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Multilevel phase-change memory is an attractive technology to increase storage capacity and density owing to its
high-speed, scalable and non-volatile characteristics. However, the contradiction between thermal stability and operation
speed is one of key factors to restrain the development of phase-change memory. Here, N-doped Ge2Sb2Te5-based opto-
electronic hybrid memory is proposed to simultaneously implement high thermal stability and ultrafast operation speed.
The picosecond laser is adopted to write/erase information based on reversible phase transition characteristics whereas the
resistance is detected to perform information readout. Results show that when N content is 27.4 at.%, N-doped Ge2Sb2Te5
film possesses high ten-year data retention temperature of 175 ◦C and low resistance drift coefficient of 0.00024 at 85 ◦C,
0.00170 at 120 ◦C, and 0.00249 at 150 ◦C, respectively, owing to the formation of Ge–N, Sb–N, and Te–N bonds. The
SET/RESET operation speeds of the film reach 520 ps/13 ps. In parallel, the reversible switching cycle of the correspond-
ing device is realized with the resistance ratio of three orders of magnitude. Four-level reversible resistance states induced
by various crystallization degrees are also obtained together with low resistance drift coefficients. Therefore, the N-doped
Ge2Sb2Te5 thin film is a promising phase-change material for ultrafast multilevel optoelectronic hybrid storage.

Keywords: multilevel optoelectronic hybrid memory, N-doped Ge2Sb2Te5 thin film, low resistance drift, ul-
trafast speed

PACS: 85.60.–q, 87.19.lv, 81.05.Gc, 42.70.–a DOI: 10.1088/1674-1056/ace765

1. Introduction
With the era of big data is coming and the data amount

will reach more than 175 ZB in the year of 2025.[1] There
is a great demand to increase storage capacity and density,
where multilevel memory is an efficient method to address
the above-mentioned issues. Among all kinds of memo-
ries, phase-change memory (PCM) is emerging as an attrac-
tive technology owing to its high-speed, scalable and non-
volatile characteristics.[2] The principle of PCM is that an elec-
trical pulse is utilized to achieve the resistance changes by
reversible phase transformation characteristics and thus data
recording/erasing. In PCM, SET operation is defined that the
initial amorphous phase (high resistance) is transformed into a
crystalline state (low resistance) by applying a wide/multiple
electrical/laser pulse with moderate intensity (sufficient to heat
the film above the phase-transition temperature, but lower than
the melting temperature). RESET operation is defined that the
crystalline state (low resistance) is transformed into an amor-
phous state (high resistance) via the narrow electrical/laser
pulse with high intensity to melt the phase-change film. Fi-
nally, the information is read out by measuring the resistance

change of phase change materials. Fortunately, the resistance
ratio of amorphous to crystalline phases is as high as several
orders of magnitude,[3] allowing intermediate resistance states
to be realized, which is beneficial for storing multiple bits of
data in a single memory cell. Thus, its storage capacity in-
creases exponentially without changing the physical volume
and the memory cost per bit is dramatically reduced. There-
fore, PCM may provide a promising solution for multilevel
storage because of its low-cost, low power consumption and
multiple resistance states.[4]

However, the SET/RESET operation based on electrical
pulse is a pure thermal process and difficult to balance the con-
tradiction between thermal stability and operation speed. Al-
though the operation speed of PCM can be as fast as 700 ps or
even 242 ps, where the operation speed is defined as the min-
imum pulse duration required to induce a given phase trans-
formation, its ten-year data-retention is still poor.[5,6] On the
other hand, when the thermal stability of PCM is improved
and the ten-year data-retention temperature increases, its op-
eration speed will decrease significantly because the improve-
ment in thermal stability of phase change materials will make
the crystallization process more difficult. For example, in Ru-
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doped Sb2Te-based PCM, the ten-year data-retention temper-
ature reaches 143 ◦C, however, the SET speed is as slow as
6000 ps.[7] Interestingly, the laser pulse width as short as pi-
cosecond/femtosecond scale has been utilized to perform re-
versible phase transformation between amorphous and crys-
talline states.[8,9] The ultrashort laser pulse provides a pow-
erful tool combining thermal processes and photon effects
to achieve fast SET/RESET operation speed in PCM. There-
fore, the combination of ultrafast laser writing and resistance
readout is a more promising method to realize the ultrafast
SET/RESET operation and multilevel memory. Thus, the con-
cept of optoelectronic hybrid phase-change memory (OEH-
PCM) is proposed.

To achieve ultrafast multilevel OEH-PCM, appropriate
phase change material is indispensable. Ge2Sb2Te5 (GST)
thin film, as a typical phase change material, has been widely
investigated for multilevel storage due to its high resistance
contrast and the rapid reversible transformation between the
crystalline and amorphous phases.[10–12] However, its low
thermal stability (ten-year data retention temperature of only
87 ◦C[13]) restrains the storage application in high tempera-
ture environment while its high resistance drift (coefficient of
0.17[14]) will cause the merging of intermediate states dur-
ing multilevel memory and thus lead to undesired bit errors.
Doping engineering is a simple and effective method to im-
prove the intrinsic properties of GST thin films. So far, various
doping elements have been proposed to enhance the compre-
hensive properties of GST, such as Cr,[15] Sc,[13] C,[16] N,[17]

Nb,[18] W,[19,20] Sm,[21] Al,[22] Si,[23] Ti,[24] and so forth.[25]

Among others, N doping is a promising selection to enhance
the resistance of amorphous and crystalline GST film as well
as its thermal stability.[26–28] Its resistance ratio of amorphous
to crystalline state is higher than two orders of magnitude un-
der SET/RESET operation, however, the operation speed is
reported only several hundreds of nanoseconds.[28] Therefore,
it is necessary to further improve the comprehensive perfor-
mance by optimizing the N-doping amount.

