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CHAPTER 3 

Electrical resistance switching    
mechanisms in GeSbTe thin films 
This chapter presents the investigation on the electrical resistance switching behaviors of 

GeSbTe thin films. Two types of resistance switching mechanisms are addressed namely; 

(i) the conventional resistance switching due to the amorphous to crystalline phase 

transition, and (ii) the resistance switching induced by the polarity of the applied electric 

field in the GeSbTe crystalline phase. These two switching mechanisms were 

demonstrated at nanometer and submicrometer scales using a conductive atomic force 

microscopy, which is emerging as a potential tool to achieve data densities in the range 

of Tera-bit/inch2. The polarity-dependent resistance switching was further examined with 

millimeter and micrometer-sized capacitor-like memory cells. IV measurements and 

pulse-mode operations were carried out to examine the switching characteristics such as 

reversibility, cyclability and response time of the cells. The mechanism of the switching 

based on the solid-state electrolytic behaviour of the material in the presence of the 

electric field is also discussed. 

3.1. INTRODUCTION 

For the develop of next generation nonvolatile memories (NVMs) providing high speed, 

high density, low power consumption, high endurance at a low price compared to the 

existing flash/dynamic/static random access memories (RAMs), several technologies 

have been proposed, e.g. based on magneto-resistance (MRAM) [1], ferroelectricity 

(FRAM) [2], phase transition (PRAM) [3-7] and electrical-resistance (RRAM) [8-19]. 

Among them, PRAM and RRAM, as based on the electrical resistance switching, have 

been given more focus in recent years as they appear to have high potential to become the 

next generation memories. PRAM is based on resistance switching caused by the 

amorphous-crystalline phase transition of a chalcogenide material. This switching is 
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triggered by an electric pulse irrespective of its polarity as shown in Fig. 3.1a. On the 

other hand, the resistance switching in RRAM is caused by the polarity of the applied 

electric field and it is not connected to a structural (phase) transformation. IV 

characteristic shown in Fig. 3.1b exhibits the main component i.e., the resistance 

hysteretic element of a typical bipolar RRAM device.  
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Fig. 3.1. (a) PRAM concept: The electrical resistance switching associated with phase transition. IV 
characteristic of an amorphous phase-change chalcogenide material shows symmetric switching above 
a threshold voltage ±Vth from a highly insulating regime (blue) to a more conducting regime (red). The 
initial high-resistive amorphous phase (blue) changes into a low-resistive crystalline phase (red) above 
±Vth. (b) RRAM concept: The electrical resistance of a RRAM cell is switchable, on applying a voltage 
trigger, between two stable (low and high-ohmic) resistance states. Red line represents the low-
resistance state and blue line represents the high-resistance state. A trigger that exceeds a certain 
threshold could directly increase or decrease the resistance depending on the voltage polarity. In the 
above shown example, a positive threshold voltage (+Vth) causes high to low-resistance transition and a 
negative threshold voltage (–Vth) causes low to high-resistance transition. Read operations in a working 
device would be performed with voltages having amplitudes << Vth. Note the following points; (i) the 
initial resistance state could be either high or low depending on the material type, (ii) the voltage 
polarity required to switch the initial state of the material can also vary, i.e., it could be positive or 
negative depending on the material system.      
 

Although the switching behaviour itself is clearly observed, full understanding of the 

RRAM mechanism is still lacking. Various models have been proposed, e.g., based on 

trap-controlled space-charge-limited current [8], charge-trapping-defect states inside the 

band gap [9], charge-trap states at metal/oxide interface with a change of Schottky-like 

barrier [10], electric-pulse-induced vacancy/ion motion [11,12], and filamentary 

conduction [13-19]. A variety of materials has been utilized for RRAM, in particular 

transition metal oxides [8,20-25], perovskite-based oxides [9,10,26-30] and (Ag or Cu 

saturated) chalcogenides [14-19,31,32]. In literature, the mechanism of PDR switching 
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with metal-saturated chalcogenides is related to the solid-state electrolytic character and 

high ionic conductivities of chalcogenides, and hence is called ionic/electrolytic 

switching. For one polarity, the chalcogenide medium is electrically conductive by 

forming conducting filamentary pathways between electrodes, whereas for the reverse 

polarity it becomes relatively insulative or at least less conductive because of rupture of 

the previously formed electrical pathways.  

Among the various choices of active materials, chalcogenides are promising and 

versatile as they exhibit more than one type of memory switching. However, up to now 

the phase-change and polarity-dependent resistance (PDR, non-phase-change) switching 

were considered independently in chalcogenide materials and no single system is 

reported showing these two switching mechanisms together [33]. For example, numerous 

compositions derived from the GeSbTe system showed amorphous-crystalline switching 

[34] and Ag or Cu-saturated chalcogenides such as AgS [15,31], CuS [16], AgGeSe 

[17,32], AgGeTe [18] and AgInSbTe [19] showed PDR switching. This type of switching 

has not yet been demonstrated in Ag/Cu-free chalcogenides such as in GeSbTe system, 

which is the most commonly used in phase-change data storage.  

Having PDR switching in phase-change chalcogenides could render exiting 

technological opportunities for data storage including data encryption, multilevel and 

low-power recording. It is also recently conjectured that these two switching types are the 

‘different faces of a chameleon’ that should be brought together and studied in a unified 

approach [33]. Compared to phase-dependent resistance switching, PDR switching seems 

more advantageous because: (i) PDR switching can be performed at lower voltages and 

(ii) it does not involve major structural changes and hence effects like phase separation 

are limited providing enhanced device life. To the best of our knowledge, AgInSbTe is 

the only phase-change material (used in optical memories) for which the PDR type 

switching is reported [19]. However, this was shown to have a higher threshold voltage 

(Vth > 10 V), which is a critical drawback. 

