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Research Article

Stopping Voltage-Dependent PCM and RRAM-Based 
Neuromorphic Characteristics of Germanium Telluride

Yawar Abbas, Sumayya M. Ansari, Inas Taha, Heba Abunahla, Muhammad Umair Khan,  
Moh’d Rezeq, Haila M. Aldosari,* and Baker Mohammad*

Recently, phase change chalcogenides, such as monochalcogenides, are reported 
as switching materials for conduction-bridge-based memristors. However, the 
switching mechanism focused on the formation and rupture of an Ag filament 
during the SET and RESET, neglecting the contributions of the phase change 
phenomenon and the distribution and re-distribution of germanium vacancies 
defects. The different thicknesses of germanium telluride (GeTe)-based Ag/GeTe/
Pt devices are investigated and the effectiveness of phase loops and defect loops 
future application in neuromorphic computing are explored. GeTe-based devices 
with thicknesses of 70, 100, and 200 nm, are fabricated and their electrical char-
acteristics are investigated. Highly reproducible phase change and defect-based 
characteristics for a 100 nm-thick GeTe device are obtained. However, 70 and 
200 nm-thick devices are unfavorable for the reliable memory characteristics. 
Upon further analysis of the Ag/GeTe/Pt device with 100 nm of GeTe, it is dis-
covered that a state-of-the-art dependency of phase loops and defect loops exists 
on the starting and stopping voltage sweeps applied on the top Ag electrode. 
These findings allow for a deeper understanding of the switching mechanism of 
monochalcogenide-based conduction-bridge memristors.

DOI: 10.1002/adfm.202214615

1. Introduction

Due to excessive power consumption 
caused by unexpected leakage currents, 
transistors approach their ultimate limits 
of miniaturization.[1] This power con-
sumption issue has been addressed by 
the fabrication of devices with low voltage 
supplies, such as tri-gate gate field effect 
transistors (FET),[2] negative capacitance 
FET,[3] tunnel FET,[4] and non-charge-based 
devices.[5] Additionally, the Von Neumann 
bottleneck has been addressed by the 3D 
integration of computing and memory ele-
ments or by introducing new architecture, 
such as in-memory logic[6] and neuromor-
phic computing.[7] Furthermore, phase 
change memory (PCM)[8] and resistive 
switching memory (RRAM)[9] have suc-
cessfully demonstrated their candidacy to 
serve as simultaneous memory and com-
puting elements.[10]

The state of PCM and RRAM devices 
can be modulated by applying an external electric stress by 
changing the phase and resistance of the device, respectively. 
Specific device resistances and phase tuning are achieved by 
applying different stopping voltages and appropriate pulse 
parameters. With the help of externally applied stimulations, 
PCM and RRAM have successfully demonstrated synaptic 
element capability due to their ability to resistance tuning.[11] 
However, the application of PCM and RRAM devices as reliable 
memory elements and neurons for neuromorphic hardware 
requires the optimization of specific properties, such as thick-
ness, structural engineering, interface behaviors, and material 
selections.

Chalcogenides are compounds consisting of tellurium 
(Te), selenium (Se), and sulfur (S) with exceptional electronic, 
optical, magnetic, and thermal properties.[12] Among all chal-
cogenides, the Te-containing phase change chalcogenides have 
amorphous or glassy phases which can undergo fast crystalliza-
tion.[13] Although the short crystallization time is challenging to 
measure, reversible amorphous-to-crystallization transitions are 
critical processes in erasing, i.e., amorphization and writing, 
i.e., crystallization in PCM operations.

Germanium telluride (GeTe) is emerging as an excel-
lent switching material with memory characteristics and 
neuromorphic applications. Recently, Yu et  al.[14] determined 
the non-volatile and typical selector characteristics of Ag/
Ag–GeTe/Ag devices by changing the atomic ratio of Te with 

﻿

Y. Abbas, M. Rezeq
Department of Physics
Khalifa University
Abu Dhabi 127788, United Arab Emirates
Y. Abbas, H. Abunahla, M. U. Khan, M. Rezeq, B. Mohammad
System on Chip Lab
Khalifa University
Abu Dhabi 127788, United Arab Emirates
E-mail: baker.mohammad@ku.ac.ae
S. M. Ansari, I. Taha, H. M. Aldosari
Department of Physics
United Arab Emirates University
Al Ain 15551, United Arab Emirates
E-mail: haldosari@uaeu.ac.ae
H. Abunahla, M. U. Khan, B. Mohammad
Department of Electrical Engineering and Computer Science
Khalifa University
Abu Dhabi 127788, United Arab Emirates
H. Abunahla
Quantum and Computer Engineering Department
Delft University of Technology
Delft 5058, Netherlands

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202214615.

