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Influence of Bi impurity on the main parameters of the current-voltage

characteristics of the Ge2Sb2Te5 phase-change memory semiconductor

© S.A. Fefelov 1, L.P. Kazakova 1,2, N.A. Bogoslovskiy 1, A.B. Bylev 2, E.V. Gushchina 1,

Zh.K. Tolepov 3, A.S. Zhakypov 3, O.Yu. Prikhodko 3

1 Ioffe Institute,

194021 St. Petersburg, Russia
2 Kirov State Forest Technical University,

194021 St. Petersburg, Russia
3 Al Farabi Kazakh National University,

050038 Almaty, Kazakhstan

E-mail: s.fefelov@list.ru

Received April 12, 2024

Revised September 19, 2024

Accepted October 1, 2024

The current-voltage characteristics of thin-film samples of the Ge2Sb2Te5 phase-change memory material are

measured in a current control mode. The influence of Bi impurity on the main parameters of the current-voltage

characteristic is studied. The obtained results show an increase in the stability of the electrical properties of

Ge2Sb2Te5 when doped with Bi at concentrations of 6.3 and 12.0 at%. The introduction of Bi impurity leads to the

disappearance of voltage fluctuations after switching.
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1. Introduction

Comprehensive studies of the properties of a chalco-

genide glassy semiconductor (CGS) of the Ge2Sb2Te5
composition (GST225), which is considered to be the most

promising material for non-volatile memory elements based

on the chalcogenide glass–crystal phase transition [1–3],
have attracted much attention recently. GST225 is currently

being used more and more often in this capacity [4,5].
This makes it important to identify the key mechanisms

of conductivity enhancement in strong electric fields that

underlie the transition of thin CGS films from a high-

resistance state to a low-resistance one (switching effect)
and the transition of a sample from an amorphous state to

a crystalline one with low resistance (i. e.,
”
memorization“

of the low-resistance state, or memory effect). It is also

important to find ways to control the main parameters

characterizing the memory effect. With this aim in view,

we conducted a study of the current–voltage characteristics

(CVCs) of undoped GST225 films and the same films

doped with bismuth. The Bi impurity was chosen based

on the results reported in [6–9], where the introduction of

Bi was found to reduce the data recording time, enhance

the recording stability, and increase the data retention time,

which is relevant to the production of phase-change memory

devices. The application of GeSbTe CGSs is not limited to

memory elements only. These materials are currently being

used actively in optoelectronics and nanophotonics [2,10,11]
and in neuromorphic computing [12–14]. Controlled

modification of material properties through doping is quite

useful in all of these applications.

2. Samples and experimental procedure

The studied samples were thin-film sandwich-type CGS

structures. Amorphous GST225 films and Bi-doped GST225

films were obtained by ion-plasma RF (13.56MHz) mag-

netron sputtering of a composite GST225–Bi target in Ar

atmosphere under a pressure of ∼ 1 Pa. An ONYX-3

magnetron (Angstrom Sciences) with a cooled cathode, a

polycrystalline target of the Ge2Sb2Te5 composition with a

chemical purity of 99.999% (AciAlloys), and Bi targets of

the same purity were used in the process. The amorphism of

the structure was verified by Raman spectroscopy (Solver
Spectrum spectrometer with a He–Ne laser, λ = 633 nm).
The composition of the obtained films was monitored via

energy-dispersive analysis using a Quanta 3D 200i scanning

electron microscope (SEM). The thickness of these films

was determined by scanning the cleaved surface of sandwich

structures with the SEM electron beam. The concentration

of Bi impurity in the films was 6.3 and 12.0 at%, and their

thickness was ∼ 130 nm.

Amorphous films were deposited onto a Si substrate with

conductive TiN coating and onto a glass substrate with

conductive Al coating. The conductive coating served as

the base electrode in electrical measurements, and gold was

used as the top pressure electrode. The area of contact

between the film and the top electrode was ∼ 10−4 cm2.