 This chapter demonstrates the existence of PDR switching, in certain compositions 

of the phase-change materials composed of Ge, Sb and Te with lower operating voltages 

(≤ 2 V), which are incapable of inducing amorphous-crystalline phase transitions in our 

system. Both switching types (phase-change and PDR) are demonstrated down to 
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nanometer scale using a conductive atomic force microscopy technique. Data recording 

studies at nanoscales are essential to achieve increased data storage densities for fulfilling 

the future requirements. In recent years, impetus to data storage technologies has been 

given by atomic force microscopy since data writing down to 20 nm is readily possible. 

This technique has also a potential to erase/overwrite and read the data [35-42]. In 

general, data writing with AFM is accomplished by thermal or electrothermal means. In 

phase change chalcogenide materials, crystalline marks are produced in amorphous 

backgrounds, but mark erasing with AFM turned out a barrier for further advancement of 

this technique. Data writing and erasing operations have not been successfully 

demonstrated for multiple cycles using AFM only. PDR switching (in chalcogenides) has 

been shown only for memory cell structures produced using lithography, but not yet 

studied with AFM at the nanoscale. To the best of our knowledge, we are the first to 

exploit the phase-change and PDR switching mechanisms simultaneously in GeSbTe 

films using AFM. Apart from the AFM studies, we also extensively investigated the PDR 

switching with capacitor like memory cells. 

3.2. EXPERIMENTAL PROCEDURE 

The samples consist of 20 or 40 nm thick Ge2Sb2+xTe5 (GST) and 100 nm thick Mo layers 

on silicon substrate. GST phase-change film and Mo bottom-electrode layer were 

deposited by DC magnetron sputtering technique. No capping layer was deposited on top 

of the phase-change film. Two types of samples were prepared for two categories of 

experiments. Figure 3.2a shows the structure of a simple capacitor-like memory cell used 

to examine the resistance switching properties at and above micron scale. Silver or 

aluminum was used for top-electrodes. In case of resistance switching experiments at 

nanoscales with CAFM, Pt/Ir coated electrically conductive AFM-probes were used as 

top electrodes (see Fig. 3.2b). All the measurements were performed in air and at room 

temperature. 

For the PDR switching experiments, the volume of the GST film underneath the top-

electrode was electrically crystallized. Electrical crystallization occurs due to Joule 

heating when charge carriers (electrons) pass between the (top and bottom) electrodes 

through the GST film across its thickness. With capacitor-like memory cells, PDR 
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switching behavior was examined via IV measurements using a Keithley 2601 source-

meter with a voltage sweep rate of about 0.8 V/s. Voltage pulses of amplitudes, V > Vth 

(threshold voltage), with positive or negative polarity were used to switch the electrical 

resistance of the cell between two states. The switching voltage direction was always 

across the GST film thickness (i.e., perpendicular to the film surface). The resistance 

state was read with low magnitude voltage pulses (0.1 V, 20 ms) of either polarity. When 

the cell is in pulse mode operation, the DC voltage source is replaced by a pulse 

generator (Stanford Research System Inc., Model DG535) and the switching was tested 

for various pulse amplitudes and pulse widths.  
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Fig. 3.2. (a) Schematic of a capacitor-like cell with Ag or Al top-electrode (not to scale). (b) Sample 
structure used in CAFM experiments for data recording studies at nanoscale. The CAFM setup 
facilitates both height and current imaging simultaneously. A and C refers to amorphous and (poly) 
crystalline phase of the GST layer, respectively. 
 

To investigate the resistance switching at nanoscales, conductive atomic force 

microscopy (Veeco, Dimension 3100) was used. The schematic of the CAFM 

experimental setup is shown in Fig. 3.3. A Pt/Ir coated (highly conductive) probe of the 

microscope served as a top-electrode in this case. The probe material was n-type          

Sb-doped silicon, the spring constant of the cantilever was about 0.2 N/m and the initial 

tip radius of curvature was 20 to 25 nm. To write crystalline marks on an amorphous 

GST film, continuous or pulsed-DC voltages were used. The former case of writing with 

continuous DC voltages was performed by biasing the amorphous film to a positive or 
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negative voltage and scanning a desired area on the film surface with an electrically 

grounded AFM tip. In the later case, DC voltage pulses of positive or negative polarity, 

with respect to the electrically grounded film, were injected via the AFM-tip into the film 

through its thickness. Over these tip-written crystalline marks, PDR switching 

experiments (i.e., write and erase operations) were preformed by subjecting these marks 

to the electric field, which is perpendicular to the film surface. Both SET and RESET 

operation of the PDR switching were done by continuous or pulsed-DC voltages of 

similar magnitudes but with opposite polarities. 
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Fig. 3.3. Schematic of CAFM experimental setup showing the sample structure and electronic circuit 
with various components. This setup provides information simultaneously on topography and electrical 
conductance of the sample.  
 

