes
have a substantial impact on PCM applications. By adjusting
optical contrast and possibly boosting thermal stability, Sn
doping improves the performance of PCM devices.

e. I-V switching studies

The proper way to study switching and memory effects in
amorphous chalcogenide semiconductors is through the
electro-thermal mechanism. Joule heating produces the ther-
mal effects, whereas the applied field that transforms the
materials from an amorphous to a crystalline state produces
the electronic effects. This model heavily considers the possi-
bility that defect states retain charge carriers.*®

Fig. 5 is the electrical switching behavior of the PCM devices
based on GeTe and GeSnTe. The sandwich type device with Al
(40 nm)/PCM (260 nm)/Al (40 nm) was fabricated on a glass
substrate is shown in Fig. 5a and its schematic is shown in
Fig. 5b. The electrical switching study (Fig. 5¢ and d), is reveals

Mater. Adv.
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Fig. 4 Shows UV-Vis-NIR transmission spectra of GeTe and GeSnTe at various annealing temperatures.

Table 1 Calculated optical bandgap for each sample using Tauc plot

Optical band gap (eV)

GeTe GeSnTe
AD 0.466 0.443
100 °C 0.48 0.504
200 °C 0.604 0.697
300 °C 0.591 0.671

that the current is not increasing with voltage (non-Ohmic
behavior) until a threshold voltage (V) which can be termed
as amorphous (OFF) state. After Vi, an abrupt increase in
current which is shows the phase transition of the device.
The Ohmic behavior of current and voltage after V, is the
crystalline ON state. Vi, observed for the GeTe is 4.5 V and
GeSnTe is 2.46 V. This decrease in Vy,, by substituting Sn to Ge
which is because of low T, observed from R-T measurement.
This can be analyzed as, the Sn incorporation decreases the
network connectivity, making the structural rearrangement
easier, which is to cubic structure. The changes in the resis-
tance slope by orders of magnitude is depending on whether
the material in the active region of the device is crystalline or

Mater. Adv.

amorphous. To reach the switching regions, the bias is raised
above the threshold voltage so that enough current will pass
through the cell, by Joule heating of the active area, which gets
heated up and results in amorphous to crystalline phase
change.*® The graph shows the amorphous region with the
increase of the bias causes a rapid increase in current due to an
abrupt drop in electrical resistivity of the phase change material
that causes the crystallization. The number of charge carriers
increases drastically after the threshold voltage, which causes a
decrease in resistance of the PCM.

f. Photo-response study

The photoresponse study was carried out for the as deposited
and annealed films. This study reveals the effects of annealing
at different temperatures on the photodetection performance
of the material. Schematic for I-V measurement setup of the
GeSnTe films, as illustrated in Fig. 6.

The photocurrent (I,,) is defined as the difference in the
current values between external light illumination () and
without light illumination (Ip), i.e.,

(2)

In=1I, — I

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 2.63 V respectively.

The photocurrent (7,
sented in Table 2.

The photosensitivity of the thin films is calculated using the
formula given in eqn (3). An increase in annealing tempera-
ture enhances the photodetector’s performance by impro-
ving crystallinity, leading to higher photoresponsivity and
detectivity.***!

The performance of a photodetector under both low- and
high-light conditions is primarily governed by the generation of
electron-hole pairs, which is proportional to the incident light
power density. Upon illumination, these electron-hole pairs
contribute to an increase in photocurrent. Additionally, key
performance parameters such as photoresponsivity (R) and
detectivity (D*) are essential for evaluating the efficiency of
photodetectors.”’ These parameters are calculated using speci-
fic mathematical expressions and are also summarized in
Table 2.

n) values for all film samples are pre-

e 1,
Photo sensitivity = ILh x 100% (3)
D
. 1
Responsivity (R) = ﬁ (4)
m

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A
2el D

Detectivity (D*) = R (5)
In this context, A refers to the active surface area of the
photodetector, which is 0.25 cm?. P;, denotes the incident light
power density, measured as 20 mW cm >, Additionally, e
represents the elementary charge of an electron, & corresponds
to Planck’s constant, 4 signifies the wavelength of the incident
light, and ¢ denotes the speed of photons.

V2elp
- (6)

Noise equivalent power (NEP) =

The noise-equivalent power (NEP) represents the smallest
optical power that produces a signal equal to the detector’s
inherent noise level; thus, a lower NEP value signifies higher
sensitivity and an improved ability to detect weak optical
signals.