The pressure electrode was shifted along the film surface to

perform measurements at different points, which amounts

to having a large number of samples.

The measurements were carried out in the current control

mode [15]. Triangular current pulses shaped by a digital-to-

analog converter were applied to the samples. The rise and
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fall times of the current pulse were both equal to 1ms. A se-

quence of current pulses with increasing current amplitude

Imax were applied to the sample. A digital oscilloscope was

used to obtain synchronized oscilloscope records of current

and voltage at the sample, which were then used to plot the

CVCs. This technique allows one to examine in detail the

CVCs and the processes accompanying the formation of a

state with memory [15–17].

3. Experimental results and discussion

Figure 1 shows the oscilloscope records for undoped

and doped samples with the base electrode made of TiN

(Figure 1, a) and Al (Figure 1, b). The sharp voltage change

(surge) seen in these records corresponds to switching (i. e.,
transition of the sample from a high-resistance state to a

low-resistance one). The maximum voltage in the high-

resistance state (Uth) is called the threshold, or switching,

voltage. Following switching, the sample voltage normally

remains constant while the current increases significantly.

The corresponding voltage is called holding voltage Uhold .

In this case, the total current increases due to expansion of

the current filament formed in switching. The temperature

within the current filament increases, and crystallization

occurs. This is how the formation of a state with memory

(i. e., the preservation of a low-resistance state after the

removal of external excitation) is interpreted in the electron-

thermal switching model [18,19].
The oscilloscope records for undoped samples reveal

voltage oscillations after switching, which may be associated

with instability of the conducting channel in the CGS film

in the process of formation of a state with memory [16].
It follows from Figure 1 that doped samples normally had

no voltage fluctuations. This suggests that the crystalline

phase is more stable in doped samples, which is apparently

attributable to a higher crystal nucleating power of the

samples.

Figure 2 presents the typical CVCs obtained for undoped

GST225 films and the films with a Bi impurity concentration

of 6.3 and 12.0 at% and base electrodes made of TiN

(Figure 2, a) and Al (Figure 2, b). It can be seen that

the sample undergoes a jump-like transition from a high-

resistance state, which corresponds to the lower CVC

branch, to a low-resistance one at voltage Uth.

In our experiments, a sharp voltage surge (switching

effect) was noted only once in both undoped and doped

samples. When subsequent current pulses with higher Imax

values were applied to the samples, a smooth transition to a

new lower-resistance state was observed (Figure 3).

The almost complete lack of a vertical CVC section

corresponding to holding voltage Uhold was an important

feature of the samples with a Bi concentration of 12.0 at%.

It can be seen from Figure 2 that, within the section

recorded after switching, the reverse branch of the ob-

tained CVCs, which corresponds to a decrease in current

applied to the sample, is virtually coincident with the
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Figure 1. Typical oscilloscope records for GST225 samples

with TiN (a) and Al (b) base electrodes at different Bi impurity

concentrations. A sharp voltage surge represents switching. The

curves corresponding to different concentrations are shifted along

both axes for clarity.

forward branch measured with increasing current. The

increasing CVC branch plotted for the next current pulse

also goes along this section. This fact suggests that

crystallization of the sample occurs almost immediately

after switching. As a result, the subsequent increase in

current does not induce a change in the sample resis-

tance.

Having analyzed the CVCs of the studied samples, we

found that the values of switching voltage Uth in undoped

samples normally fell within the 3.5−5.0 V interval and

changed only weakly after doping, decreasing slightly (by
∼ 30%) at the maximum impurity concentration.