The CAFM setup provides current images showing the local conductivity of the 

sample in addition to the surface topographs. Measuring the cantilever deflection using 

the laser beam and split-photodiode setup gives the topographical information. Biasing 

the sample to lower DC voltages (V << Vth for phase-change) and measuring the current 

flow (across the sample thickness) through the scanning AFM-tip that is virtually 

grounded gives the conductance image. A high-gain current amplifier electrically 

connected in series with the conductive probe detects sample currents as low as 5 pA. In 

our experimental setup, scanning the amorphous area with lower DC bias, 1 to 2 V, did 

not show any significant current flow above this lower limit. 
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Fig. 3.4. Issues of CAFM scanning: (a) SEM image of a conductive AFM-tip before scanning. (b) SEM 
image showing the partial removal of the conductive coating, which is essential for current-imaging. 
The tip shown here was used for several scans (at ~ 50 nN contact force) after writing a few arrays of 
crystalline marks. (c) SEM image showing a damaged tip, which cannot be used for CAFM imaging.   
(d) Bright-field TEM images showing another kind of tip damage, where the tip-edge is broadened 
with a thin surface coating containing C, N, O & Sb. (e) AFM topograph of a damaged film surface. 
Scanning with nonoptimized contact forces (≥ 100 nN) results in scratching or removal of the film. 

 
A sufficiently good electrical contact between the AFM-tip and sample surface is 

essential during the CAFM measurements. During the writing or reading process, a high 

current density at the tip-edge and/or higher tip-sample contact force can lead to damage 

of the metallic coating of the tip and/or the tip itself. Figure 3.4 shows various issues 

concerning the tip and sample surface while performing CAFM scanning. SEM image of 

an AFM-tip with conductive coating before scanning is shown in Fig. 3.4a. Depending on 

the magnitude of current through the tip and tip-surface contact force, the conductive 

coating is partially (Fig. 3.4b) or fully damaged (Fig. 3.4c). In some cases, the tip radius 

became much wider (Fig. 3.4d) compared to the initial value of 20 to 25 nm. Scanning 

with the tips of larger radius of curvature led to a poor lateral resolution. Partially or 

completely damaged tips cannot establish a proper or steady electrical/physical contact 

with the sample surface and this would result in improper current images and surface 

topographs with low resolutions. Apart from the possible tip damage, large tip-sample 

contact forces (≥ 100 nN) could result in scratching or even removal of the film material 

(Fig. 3.4e). A number of factors affecting the tip-sample electrical contact (for e.g.       
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tip-sample contact force, tip scanning speed, wear of the conductive coating of the tip, 

stiffness of the cantilever and surface roughness of the sample) were properly optimized.  

3.3. RESULTS AND DISCUSSION 

3.3.1. Resistance change due to amorphous-crystalline phase-change 

The amorphous phase resistivity of the phase-change chalcogenide material decreases up 

to 3 orders in magnitude upon crystallization [43,44]. This concept (i.e., the resistivity 

change duo to phase-change) is the basic principle of PRAM and the proposed ovonic 

unified memory [45,46] or Philips line-cell memory [43]. When the applied electric field 

exceeds a threshold level, highly conductive filamentary pathways are formed within the 

material, and then when current is allowed to persist along these filaments, structural 

changes occur due to Joule heating if the temperature raises above the crystallization 

temperature (Tc) of the material. Depending on the magnitude of temperature and cooling 

rate, crystalline or amorphous phase will be formed. For instance, applying a voltage    

(or current) pulse with relatively longer pulse width and moderate amplitude leads to the 

low-resistive crystalline phase. 
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Fig. 3.5. (a) An electrical pulse with longer pulse width and moderate energy raises the material 
temperature above the crystallization temperature (Tc), but well below the melting temperature (Tm), 
and keeps it above Tc for enough duration to crystallize. This annealing-like process results in a low-
resistive crystalline phase irrespective of the material’s initial phase. (b) Heating the material closer to 
its Tm by an electrical pulse with narrow pulse width and high energy followed by a rapid cooling 
results a high-resistive amorphous phase. In this quenching-like process the material is not allowed 
long enough to crystallize in the regime above Tc.  
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Figure 3.5a shows the temperature variation in the material due to the application of a 

broader pulse with moderate amplitude. The temperature rises just above Tc and if the 

material is kept at this temperature regime for enough duration a low-resistive crystalline 

phase will result. On the other hand, applying an electric pulse with higher amplitude and 

shorter pulse width raises the temperature above the melting point (Tm). If the 

temperature drops rapidly down to room temperatures (i.e. not providing enough time to 

the material to crystallize in the regime between Tm and Tc) a high-resistive amorphous 

phase will be formed (see Fig. 3.5b). This process is comparable to a thermal quenching 

resulting in an amorphous phase.  
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Fig. 3.6. Resistivity and density variations in Ge2Sb2Te5 thin film upon crystallization. The initial 
amorphous phase transforms into first a meta-stable rocksalt-like structure at about 140oC, and then 
into a more stable hexagonal structure at about 310oC.  This figure is adapted from Ref. 44. 
 

In addition to the resistivity change, the structural transition also leads to a significant 

density variation [44,47]. Figure 3.6 shows the structural dependence of both the 

resistivity and density of a Ge2Sb2Te5 thin film. In this example from Ref. 44, the density 

reduces 7 to 9% and the resistivity drops more than 3 orders as a result of the amorphous 

to crystalline phase transition. Using CAFM, we examined both density and resistivity 

variations at nanoscale levels in 20 or 40 nm thick (as-sputtered) amorphous Ge2Sb2+xTe5 

films. By injecting electrical pulses into the film via the conductive probe of AFM, 

crystalline marks were written. Reading the marks (data) was done by sensing the 

electrical conductance (or resistance) and topography of the marks in comparison with 

the amorphous surroundings; see Fig. 3.3 for the schematic of the experimental setup.  
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Fig. 3.7. (a) A contact-mode AFM topograph showing a crystalline bit pattern written in a 20 nm thick 
amorphous GST film. (b) and (c) are the simultaneously recorded topographic and current-images.     
(d) A line profile of a row of crystalline marks in image (b) showing the film thickness (density) change 
upon crystallization. (e) A line profile of a row of crystalline marks in image (c) showing the electrical 
resistance change upon crystallization. The marks are well distinguishable from the amorphous 
background with a current contrast of about 3 orders of magnitude. 
 