© 2023 The Authors. Advanced Functional Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.

Adv. Funct. Mater. 2023, 2214615

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202214615&domain=pdf&date_stamp=2023-04-20


www.afm-journal.dewww.advancedsciencenews.com

2214615  (2 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

a controlled co-sputtering technique. Li et  al.[15] reported a 
bilayer memristor, with a Pt/Cu/GeTe/Al2O3/Pt stacking struc-
ture, demonstrating the gradual SET and RESET processes 
for the optimized 3  nm-thick Al2O3 layer. The device exhib-
ited threshold switching for the 5 and 7 nm-thick Al2O3 layers. 
The laterally fabricated GeTe-based PCM device based was also 
reported to achieve multilevel resistance states.[16] Direct cur-
rent (DC) sweeps and rectangular pulse-mode low voltages 
were used to obtain these multilevel resistance states. In these 
reports, the conduction mechanism focuses on the migration 
of active ions (i.e., Ag+ or Cu+2) when the voltages are applied 
on the device, neglecting the phase changes and contribution of  
germanium vacancies (VGe). No report has focused on the 
thickness-dependent PCM and RRAM characteristics of GeTe-
based devices for their potential application in neuromorphic 
computing.

In this study, we optimized the thickness of Ag/GeTe/Pt-
based devices for the bifunctional memory characteristics, 
including PCM and analog-type resistive switching. Different 
thicknesses of GeTe thin films were analyzed to investigate 
their suitability for neuromorphic applications. The results 
revealed that the device’s PCM and analog switching character-
istics depended on the initial voltage values and stopping volt-
ages. The high-resolution transmission electron microscopy 

(HRTEM) analysis of the device in different switching states 
confirmed the Ag migration and phase change in the devices. 
Furthermore, the potentiation and depression characteristics 
confirmed that GeTe-based devices exhibited better neuromor-
phic characteristics in the phase mode compared to that of 
the defect switching mode. The accuracy of the phase change 
and RRAM were calculated as 86% and 65%, respectively. This 
research will provide a new method for better understanding 
the switching mechanics in Ag/GeTe/Pt-based devices.

2. Results and Discussion

Figure 1 shows a schematic of the fabrication flow of Ag/GeTe/
Pt/Ti/SiO2 and its physical characteristics. Figure 1a shows the 
device fabrication and its potential application in artificial syn-
apses. Figure 1b shows the complete process of lamella extrac-
tion using a focused ion beam (FIB) from the device under 
test for further analysis in the HRTEM. After removing the 
lamella with the help of an Omniprobe, it was attached to the 
Cu grid for the HRTEM analysis. Figure  1c shows the com-
plete device with a stacking sequence of Ag/GeTe/Pt with a 
100 nm-thick layer of GeTe. Furthermore, we performed cross-
sectional measurements on GeTe-based devices with 70 and 

Adv. Funct. Mater. 2023, 2214615

Figure 1.  a) Schematic of the device fabrication and its application as a synaptic device, b) the top view of the Ag/GeTe/Pt device and its lamella for 
the HRTEM analysis, and c) the cross-sectional low- and high-magnification HRTEM images of the device.
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200 nm-thick layers of GeTe, as shown in Figure S1 (Supporting 
Information).

Figure  1c presents the low- and high-magnification, bright-
field, cross-sectional transmission electron microscopy (TEM) 
images of the as-deposited device before conducting any elec-
trical measurements. The images reveal that the top layer of 
the Ag electrode completely diffused into the GeTe thin film 
and created an alloy, which is consistent with the results from 
Cooley et  al.[17] Pristine GeTe thin films that are deposited at 
room temperature are amorphous.[18] However, upon Ag diffu-
sion, the crystallinity of the films improved, as evident from the 
faint scattered fringes.