The NEP values presented in Table 2 highlight the high
sensitivity of both GeTe and GeSnTe thin-film photodetectors.
A noticeable decrease in NEP with annealing temperature is
observed for GeTe, with the lowest value (6.02 x 10~*° W Hz~*?)
at 300 °C, indicating improved crystallinity and reduced noise.
For GeSnTe, the 200 °C annealed sample exhibits the optimal
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Fig. 6 Schematic for /-V photo response measurement setup.

Table 2 The figure for the merits of all the thin films annealed in GeTe and GeSnTe

Sample I, (A) I, (A) oh (A) Photo sensitivity (%) Responsivity (R) (A W) Detectivity (D*) (Jones) NEP (WHz *?)
GeTe-AD 6.34 x 107% 5.14 x 107® 1.19 x 107% 23.29 1.26 x 107° 4.94 x 10’ 1.01 x 1078
GeTe-100 °C 7.33 x 10°% 3.48x 10°® 3.85 x 10°% 110.64 1.46 x 10°° 6.94 x 107 7.19 x 10°°
GeTe-200 °C 5.86 x 10*4 5.77X 10*4 9.07 x 107  1.65 1.17 x 107" 4.31 x 10° 1.16 x 107 *°
GeTe-300 °C 9.54 x 10°° 4.12x 107° 5.42 x 10°° 131.57 1.91 x 1073 8.31 x 10° 6.02 x 107 *°
GeSnTe-AD 454 x 10°° 3.38 x 107° 1.15 x 10°° 34.11 9.08 x 10~* 4.36 x 10° 1.46 x 10°
GeSnTe-100 °C 1 x 10" 9.60 x 1072 3.96 x 10>  4.12 19.99 5.7 x 10*° 8.77 x 1072
GeSnTe-200 °C 6.81 x 107> 4.84 x 10*Z 1.97 X 107> 40.63 13.63 5.47 x 10" 9.13 x 10~ *2
GeSnTe-300 °C 6.21 x 10™° 5.06 x 10™° 1.15 x 107>  22.83 1.24 1.54 x 10'° 3.24 x 10!

balance of low NEP (9.13 x 10~ W Hz~*?), high responsivity
(13.63 A W), and detectivity (5.47 x 10"° Jones), confirming
that Sn incorporation enhances photodetection sensitivity and
signal-to-noise performance.

Fig. 7 presents the I-V characteristics of GeTe film photo-
detectors annealed at different temperatures, measured under
both dark and illuminated conditions. The illumination is
provided by a 9 W white LED bulb, delivering a power density
of 20 mW cm™? at room temperature. The results clearly show
an increase in current for all samples (as deposited and
annealed), when exposed to LED light illumination. This is
attributed to the enhanced generation of photocarriers within
the GeTe and GeSnTe films, confirming the conventional
photoconductive effect.

Fig. 7(a)-(f) illustrate the photoresponse behavior of the
GeTe film photodetector under dark and illuminated condi-
tions. The plots exhibit distinct and symmetric /-V curves for
each thin film, consistently showing a higher photocurrent
compared to the dark current. This increase in photocurrent

Mater. Adv.

results from light-material interactions and charge carrier
separation.”” When photons with energy exceeding the material’s
band gap are absorbed by the GeTe film, electron-hole pairs
are generated and separated under the applied bias voltage.
These charge carriers move in opposite directions, leading to
the generation of a photocurrent.*® The GeTe thin film sam-
ples exhibit a clear dependence of photoresponse on anneal-
ing temperature. The -V plot of as-deposited sample in
Fig. 7(a) shows minimal photoresponse, with nearly overlap-
ping I-V curves under dark and illuminated conditions. How-
ever, as the annealing temperature increases to 100 °C, 200 °C,
and especially 300 °C as displayed in Fig. 7(b)-(d), a significant
enhancement in photocurrent is observed, particularly at
higher voltages. This is further supported by the dark and
light current plots shown in Fig. 7(e) and (f), where the 300 °C
annealed film demonstrates a pronounced increase in current
under illumination, indicating improved photoconductivity.
These results suggest that thermal annealing facilitates struc-
tural or phase transformations in GeTe, thereby enhancing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dark and (f) light conditions.

carrier mobility and light absorption, crucial for optoelectro-
nic performance.