As an example, a pattern of written crystalline marks (at a density of about               

50 Gb/inch2) in the amorphous film is shown in Fig. 3.7a. DC voltage pulses of 5 V 

amplitude and 500 ms temporal width were used for writing the marks. Figures 3.7b and 

3.7c indicate the density and resistivity variations, respectively, in the marks with respect 

to the amorphous background. Due to the densification upon the amorphous-crystalline 

phase transition, the written marks appear as pits in the AFM topograph (Fig. 3.7b).        

A line profile drawn along a row of such pits shows (see Fig. 3.7d) that the film thickness 

decreases up to 2.5 nm, which corresponds to about 6% density increase due to 

crystallization. This observed density variation is in agreement with the reported value of 

6 to 7% in Ref. 47 for the amorphous to rocksalt phase transition in Ge2Sb2Te5 films.  
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In Ref. 47, by X-ray reflectometry and AFM methods were used for the density 

measurements. Moreover, according to Ref. 47, it is likely that AFM-crystallization 

favours the formation of the meta-stable face centred cubic phase rather than the stable 

‘hexagonal’ phase. Figure 3.7c is the current-image that was recorded simultaneously 

with the surface topograph shown in Fig. 3.7b. The sample was biased with +1 V with 

respect to the AFM-tip. The current image shows that the written crystalline marks are 

highly conductive compared to the amorphous surrounding. The line profile                 

(see Fig. 3.7e) plotted over a row of crystalline marks of the current image Fig. 3.7c 

reveals that the crystalline marks are about 3 orders of magnitude (or more) conductive 

than the amorphous background. Since our experimental setup has a limitation of 

detecting current flows below 5 pA, the high-resistive amorphous phase current was not 

measurable for the lower bias voltages (1 to 2 V). Increasing the bias voltage above 

certain limits, say > 3 V, to measure the amorphous phase resistance, leads to a structural 

transition from the amorphous to crystalline phase.  

3.3.2. Resistance switching induced by the polarity of the applied voltage 

Further investigation on these tip-written crystalline marks revealed the existence of 

polarity-dependent resistance switching i.e., the electrical resistance of the crystalline 

marks was switchable between a low and high level by reversing the polarity of the 

applied electric field. This resistance switching is found to be reversible and nonvolatile. 

In the following sections, we demonstrate the PDR switching at three different length 

scales. Sections 3.3.2.1 and 3.3.2.2 demonstrate the switching at nano and submicron 

scale, respectively, using CAFM. Section 3.3.2.3 demonstrates the switching at 

millimeter and micrometer scales using simple capacitor-like memory cells.  

3.3.2.1. Polarity dependent resistance switching at nanoscale 

Figure 3.8a is a contact-mode AFM topograph showing an array of tip-written crystalline 

marks in an amorphous GST film. These marks were written by injecting DC voltage 

pulses of amplitude –5 V and width 500 ms from the tip into the electrically grounded 

film. One of the crystalline marks of this array was taken for examining the PDR 

switching. Scanning an area including the mark with a positive bias of +1.5 V (i.e. the 

film is biased with respect to the virtually grounded tip), referred as a SET operation, 
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brought the mark into a low-resistance (ON) state. On the other hand, a negative bias 

scanning with –1.5 V, referred as a RESET operation, takes the mark to a high-resistive 

(OFF) state. When SET and RESET operations were repeated with positive and negative 

biasing, the crystalline mark switched to low-resistance state (LRS) and high-resistance 

state (HRS), respectively. Simultaneous measurement of current flow through the tip 

during the SET and RESET operations allowed mapping of the resistance state of the 

mark. The background amorphous phase resistance during these operations remains 

below the current detection limit (< 5 pA) of our CAFM setup. 
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Fig. 3.8. (a) A contact-mode AFM topograph showing an array of tip-written crystalline marks in a 40 
nm amorphous GST film. (b), (c) and (d) are the topographs of a crystalline mark during the SET, 
RESET and SET operations, respectively. (e), (f) and (g) are the current-images recorded with biasing of 
±1.5 V showing ON, OFF and ON states of the mark, respectively. (h), (i) and (j) are the ON, OFF and 
ON state current profiles, corresponding to the images (e), (f) and (g), respectively.  
 

Figures 3.8b, 3.8c and 3.8d are the contact-mode AFM topographs of the tip-written 

crystalline mark during SET, RESET and SET operation, respectively. Figures 3.8e, 3.8f 

and 3.8g are the current-images showing the LRS, HRS and LRS of the mark during the 

SET, RESET and SET operation, respectively. Figures 3.8h, 3.8i and 3.8j are the current-

profiles connected to the current images 3.8e, 3.8f and 3.8g, respectively. Note that the 
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HRS of the mark is electrically indistinguishable from the surrounding amorphous phase 

(compare 3.8f and 3.8i). This is because the current flow through the high-resistive 

crystalline phase is as low as the amorphous phase or at least lower than the detection 

limit (5 pA) of our CAFM setup. According to Figs. 3.8b, 3.8c and 3.8d, the topography 

of the crystalline mark did not alter markedly during the SET-RESET operations. This 

indicates that there is no density change involved with this PDR switching. The ON-state 

current profiles, 3.8h and 3.8j, reveal that the mark has a resistance contrast of at least 

more than 2 orders of magnitude with its surrounding. The magnitude of operating 

voltage for this switching is 1.5 V, which is clearly lower than the threshold voltage of 

about 4 V required to induce the phase transition. The latter indicates that the PDR 

switching could be interesting for low power memory devices, as it requires relatively 

low operating voltages. In the current-images 3.8e and 3.8g, it can be seen that the 

electrical conductivity of the crystalline mark is not homogeneous over the mark area 

(dashed circle). A considerable area fraction within the mark is at higher resistance states 

instead of LRS. This could be due to several factors including an improper tip-sample 

electrical contact. The electrical contact between the tip and sample can be deteriorated 

by several factors including the surface morphology, faster tip scanning and removal of 

the tip coating (or damage of the tip) by mechanical wearing or electrothermal (melting) 

damage.   