The initial test for the device’s suitability was performed by 
investigating the electrical characteristics and observing the 
device’s dependency on the stopping voltages. Figure 2 shows 
the Current–voltage (I–V) characteristics of the 100  nm-thick 
GeTe-based devices for different stopping voltage values, ± 0.6, 
± 1, and ± 2  V, with and without introducing relaxation time. 
Figure  2a depicts the successive I–V loops at the stopping 
voltage sweeps of ± 0.6 V. The overall resistance of the devices 
increased when positive sweeps were applied and decreased 
when negative sweeps were applied, forming a single loop. This 
single loop, which we define as the “phase loop”, formed due to 
the amorphous-to-crystalline phase transition of the GeTe. The 
gradual change in resistance occurred after consecutive sweeps, 
implying that the Ag/GeTe/Pt device was suitable for neuro-
morphic hardware applications.[19]

Extending the stopping voltage value to ± 1 V resulted in the 
appearance of an additional, small loop, as shown in Figure 2b. 
The formation of this loop is attributed to the accumulation 
of germanium defects (VGe), as it vanishes with consecutive 
sweeps. Thus, this loop was defined as the “defect loop”. The 
accumulation of these vacancies creates volatile nanochannels 
within the switching medium.[20] The application of consecutive 
voltage sweeps aligned all the vacancies, which resulted in the 
loss of the defect loop for the additional sweeps. To confirm 
the volatility of the phase loop and defect loop, the time evo-
lution electrical characteristics were performed with every I–V 
taken after a waiting time of 10  min, as shown in Figure  2c. 
The overall resistance of the device was observed to increase 
with each sweep, but the defect loop was maintained, as shown 
in the highlighted region of Figure 2c. The appearance of the 
defect loop after each sweep for the waiting time of 10 min was 
attributed to the re-distribution and accumulation of VGe

[21] 
within the GeTe thin film during the sweep.[22]

To investigate the effect of a high stopping voltage on the 
electrical characteristics of the device, we applied a stopping 
voltage of ± 2.0 V, as shown in Figure 2d. A permanent break-
down was observed at this high voltage, rendering the device 
into a Write Once Read Many (WORM) device. This perma-
nent breakdown was caused by the formation of Ag-based 
nano-island, and permanent crystalline formation of GeTe and 
γ-AgGeTe phases, which will be elaborated later in the TEM 
analysis. Figure  2a,b shows that different loops appear for 

Adv. Funct. Mater. 2023, 2214615

Figure 2.  Typical I–V characteristics of an Ag/GeTe/Pt-based device depicting a) the electrical characteristics for a ± 0.6 V stopping voltage, b) the SET 
and RESET process for the stopping voltage of ± 1.0 V, c) the time evolution of I–V sweeps, and d) the high voltage permanent breakdown of the device.
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different stopping voltages. At high voltages (≈0.65 to +1.0 V), 
the loops are categorized as (VGe)-based switching. At low volt-
ages (0 to +0.65 V), the loops are categorized as phase change 
phenomena. By applying a complete sweep loop from 0 to 
+1 V to 0 and 0 to −1 V to 0, phase loops and defect loops acti-
vate. The phase loops had bigger memory windows compared 
to those of the defect loops, resulting in the SET and RESET 
processes. Therefore, the resistance of the device decreases for 
negative sweeps and increases for positive sweeps.

The stopping voltage and thickness-dependent switching 
characteristics were investigated for 70 and 200 nm-thick GeTe-
based devices, as depicted in Figure  S2 (Supporting Informa-
tion). After comparing the electrical characteristics of Figure 2 
with Figure  S2 (Supporting Information), it is evident that 
100  nm was the optimum thickness for further investigations 
of neuromorphic characteristics. The 100  nm-thick GeTe thin 
films were chosen as they showed great performance and 
device-to-device reproducibility compared to the 70 and 200 nm-
thick films.

To further understand the switching characteristics presented 
by the devices shown in Figure 2, the electrical characteristics 
were performed at different starting and stopping voltages, 
as shown in Figure  3. Figure  3a shows the stopping voltage-
dependent electrical characteristics of the device at the stopping 
voltages of + 0.8 and + 1.0 V. For the stopping of + 0.8 V, there 

was only one I–V loop in the clockwise (CW) direction. How-
ever, in the case of the + 1.0 V sweep, we observed two different 
loops and have labeled the directions of the sweeps with arrows. 
The yellow highlighted loop, in the CW direction, is dedicated 
to the phase change in GeTe. In contrast, the green highlighted 
loop, in the anticlockwise (ACW) direction, is dedicated to the 
contribution from the VGe in GeTe.