The I-V characteristics shown in Fig. 8 reveal that GeSnTe
thin films demonstrate a significant photoresponse enhance-
ment with increasing annealing temperature. Under light,
more photocurrent is produced in all cases and at 100 °C

(Fig. 8b) and 200 °C (Fig. 8c) annealed samples show a clear
contrast wrt 300 °C annealed sample (Fig. 8d) with very high
current in the order of 10 s of mA. As evident in the Fig. 8e and
f, light current is relatively higher for all samples wrt the dark
current. While the as-deposited and 100 °C, 300 °C-annealed
samples as displayed in Fig. 8(a), (b) and (d) exhibit negligible
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light conditions is also shown.
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differences between dark and light currents, sample annealed
at 200 °C shown in Fig. 8(c) show a marked increase in
photocurrent, particularly at higher voltages. This is further
validated by the comparative dark and light current plots
demonstrated in Fig. 8(e) and (f), where the 100 °C-annealed
film shows the highest photocurrent, indicating substantial
photoactivation. These findings suggest that Sn incorporation
combined with thermal annealing improves the crystalline
quality and carrier transport, thereby enhancing the optoelec-
tronic response of GeSnTe films for potential applications in
light-sensitive devices.

All samples exhibit significant photosensitivity; however, the
GeTe sample annealed at 200 °C demonstrates the best photo-
detection performance within its set. Similarly, the GeSnTe
sample annealed at 100 °C show superior values for key photo-
detection parameters compared to other samples in the set.
The Ag metallic contacts efficiently extract most of the photo-
generated carriers to contribute to the photocurrent, while
additional mechanisms, such as hole trapping due to defect
states, may also play a crucial role in photocurrent generation.*?
The photodetection properties, including responsivity and detec-
tivity, are influenced by both the crystallization and carrier
mobility of the materials. Although the variations in photodetec-
tion parameters with respect to annealing temperature do not
follow a strictly defined trend, the results highlight the potential
for further research and optimization of both the sample prepara-
tion process and measurement techniques. This study suggests
that GeTe and GeSnTe-based thin films hold significant promise
as effective alternatives for photodetector applications.

The photoresponse parameters presented in Table 2 high-
light distinct trends in GeTe and GeSnTe thin films with respect
to annealing temperature. For GeTe samples, annealing at
300 °C yields the highest photosensitivity (131.57%), responsivity
(1.91 x 107* AW ), and detectivity (8.31 x 10°® Jones), indicating
enhanced optoelectronic performance due to improved crystallinity
and carrier dynamics. In contrast, GeSnTe samples exhibit signifi-
cantly higher absolute photocurrent levels, with the GeSnTe-200 °C
film showing a peak in responsivity (13.63 A W ') and detectivity
(5.47 x 10" Jones) far exceeding those of GeTe, despite a relatively
lower photosensitivity (40.63%). These results suggest that Sn
incorporation significantly boosts photodetector metrics, par-
ticularly in terms of signal strength and noise performance.

V. Conclusion

Phase change material GeTe is designed by substituting Ge
with Sn to reduce the system’s overall cost and finding the
suitability for memory applications. The resistance vs. tempera-
ture measurements show the transition temperature of GeTe is
~150 °C and Ge, 5Sny 5Te is ~ 100 °C with a contrast of 5 and 6
orders of magnitude respectively. The experimental results
indicate that the incorporation of Sn in GeTe-based PCM
materials may help to tune the performance characteristics,
including controlled crystallization to cubic phase, band struc-
ture modification, and the stabilization of targeted phases. Sn
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inclusion stabilizes the cubic phase at lower temperatures and
influences the crystallization pathway. Due to the lower transi-
tion temperature and band gap in Sn-doped GeTe samples, the
phase transition occurs at reduced power levels, indicating that
the power consumption required for phase transition is less for
GeSnTe compared to GeTe. This also gives an advantage of
controlling the set-reset requirements for the neuromorphic
applications. This study also show that this novel compound
design can be used for electrical resistance contrast tuning,
which can be of formidable importance for neuromorphic
computing and multi-bit memory applications. Enhancement
in optical properties like transmission edge and reduction in
optical band gap for the Sn incorporation and its reasons has
been analyzed. The photoresponse study conducted for both
GeTe and GeSnTe thin films show good photoresponsivity and
other critical parameters like responsivity and detectivity. These
parameters of the prepared films indicate the effects of anneal-
ing the samples at different temperatures on the photodetec-
tion performance of the material. The present study covers the
path for exploring the potential of these materials for becoming
an effective photodetection device in the future, since Sn
incorporation enhances the photo detectivity. Nonetheless,
careful optimization of the Sn content is crucial to find
potential uses in both PCRAM and neuromorphic applications.
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