3.3.2.2. Polarity-dependent resistance switching at submicron scale 

The PDR switching was further tested over a larger area, 500 by 500 nm, which was 

electrically crystallized with a 5 V (i.e., the sample was biased to –5 V with respect to the 

grounded tip) at a tip scanning speed of 5 µm/s. The large area crystalline mark was then 

considered for SET-RESET operations. An area of 1 by 1 µm including the crystalline 

mark was scanned by CAFM with an operating voltage of ±1 V. The experimental 

schematic for the SET-RESET operations is shown in Fig. 3.9a. For the SET operation, 

the sample was biased to +1 V with respect to the tip that is electrically grounded. Figure 

3.9b shows that the crystalline mark is at low-resistance (ON) state during the SET 

operation. The current profile of the ON-state shown in Fig. 3.9c reveals that the 

resistance contrast between the ON-state of the mark and amorphous background is about 

three orders of magnitudes. When the voltage polarity is reversed for the RESET 
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operation (i.e. the sample is at –1 V and tip at ground potential), the mark reaches a high-

resistance (OFF) state.  
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Fig. 3.9. (a) Experimental setup for SET-RESET operations. (b) Current-image recorded with a bias of 
+1 V showing a high-conductive ON-state of the crystalline mark in a low-conductive amorphous 
surroundings. The 500 by 500 nm crystalline mark was previously formed by the tip with 5 V. (c) The 
current-profile showing the ON-state resistance of the mark. The conductivity difference of the ON-
state with the amorphous background is about 3 orders. (d) Current-image recorded during the RESET 
operation with a bias of –1 V. (e) The current-profile of the mark at OFF-state. This indicates that the 
RESET operation promotes the resistance of the mark to a higher value that is almost indistinguishable 
from the amorphous-phase-resistance. (f) and (g) are current-image and current-profile, respectively, 
showing the reproducibility of the ON-state upon a repetitive SET operation. 
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The OFF-state resistance of the mark is completely indistinguishable from that of the 

amorphous surroundings as shown in Figs. 3.9d and 3.9e. Repeating the SET operation 

reproduces the ON-state of the mark with almost the same resistance contrast with the 

background (see Figs. 3.9f and 3.9g). Figures 3.9b and 3.9f show that the electrical 

resistance of the ON-state (i.e., the LRS) is not homogeneous throughout the mark area 

(dashed red square) and a considerable area fraction within the mark region is at high-

resistance. Various possible reasons for such inhomogenities in the ON-state resistance 

are already explained in the last paragraph of the previous section. However, in this 

particular case, the improper electrical contact between the tip and sample surface (due to 

faster tip scanning) is expected predominantly to cause incomplete crystallization. 

Measuring the write/erase cyclability with CAFM setup is highly limited (unlike with 

memory cell structures) due to the tip-sample electrical contact problems. With repeated 

write-erase operations, the resistance contrast of the ON-state with the background tends 

to reduce due to the damage of the metallic tip coating (although the measurements were 

performed at optimum tip-sample contact forces < 50 nN). Indeed, the melting damage of 

the conductive coating was difficult to control due to very high current densities at the tip 

edge. Replacing the damaged tip with a proper one did recover the resistance contrast, but 

this added the difficulty to locate the mark(s). Despite these practical limitations, we 

examined the write/erase cyclability up to ten times without significantly loosing the 

resistance contrast. In addition, testing the data retention time was also limited by several 

factors including (i) locating the mark after a prolonged period turns out difficult due to 

the drift of the tip position and (ii) keeping the written mark exposed to air for longer 

durations leads to the formation of insulative layer(s) on the film surface. Nevertheless, 

we succeeded to locate the marks after 48 hours with almost the initial resistance 

contrast, indicating that the marks are nonvolatile within the tested period.  

3.3.2.3. PDR switching with capacitor-like cells: a macroscopic approach 

The CAFM setup added difficulties in measuring the PDR switching parameters such as 

write/erase cyclability with voltage pulses, electrode material influence on the switching, 

data retention and response time due to the stability issues with the tip-sample (electrical) 

contact. To overcome these constraints, we designed and investigated simple capacitor-

like cells, where the conductive AFM-tip was replaced by a static metallic contact.         
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A schematic representation of such prototype cell is shown in Fig. 3.2a. The bottom-

electrode material, molybdenum, was kept unchanged, but the top-electrode was either 

silver or aluminum.  

Table 3.1. Materials and dimensions of the top-electrodes used in the capacitor-like memory cells 

Top-electrode material Thickness Size 
Silver ~ 0.1 mm ~ 1 mm 
Aluminum ~ 1.0 µm 50 to 100 µm 

The dimensions of the top-electrodes are given in table 3.1. Note that before any PDR 

switching studies with the cells, the amorphous GST between the top and bottom-

electrode was crystallized by sweeping the voltage from zero to values higher than the 

threshold level for crystallization. PDR switching studies were then performed with this 

crystalline phase at voltages always < Vth required for crystallization. Without this initial 

crystallization, PDR switching turned out to be impossible. The switching properties of 

the cells with Ag and Al top-electrodes are discussed in the following sections. 

a) Cells with Ag top-electrode 

A typical IV behavior of a cell with Ag top-electrode is shown in Fig. 3.10a and 3.10b. 