The fact that switching occurred at higher current values

(Figure 2, b) in films with a Bi impurity concentration of

12.0 at% may be indicative of certain features of nucleation

in these films associated with their higher crystal nucleating

power and leading to a reduction in the film resistance upon

switching.
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Key parameters of CVCs of GST225 samples with different concentrations of the Bi impurity

Sample
Base

Bi concentration, R in, Rfin, Uth, Uhold,

�

electrode Polarity
at% k� � V V

Oscillations

material

1 TiN Forward 0 334 328 3.5 0.62 +
1 TiN Reverse 0 646 304 5.8 −

2 Al Forward 0 394 70 4.3 +
2 Al Reverse 0 561 39 5.2 +
3 TiN Forward 6.3 200 326 3.4 0.7 −

3 TiN Reverse 6.3 227 417 4.1 −

4 Al Forward 6.3 384 866 5.0 0.6 −

4 Al Reverse 6.3 350 36 4.8 −

5 TiN Forward 12 134 315 2.5 0.8 −

5 TiN Reverse 12 33.4 684 − −

6 Al Forward 12 25 111 2.9 −

6 Al Reverse 12 22 57 3.5 −

The key results of the conducted experiments are pre-

sented in the table in the form of average values of quantities

measured at different positions of the top electrode (≥ 10)
on the CGS film surface. It is evident that the introduction of
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Figure 2. Typical CVCs of doped and undoped GST225 samples

with switching effect and the base electrode made of TiN (a) and

Al (b).
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Figure 3. Oscilloscope records for GST225 samples doped with

6.3 at% Bi (base electrode — Al) exposed to a sequence of current

pulses with increasing Imax . The curves corresponding to different

current values are shifted along both axes for clarity.

Bi led to a reduction in initial resistance Rin of the samples

measured at low currents (Imax = 6.5 µA): it decreased by

a factor of 3 (15) at an impurity concentration of 12.0 at%

for the sample with the TiN (Al) base electrode.

Final resistance Rfin measured at current Imax = 8.2mA

and corresponding to the resistance of the sample in the

crystalline state with memory was virtually independent of

the impurity concentration. Notably, the Rfin values for

the sample with the TiN base electrode were significantly

(∼ 3 times) higher than those corresponding to the Al

electrode.

It can be seen from the table that the initial re-

sistance increased by a factor of 1.5−2 when reverse-

polarity voltage (minus at the top electrode) was applied

to undoped samples. This suggests the presence of

a contact potential difference. In doped samples, Rin

remained virtually unchanged after polarity reversal, but
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Rfin increased (decreased) if the base electrode was made

of TiN (Al). These facts highlight the importance of the

base electrode material and provide evidence of a contact

potential difference.

Various mechanisms have been proposed in literature

to explain the increase in electrical conductivity in doped

CGSs [1,18,20,21]: an impurity may affect the density of

both charged and neutral intrinsic defects, and the possibility

of impurity conduction also cannot be excluded. In our

view, the mechanism of defect
”
healing“ is likely to be

manifested, since the Bi impurity, being isomorphic to Sb,

may act similarly to it and, interacting with the dangling

chalcogen bond, form a strong chemical bond with Te

in GST225.

4. Conclusion

An appreciable influence of Bi impurity on the CVC

parameters was noted at the maximum impurity concen-

tration (12.0 at%): switching voltage Uth decreased, Uhold

increased by ∼ 30%, and initial resistance Rin of the samples

decreased by a factor of 3−15. The introduction of Bi also

resulted in complete suppression of voltage fluctuations after

switching. The results of measurements with forward and

reverse polarity are indicative of the presence of a contact

potential difference.

The CVCs obtained for the studied samples with an

impurity concentration of 12.0 at% have the following major

features:

− an almost complete lack of a vertical section, which

made it impossible to determine holding voltage Uhold;

− the reverse CVC branch measured with decreasing

current applied to the sample was virtually coincident with

the forward branch.

These facts suggest that crystallization occurs almost

immediately after switching. As a result, the subsequent

increase in current does not induce a change in the sample

resistance. This CVC behavior may be attributed to a higher

crystal nucleating power of doped samples.

The obtained results allow us to conclude that the stability

of electrical properties of GST225 increases following the

introduction of Bi by radio-frequency ion-plasma magnetron

co-sputtering. These data may be used in the development

of phase-change memory devices to improve their key

parameters.
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