The essential characteristic, i.e., the elimination of the defect 
loop, was observed when multiple consecutive sweeps were per-
formed on the device, as shown in Figure 3b. It is well-estab-
lished that the device will go into a temporary non-switching 
state for the analog switching memristors when all defects 
accumulate.[23] Therefore, it was essential to notice the defect 
loop disappearance after the 3rd sweep. For analog switching 
memristors, the conductance of the device changes according 
to the application of consecutive voltage sweeps and their 
polarity.[20c] Once the device reaches its maximum conductance 
for the set process and minimum conductance for the reset 
process (depending on the polarity), it temporarily stays in that 
state due to the maximum alignment of the defects. Hence, the 
loop disappears.[24] In Figure 3b, after the application of the 3rd 
voltage sweep, we observed that the defect loop was eliminated 
because of the maximum alignment of VGe.

To further validate the effect of starting and stopping volt-
ages on the electrical characteristics, the I–V loops were 

Adv. Funct. Mater. 2023, 2214615

Figure 3.  Initial and stopping voltage-dependent switching: a) the electrical characteristics of stopping voltages + 0.8 and + 1.0 V, b) the consecutive 
sweep at a stopping voltage of + 1.0 V to eliminate the defect loop, c) the consecutive I–V loops at the initial and stopping voltages of + 0.65 and + 
1.0 V, respectively, and d) the voltage-dependent transition from the phase to defect loop, and vice versa.
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carried from + 0.65 to + 1.0 V, and back to + 0.65 V, as shown 
in Figure  3c. Interestingly, we only detected the defect loop 
in the ACW direction, and the overall resistance of the device 
decreased. Thus, the complete transition from defect loop to 
phase loop, and vice versa, was demonstrated by controlling 
the initial and stopping voltages in the ACW and CW direc-
tions, as depicted in Figure 3d. From the results of Figure 3, 
it can be inferred that the 100  nm-thick GeTe-based device 
exhibits PCM and RRAM characteristics, depending on the 
application of an initial and stopping voltage on the top Ag 
electrode.

To investigate the effect of applied voltage on the structural 
properties of the device, we performed a TEM analysis on the 
device after low voltage sweeps and the breakdown state. From 
the results, we proposed a switching mechanism based on the 
TEM analysis, as shown in Figure 4. Figure 4a shows the cross-
sectional TEM image and its corresponding electron energy 
loss spectroscopy (EELS) elemental mapping of the device after 
the low voltage sweeps. Notably, Ag diffused into the GeTe 
film without prior application of an electric bias. Hence, in the 
pristine state, the switching medium can be considered as Ag-
doped GeTe, also known as Ag:GeTe, which has been previously 
reported in literature.[14] Figure 4b shows the magnified image 
of the switching medium depicting the amorphous nature of 
Ag:GeTe.[18] Figure  4a reveals that half of the top layer of the 
Ag electrode diffused into the GeTe thin film. Although pris-
tine GeTe thin films that are deposited at room temperature are 
amorphous,[18] the crystallinity of the films improved upon Ag 
diffusion, as evident from the faint scattered fringes shown in 
Figure 4b.

The device was further analyzed in TEM after applying a 
high breakdown voltage of + 2.0  V, as shown in Figure  4c,d. 
EELS elemental mapping of the device’s cross-section showed 
that the top Ag electrode was completely removed from the 
top of the device and prominent nano-island formations were 
observed in the switching Ag:GeTe layer, as shown in Figure 4c. 
The crystallinity of the switching layer improved upon the 
increase in the stopping voltage value, as seen in Figure 4b,d. 
EELS elemental mapping and interplanar spacing calculations 
suggest the formation of Ag2Te (monoclinic crystal structure, 
space group P121/c1) and γ-Ag8GeTe6 (cubic crystal structure, 
space group F4-3m) within the rhombohedral GeTe (space 
group: R3m) matrix. As seen from the EELS maps, the locali-
zation of Ag nano-islands supported Ag filament formation 
within the switching layer. In Figure 4b, the lattice fringe was 
spaced by 2.3  Å, which corresponds to the (422) plane of the 
γ-Ag8GeTe6 phase. In Figure 4d, the lattice fringes were spaced 
by 2.83 and 2.05  Å, which correspond to the (422) and (220) 
planes of the γ-Ag8GeTe6 and GeTe phases, respectively. The lat-
tice fringes spaced by 2.4 and 4.15  Å correspond to the (020) 
and (102) planes of the Ag2Te intermetallic phase, respectively. 
These crystallizations were caused by the joule-heating effect, 
which has been widely accepted in literature.[25]