The sample showed two distinct resistance levels; a low ohmic and a high-ohmic one. 

When sweeping the voltage from zero to the negative values with respect to the bottom 

electrode, a linear IV behavior is observed until the voltage reaches about –0.4 V. Then, a 

sudden change in sample resistance occurs at –0.4 V, i.e., the sample switches to a high-

resistance state (HRS), which is about 5 times higher than the sample’s initial low-

resistance state (LRS). The sample remains at the HRS for further sweep from –0.4 to     

–0.6 V and also for the reverse sweep from –0.6 to +0.5 V.  

The HRS of the sample shows an almost linear IV behavior for the voltage sweep 

from –0.6 to +0.5 V. When increasing the voltage above +0.5 V, the sample switches 

back to its LRS (above +0.5 V) and remains in this state during a further voltage sweep in 

this direction. For applied voltages higher than +0.5 V, the sample-current rises above   

30 mA, which is the (upper) current limit imposed to the sample. The cutoff for larger 

currents above 30 mA was necessary to prevent the electrical breakdown of the sample. 

IV curves (Figs. 3.10a and 3.10b) clearly exhibit the two (meta-) stable resistance states 
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of the PDR switching. This intrinsic memory effect of the sample was reproducible for a 

number of cycles with about ±0.5 V switching voltages and the resistance states were, as 

tested, nonvolatile at room temperature for several months. 
 

-35

-25

-15

-5

5

15

25

35

-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
Voltage (V)

C
ur

re
nt

 (m
A

)

Current limit

High-resistance state
LRS    HRS transition

Low-resistance state

(a)

1

1.5

2

2.5

3

-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
Voltage (V)

Lo
g(

R
), 

R
 in

 Ω

(b)

 
 

25

50

75

100

125

150

0 25 50 75 100
Number of pulses

R
es

is
ta

nc
e 

(Ω
)

LRS by positive pulses

HRS by negative pulses

(c)

     

25

50

75

100

125

0 100 200 300 400
Number of pulses

R
es

is
ta

nc
e 

(Ω
)

HRS by negative pulses

LRS by positive pulses

(d)

 
Fig. 3.10. (a) Memory switching IV behavior of a PDR cell with Ag top-electrode. (b) Cell resistance in 
logarithmic scale as a function of the switching voltage. (c) Pulse-mode switching operation of a PDR 
cell with voltage pulses of ±1.25 V and 1 μs. (d) Pulse-mode switching operation of another PDR cell 
with voltage pulses of ±1.0 V and 250 μs. 
 

The use of pulsed-DC voltages is preferable for data recording, particularly to allow a 

faster data recording and to reduce thermal effects or damage. Hence, we examined the 

PDR switching behaviour of the capacitor-like cells with voltage pulses. Figures 3.10c 

and 3.10d are the examples showing the pulse-mode operation of the cells with voltage 

pulses of various amplitudes and widths. The switching pulses were injected from the 

top-electrode with respect to the bottom-electrode, which is at ground potential. Negative 



Chapter 3 

 64

voltage pulses promote the sample to the high-resistance state, whereas the positive 

pulses bring the sample back to the low-resistance state. After each switching pulse, the 

resistance state of the sample was measured with a read pulse of 0.1 V amplitude and    

20 ms width. The read pulse energy is much lower than the switching pulses and the 

polarity of the read pulse can be either positive or negative.  

Although the data points show some scattering, the two levels of resistance also 

clearly occur in the pulse-mode operation. Compared to continuous DC voltage switching 

as shown in Fig. 3.10a and 3.10b, in pulsed-voltage switching, the threshold level for 

switching is increased, but the switching cyclability is enhanced to a larger number of 

cycles. In Fig. 3.10c, pulses of 1.25 V amplitude and 1 µs width allow at least              

100 switching cycles with a resistance contrast between LRS and HRS (CHRS-LRS) of about 

150%. In an another example shown in Fig. 3.10d, 1.0 V and 1.25 µs pulses demonstrate 

the PDR switching for ~ 400 cycles with CHRS-LRS of about 100%. In many experiments 

including those given in Figs. 3.10a and 3.10b, it was observed that the total cell 

resistance switches between about 50 and 100 Ω. The total cell resistivity values 

corresponding to these LRS and HRS are about 980 Ωm and 1960 Ωm, respectively. 

b) Cells with Al top-electrode 

Capacitor-like PDR cells with aluminum top-electrodes were prepared to examine the 

switching at micronscale. A pattern of such cells formed on the GST layer is shown in 

Fig. 3.11a. The typical IV characteristics demonstrating the PDR switching behaviour of 

one of the cells is shown in Fig. 3.11b. With continuous DC switching voltage, the HRS 

to LRS and LRS to HRS switching occurred at about +0.9 V and –0.8 V, respectively. 

The IV relationship of the LRS is slightly deviating from the linear trend as was observed 

for the cells with Ag top-electrodes. The reason for the deviation is not fully understood, 

however, it is expected that the contact-resistance (that varies with the electrode material) 

at the film-top-electrode contact could have influenced the resistance states. The pulse-

mode operation of the cell with 1.5 V and 250 µs pulses is shown in Fig. 3.11c. The two 

stable resistance states (HRS of about 40 kΩ and LRS of about 20 kΩ) are well separated 

with a resistance contrast of about 100% and stable for more than 100 cycles. 

The total cell resistivity values at LRS and HRS for Al electrode are comparable to 

those for Ag electrode (i.e. the resistivity was about 980 Ωm at LRS and about 1960 Ωm 
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at HRS). These values cannot be directly compared with the LRS and HRS resistivities of 

the AFM setup because of the nonstatic top-electrode contact (i.e. the moving tip). 

However, for an AFM contact dimension of 100 nm, the LRS resistivity is about          

230 Ωm, and this value is closer to the LRS resistivity of 200 Ωm calculated from the IV 

measurements of the cells. It should be pointed out here that in the capacitor-like cells, 

the resistance states associated with the pulse-mode operation were always between the 

low and high resistance levels observed in the IV measurements. Similar comparison for 

HRS resistivity cannot be made, because the HRS with the AFM-setup is beyond the 

measurable range of the equipment. 
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Fig. 3.11. (a) SEM image (top left) showing an array Al top-electrodes on GST film. The magnified 
image (top middle) shows the ultrasonically soldered Au wire with the Al electrode. (b) Memory 
switching IV behavior of a cell with Al top-electrode. (c) Pulse-mode PDR switching with ±1.5 V and 
250 μs pulses in a cell with Al top-electrode. 
 

From the experiments (with CAFM and capacitor-like cells) it is revealed that the 

PDR switching is independent of the (top) electrode material and not limited to the cell 

size (within the examined range from millimeter to nanometer). In the CAFM setup, the 

recording (writing/erasing/reading) speed depends on several factors including the 
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current detection sensitivity of the setup, scan speed of the tip and pulse shape loss (for 

the short duration pulses typically below a few µs) due to the large capacitance of our 

nonoptimized test structures.  

3.3.3. Mechanism of polarity-dependent resistance switching 

The electrical resistance switching driven by the polarity of the applied electric field can 

be related to the solid-state electrolytic behaviour of the chalcogenide material. When a 

solid electrolyte is subjected to an electric field, electrochemical reactions (near the 

electrodes) lead to ionic conduction. If the electric field strength is sufficiently large, 

electrically conductive filamentary pathways appear between the electrodes within the 

electrolyte media leading to a lower-resistance state. When the polarity of the electric 

field is reversed, the preexisting electrical pathways become discontinuous due to ion 

migration in the opposite direction and lead to a higher-resistance state. Figures 3.12a and 

3.12b schematically illustrate the formation and rupture, respectively, of such conducting 

filaments driven by the polarity of the applied electric field in a solid-state electrolyte.  

Chalcogenide materials showing the PDR-type memory switching include AgS 

[15,31], AgGeSe [17,32], AgGeTe [18], AgInSbTe [19] and CdPbS [48]. In these        

Ag-saturated chalcogenides, low and high-resistance states are the consequence of the 

formation and rupture of (dendrite-like) Ag-filaments, respectively, due to the electric 

field driven Ag ion migration. Switching voltage of these materials scatters from 0.2 to   

6 V and the LRS to HRS contrast is about 3 orders of magnitude. A similar electrolytic 

switching mechanism as associated with Ag-saturated chalcogenides probably holds for 

our Sb-rich Ge2Sb2+xTe5 chalcogenide material, in which conductive Sb-filaments 

(similar to Ag-filaments) can be formed and dissolved by the applied electric filed. Note 

that the switching is associated with the crystallized volume of the amorphous 

Ge2Sb2+xTe5 film. Crystallizing this type of film leads to phase separation, i.e., 

stoichiometric Ge2Sb2Te5 nanocrystals are formed with (the remaining) Sb at the grain 

boundaries in amorphous phase [49]. Furthermore, cross-sectional TEM studies show that 

GeSbTe films, upon crystallization, have a strong tendency to form crystals near the film 

surface leaving some amorphous volume near the film-substrate interface [50-52]. 

Based on these postulates, the crystallized volume considered for PDR switching is 

expected to consist of Ge2Sb2Te5 nanocrystals with amorphous Sb at grain boundaries 
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and a small volume fraction of GST amorphous phase in the surroundings (see            

Fig. 3.12c). It should also be considered that (metallic) Sb is also several orders of 

magnitude more conductive than Ge and Te within the GST system. Therefore, when the 

crystallized volume is subjected to a sufficiently strong electric field, conducting           

Sb filaments or bridges form (see Fig. 3.12c) and can bridge the Ge2Sb2Te5 grains 

through the amorphous matrix with the electrodes. These bridges persist until they are 

dissolved or ruptured by reversing the electric field direction. Instead of Sb filaments, 

also a similar (electrolytic) mechanism, where grain boundaries can switch between a 