Figure  S3 (Supporting Information) shows the detailed 
structural transformation within the switching medium and 
at the interfaces for the pristine device, a device after low 
voltage, and a device after the application of high voltage. The 
TEM images of the pristine device, switching device, and high 
voltage breakdown device, clearly show the amorphous, less 
crystalline, and highly crystalline structures, respectively, in the 

Adv. Funct. Mater. 2023, 2214615

Figure 4.  Systematics of the structural impact of the stopping voltage and corresponding switching mechanism. a) Cross-sectional STEM image of the 
device, after 5 cycles, using a stopping voltage of ± 1 V with EELS elemental mapping images for the green rectangular region, b) Its corresponding 
structural impact, c) Cross-sectional STEM image of the device after using a breakdown voltage of 2 V with EELS elemental mapping images for the 
green rectangular region, and d) Its corresponding structural impact.
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switching medium upon the application of different stopping 
voltages. Furthermore, the crystalline planes directly related to 
the GeTe and γ-AgGeTe phases after low and high stopping volt-
ages confirms the phase change behavior of the devices. These 
TEM analyses are direct proof that phase changes occur in the 
device upon the application of voltages.

Based on the TEM images, the complete switching phenom-
enon observed in Figures 2 and 3 is schematically explained in 
Figure 5. Figure  5a shows the change in resistance when the 
voltages were applied to the top Ag electrode. Since Ag already 
existed in the switching medium, the application of a posi-
tive bias on the top electrode caused additional Ag migration 
toward the GeTe/Pt interface. This resulted in the decrease of 

Ag concentration in the switching medium, which caused an 
increase in the resistance with each sweep. After the applica-
tion of a low negative stopping voltage sweep, the accumulated 
Ag diffused back into the GeTe layer, forming the Ag:GeTe 
switching medium. Thus, the process is reversible for low 
stopping voltages of ≤ ± 1.0 V. For the high stopping voltage of 
± 2.0 V, the diffused Ag and Ag from the top electrode migrated 
into the GeTe film. During this migration, the Ag accumulated 
in the GeTe film, creating a connected nanoscale island-based, 
permanent film and permanently damaged the top electrode, as 
shown in Figure 5b. The damage to the top electrode was fur-
ther confirmed using the top view scamming electron micro-
scope (SEM) micrograph of the hard breakdown devices, as 

Adv. Funct. Mater. 2023, 2214615

Figure 5.  The proposed switching mechanism for a) the low stopping voltage and b) the high stopping voltage.

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202214615 by T
u D

elft, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2214615  (7 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbHAdv. Funct. Mater. 2023, 2214615

shown in Figure  S4 (Supporting Information). We believe the 
Ag migration obeys the following redox reaction during the 
switching phenomenon, which has been widely accepted in 
the research community.[26]

→ ++ −Ag Ag 1e Oxidation 	 (1)

Ag Ag1e Reduction+ →+ − 	 (2)

To further elucidate the electrical characteristics, the con-
tribution of the germanium defects or vacancies should be 
addressed as the p-type conduction of GeTe owing to the high 
concentration of germanium vacancies or defects.[27] When the 
bias voltage was applied to the devices, the electric field forced 
these defects to re-distribute in the GeTe film, resulting in the 

annihilation of unfavorable anti-bonding Ge–Te and Ag–Te 
interactions.[27b] Hence, the number of free electrons available 
for the conduction was sufficiently reduced. This drove the 
device’s transition from a low resistance to a high resistance.[28]