conductive and insulating state can explain the observations (though we cannot 

distinguish from the filament mechanism).  
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Fig. 3.12. (a) Filament formation: When a solid-state electrolytic material is subjected to an electric 
filed, metal(lic) ions form at the cathode and migrate towards the anode, where the neutral metal(lic) 
atoms accumulate. For e.g., if the top-electrode is negatively biased with respect to the bottom-
electrode, due to solid-state electrochemical reactions, one or more (dendrite-like) metallic pathways 
originating from the anode (bottom-electrode) will proceed across the material and connect with the 
opposite electrode. Such conductive filament(s) formation will lead the material to a low-resistance 
state. (b) Filament rupture: When the applied electric field direction is reversed, the ions produced at 
the top-electrode (which is now a cathode) start to migrate towards the bottom-electrode (now anode). 
This leads to rupture of the existing filament(s), especially to a larger extent near the cathode. At this 
condition ( i.e., with the reverse electric field), new dendrites can also start to grow from the bottom-
electrode. The filament breakage brings the material into a high-resistance state. (c) Schematic for the 
formation of electrically conductive pathways in Sb-rich Ge2Sb2+xTe5 film: For one particular polarity of 
the applied electric field, excess-Sb at Ge2Sb2Te5 grain boundaries electrically bridge the grains 
surrounded by amorphous phase with the electrodes. These Sb-bridges (or filaments) remain until they 
are dissolved by a sufficiently high electric field with a reverse polarity.  
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Fig. 3.13. (a) Capacitor-like memory cell structure with a stoichiometric Ge2Sb2Te5 film.                      
(b) IV behaviour of a capacitor-like cell contains stoichiometric Ge2Sb2Te5 as an active layer. 
 

To reveal the contribution of excess-Sb in PDR switching, stoichiometric Ge2Sb2Te5 

films (in which Sb-bridging is not likely to happen) were examined. DC magnetron 

sputtering was used to deposit 40 nm thick amorphous Ge2Sb2Te5 films with 100 nm 

thick molybdenum bottom-electrode onto silicon substrates at room temperature. 

Capacitor-like cells (similar to those created with Sb-rich Ge2Sb2+xTe5 films) were 

formed with the films with Ag top-electrodes (see Fig. 3.13a). The volume underneath 

the Ag top-electrode was electrically crystallised (with a continuous DC voltage, V > Vth 

for crystallization) prior to the pulse-mode PDR switching experiments. The IV 

characteristics of the cell, shown in Fig. 3.13b, do not show any evidence for a resistance 

switching behaviour. The sample current linearly increases with the voltage sweep in 

both positive and negative directions (i.e., the sample resistance does not significantly 

change with the applied voltage polarity). No threshold point in the applied voltage is 

detected at around 0.5 V as it was observed (compare Fig. 3.10a) for a 40 nm Sb-rich 

Ge2Sb2+xTe5 film.  
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Fig. 3.14. Response of the cell-resistance to the switching pulses of various amplitudes and pulse 
widths: (a) cell response for 1.25 V, 1 μs pulses. (b) cell response for 1.25 V, 50 μs pulses. (c) cell 
response for 1.5 V, 1 μs pulses. (d) cell response for 1.5 V, 250 μs pulses. ▲: positive pulses,                 
O: negative. 
 

DC voltage pulses of various amplitudes and widths were applied to the cell in order 

to examine the response of the cell-resistance to the pulse-polarity and the results are 

shown in Figs. 3.14a to 3.14d. With respect to the bottom-electrode, positive and negative 

switching pulses (of amplitudes > 1 V and widths > 1 µs) were alternately injected from 

the top-electrode. The sample remained almost in a single resistance state without 

showing any pronounced response to the applied pulse polarity except after a long history 

of applied voltage pulses for the switching pulse of 1.5 V and 250 µs (Fig. 3.14d). The 

fluctuation in the cell resistance observed in Fig. 3.14d could be due to the 

electrothermally induced phase separation in the Ge2Sb2Te5 alloy upon repetitive high 

energy pulse inputs. The PDR switching experiments with stoichiometric Ge2Sb2Te5 

films, therefore, supports the proposed model that the metallic Sb-content in the GeSbTe 

composition is crucial for the switching to become operative. 
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3.4. CONCLUSIONS 

The electrical resistance switching behaviour of Sb-rich Ge2Sb2+xTe5 films was analysed 

at various length scales (mm to nm) using CAFM and capacitor-like memory cells. The 

films exhibited two types of resistance switching induced by: (i) the amorphous to 

crystalline phase-change and (ii) the ionic conductivity of the material due its solid-state 

electrolytic behaviour. In both cases, the resistance of the film switched between a low 

and high level. The second switching type, named as polarity-dependent resistance (PDR) 

switching, was associated with the crystalline phase and driven by the polarity of the 

applied electric field. Low and high resistance states of the switching were attributed to 

the formation and rupture of electrically conductive Sb filaments, respectively, between 

Ge2Sb2Te5 crystals and the electrodes through the high resistive amorphous phase.  

The role of Sb in the switching was verified by examining stoichiometric Ge2Sb2Te5 

films, which did not exhibit PDR switching but showed only amorphous to crystalline 

phase-change. PDR switching in Sb-rich Ge2Sb2+xTe5 thin films was reversible and could 

be achieved with continuous or pulsed DC voltages of magnitude ≤ 2 V, whereas our 

CAFM experimental setup required at least 4 V for the amorphous-crystalline transition. 

At nanoscales, the contrast between the two stable resistance states was up to 3 orders of 

magnitude. The resistance contrast between the crystalline phase at high-resistance state 

and background amorphous phase was not clearly detectable, since the current through 

these phases was lower than the detection limit of our CAFM setup.  

Simple capacitor-like memory cells fabricated with Ge2Sb2+xTe5 films with Al or Ag 

top-electrodes demonstrated the switching reversibility for several hundred cycles. The 

data retention time at room temperature was more than several months and the switching 

performance was not significantly influenced by the top-electrode material type. 

Determining the minimum response time of the switching was limited by the 

experimental setup, however, the switching was demonstrated with 1 µs voltage pulses. 

The work of this chapter is the first demonstration of two types of resistance switching 

mechanisms (phase-change and PDR switching), in a single (dedicated) phase-change 

material. The present findings are believed to expand the applicability of GeSbTe thin 

films and could render powerful opportunities to data storage if the switching 

mechanisms are properly combined.  
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