The phase and defect memory states of the GeTe device were 
evaluated with neuromorphic computation in Figure  6. Data 
were acquired with a sophisticated pulse scheme to mimic the 
spike rate-dependent plasticity (SRDP). This method applied 
repetitive pulses with amplitudes of 0.4, 0.5, and 0.6 V, and kept 
a pulse width of 1 ms, as shown in Figure 6a. The paired-pulse 
depression (PPD) of the device was observed with the rate of 
change of resistance, i.e., (R2–R1)/R1, as shown in Figure  6b. 
The voltage of 0.6 V had a lower PPD value than that of 0.4 V. 
Similarly, the synaptic weight varied gradually with the different 
pulse amplitudes, which corresponded with the gradual change 

Figure 6.  a) Plasticity characteristics with different pulse amplitudes of 0.4, 0.5, and 0.6 V, by keeping the pulse at 1 ms. b) The pulse pair depres-
sion behavior of the device was calculated from different pulse amplitudes. c) The artificial synapse response at various pulse widths: 1, 2, and 3 ms. 
d) Potentiation and depression of the phase and defect regions. Normalized weight of the e) phase and f) defects regions. g) CNN for recognition of 
the CIFAR-10 data set. h) Simulated accuracies of the phase and defect regions of the GeTe neuromorphic device.

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202214615 by T
u D

elft, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2214615  (8 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbHAdv. Funct. Mater. 2023, 2214615

in the device resistance. The synaptic weight of the GeTe artifi-
cial synapse device could be controlled by externally delivered 
pulses with varying pulse width schemes. Pulse widths of 1, 
2, and 3 ms, were studied by applying the sequential synaptic 
pulses with an amplitude of 0.4 V, as shown in Figure 6c.

From the weight change data set of the phase and defect 
behaviors, we obtained the simulation parameters for a convo-
lutional neural network (CNN) that could be used to evaluate 
the proposed device’s performance.[29] As shown in Figure 6d, 
the weight change behaviors of the phase and defect regions 
were obtained by applying a continuous 500 pulse train for 
potentiation and depression, respectively, with a pulse width of 
1 ms. As seen from Figures 2 and 3, it is clear that the phase 
loops are more prominent than the defect loops and the device 
follows the CW loop for the PCM characteristics. Therefore, 
the improved resistances of the devices were observed after the 
application of voltage pulses of amplitude 0.4, 0.5, and 0.6  V, 
by keeping a pulse width of 1 ms. The potentiation and depres-
sion of the phase loops were performed by using ± 0.3 V with 
a pulse width of 1 ms. The potentiation and depression of the 
defect loop were carried out at ± 0.7 V with a pulse width of 1 m 
and 500 potentiation and 500 depression pulses.

In NeuroSim, the nonlinearity of the weight update can be 
computed from Equations 3, 4, and 5:[29,30]

G B e G
P

A1LTP min= −




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+
−

	 (3)

G B e G
P P

A1LTD max

max

= − −




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+
− −

	 (4)

B G G e
P

A/ 1max min

max

( )= − −






−

	 (5)

In these equations, P is the pulse number at which the con-
ductance changed, GLTP is the weight change for potentiation, 
GLTD denotes the weight values for depression, Gmax and Gmin 
are the maximum conductance and minimum conductance, 
respectively, Pmax is the maximum number of pulses neces-
sary to switch the device between the lowest and highest con-
ductance levels, and A controls the nonlinear nature of weight 
updating.

The nonlinearity value can be calculated using the General-
ized Simulated Annealing (GSA) algorithm using MATLAB. 
The maximum and minimum conductance of the device in the 
phase state were 121 and 476.7 µS, respectively, with an OFF/ON 
ratio of ≈2.55. The nonlinearities for positive and negative pulse 
data were 1.9 and 2.48, respectively, as shown in Figure 6e. The 
maximum and minimum conductance for the device in the 
defect state were 504.7 and 404.4 µS, respectively, with an OFF/
ON ratio of ≈1.24. The nonlinearities for the potentiation and 
depression pulse data were 1.95 and 5.85, respectively, as shown 
in Figure 6f. We used CIFAR-10 recognition data for the CNN 
simulation and the input was 32 × 32 × 3.

In this study, six convolutional layers were used to extract 
features, and the last two fully connected layers were used to 
classify those features, as shown in Figure 6g. In the Figures S5 
and S6 (Supporting Information), we discussed our parallel-
readout, eNVM-based, pseudo-crossbar pursuit device array 

method and hardware implementation of the CNN.[29,30] As 
shown in Figure  6h, we have simulation results for the com-
parison of a phase and defect region. The phase region pre-
sented the maximum accuracy compared to that of the defect 
region. In 200 epochs, the accuracy of the neural networks for 
the phase and defect regions were 86% and 65%, respectively. 
The phase region converged to a higher accuracy than that of 
the defect region because of its greater OFF/ON ratio and lower 
nonlinearity values for pentation and depression.

3. Conclusion

In summary, we investigated the different thicknesses of GeTe-
based monochalcogenide for its application in neuromorphic 
hardware. The Ag/GeTe/Pt device with a 100  nm-thick GeTe 
layer exhibited unprecedented initial voltage- and stopping 
voltage-dependent I–V characteristics. For the double voltage 
sweeps of 0 to ± 0.6 V to 0, 0 to ± 1.0 V to 0, and + 0.6 to + 1 to + 
0.6 V, the phase change base, a mixture of phase- and vacancy-
based, and vacancy-based switching were observed, respectively. 
They acted as WORM devices and severe damage to the top 
Ag electrode was observed after the high voltage sweeps of 0 
to ± 2.0 V to 0. The structural impact of stopping voltages was 
further analyzed with the help of cross-sectional TEM. Promi-
nent phase change and Ag migration inside the GeTe film were 
observed. Finally, the switching mechanisms of the devices 
were discussed with the help of Ag-migration and the accumu-
lation of germanium vacancies and defects upon application of 
the electric field. From the potentiation and depression charac-
teristics at different switching modes, it is concluded that PCM 
characteristics in Ag/GeTe/Pt are much more favorable for neu-
romorphic applications, with 86% accuracy.

4. Experimental Section
Amorphous GeTe thin films, acting as the switching layer, with 
thicknesses of 70, 100, and 200  nm, were deposited on commercially 
available Pt/Ti/SiO2 substrates using DC magnetron sputtering of a 
99.999% pure stoichiometric GeTe target. Seventy  nanometer-thick Pt 
was appointed as the bottom electrode and 10  nm-thick Ti was set as 
a buffer layer to improve the adhesion between the Pt and SiO2 layers. 
Then, 200  nm-thick Ag was established as the top electrode. It was 
deposited on the GeTe thin films using DC magnetron sputtering of 
a 99.999% pure Ag target through a 100  µm diameter circular-shaped 
shadow mask. The applied DC sputtering powers were 37 and 35  W 
for GeTe and Ag, respectively, obtaining a deposition rate of ≈1  Å  s−1. 
The samples were rotated at 15  rpm during deposition, ensuring film 
uniformity. Ar gas was used as the sputter gas and introduced into 
the chamber at a fixed flowrate of 25  sccm, resulting in a working 
pressure of 7.9 × 10−1 Pa. All fabrication steps were performed at room 
temperature, making the device compatible with complementary metal–
oxide–semiconductor technologies. I–V characteristics were performed 
using a Keithley 4200A semiconductor parameter analyzer and applying 
appropriate voltage sweeps on the top Ag electrode. The bottom Pt 
electrode was grounded.

TEM was used to investigate devices with different thicknesses 
before and after the application of consecutive low-voltage sweeps and 
high-voltage breakdown. Cross-sections from the Ag/GeTe/Pt devices 
were prepared using a dual-beam Helios NanoLab 650 (Thermo Fisher 
Scientific Inc.) scanning electron microscope. Before milling, a 1 µm-thick 
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Pt protective layer was deposited on top of the Ag/GeTe/Pt device using 
electron- and ion-beam gas-assisted chemical vapor deposition. The 
TEM analysis was performed by operating the aberration-corrected Titan 
80–300 (Thermo Fisher Scientific Inc.) transmission electron microscope 
in bright-field mode, with an accelerating voltage of 300 kV. Furthermore, 
dark-field scanning transmission electron microscopy (STEM), coupled 
with EELS, was performed for elemental analysis. Several images were 
captured at low and high magnifications, facilitating the imaging of the 
crystal structure and existing phases.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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