In this work, the thermal stability and resistance drift of
N-doped GST (NGST) thin films are investigated. The mul-
tilevel memory performances of NGST-based OEH-PCM are
analyzed and the structural evolution is further elucidated.
This work may provide a useful reference for investigating the
ultrafast multilevel phase change memory.

2. Experimental details
NGST thin films with the thicknesses of 200 nm are de-

posited onto Si substrate by magnetic co-sputtering method,
where the sputtering power of GST target is 80 W and the
N-doping content is adjusted by controlling the Ar/N2 flow
ratio of 40/2, 40/4, and 40/6, respectively. The working pres-
sure is 0.8 Pa and sample is rotated at 15 r/min to keep uni-
form film composition and thickness. The N concentrations

are 20.8 at.%, 27.4 at.%, and 29.8 at.%, respectively, by en-
ergy dispersive spectrometry analysis. The dependence of re-
sistance on temperature (R–T curve) is tested at N2 gas pro-
tection and the heating rate of 30 ◦C/min. The combina-
tion of resistance tester (KEITHLEY 2450) and heating plat-
form (LINKAM HFS600E-PB4) is utilized to obtain the R–
T curves, failure time and resistance drift characteristics of
NGST thin films. Picosecond laser induced crystallization
is analyzed by transmission electron microscopy (TEM, type:
Tecnai G2 F20 S-TWIN) to elucidate the multilevel resistance
states, where the NGST film with 20-nm thickness is firstly
deposited on a copper mesh with a diameter of 2 mm attached
with a carbon supporting film by magnetron sputtering. The
binding environment of NGST thin film is characterized via
x-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250XI) to understand the improved thermal stability. The ox-
ide layers of all film surfaces are removed by Ar+ bombard-
ment before XPS measurement. During the measurement, Al
Kα ray with the energy of 1486.6 eV and beam spot of 400 µm
is adopted. The scanning pass energy is 50 eV with the step
of 0.1 eV and the scanning numbers of 5. All characteristic
peaks of XPS spectra are calibrated by standard C 1s peak at
284.8 eV.

The memory unit is fabricated as follows: NGST film
with the thickness of 50 nm is deposited on the T-type bottom
electrode (fabricated by CMOS process), and ITO electrode
film with the thickness of 10 nm is deposited onto the NGST
layer as a protection film and top electrode. The phase change
materials and ITO electrodes are patterned by optical lithogra-
phy and subsequent etching methods. The OEH-PCM testing
system is further built to measure the memory performance,
where picosecond laser (the laser wavelength of 532 nm, half
maximum pulse width of 13 ps, repetition frequency of 10 Hz
and spot diameter of 1 mm) is applied to stimulate reversible
phase transition of NGST thin films, and Keithley’s 4200 elec-
trical testing module is adopted to collect resistance signals.
When picosecond pulse is illuminated into the region of ITO
electrode and NGST film, the resistance is measured by probe
contacting the bottom W electrode and top ITO electrode.

3. Results and discussion
Figure 1(a) shows the dependence of R–T curves in

NGST thin films. The relationship of phase-change tem-
perature (Tc) and N concentration is also plotted in the in-
set of Fig. 1(a). It is noted that the Tc is defined the mini-
mum value after the derivative of the resistance to temperature
(dR/dT ).[29] One can see that the increment of temperature
results in the gradual reduction of resistance at each N concen-
tration due to the semiconductor behavior. The sudden reduc-
tion of resistance can be ascribed to the phase-change process.
With increasing N content, Tc gradually increases from 171 ◦C
to 259 ◦C, revealing the enhanced thermal stability. To evalu-
ate the data-retention ability after N doping, figure 1(b) shows
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the Arrhenius fitting plots of NGST films obtained by Arrhe-
nius equation.[20] When the initial resistance reduces to its half
value at a given temperature, the required time is defined as
the failure time. Results show that all NGST thin films pos-
sess excellent ten-year data-retention temperature (T10-year),
much higher than those of pure Ge2Sb2Te5 (T10-year = 92 ◦C),
Sc-doped Ge2Sb2Te5 (T10-year = 119 ◦C),[13] Zn1.25Sb2Te3

(T10-year = 105 ◦C),[30] and Sb2Te (T10-year = 55 ◦C).[3] In
addition, the T10-year of NGST film gradually increases from
125 ◦C to 191 ◦C with increasing N concentration, implying
that N doping is very favorable for enhancing data-retention
ability of GST thin film. When the N concentration is
27.4 at.%, the T10-year reaches 175 ◦C, which is sufficient to
meet the long-term data storage requirements of consumer
electronics (T10-year = 85 ◦C), vehicle chip (T10-year = 120 ◦C),
and military electronics (T10-year = 150 ◦C).[15,31]
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Fig. 1. (a) Dependence of resistance on temperature at the heating rate of
30 ◦C/min, (b) Arrhenius fitting plots of NGST films to evaluate the data-
retention ability.

The SET/RESET and reversible switching endurance per-
formances of NGST film and corresponding memory device
were further investigated. Figures 2(a) and 2(b) show the de-
pendence of the film resistance on the laser fluence and pulse
width during SET operation, respectively. It can be seen from
Fig. 2(a) that for NGST films with different N contents, the
resistances all decrease with the increment of laser fluence
at a given pulse width. This is due to the higher laser flu-
ence leading to the increment of crystallization degree. When

the N concentration is 0 at.%, the resistance ratio can reach
three orders of magnitude at the pulse width of 130 ps and
energy fluence of 0.14 mJ/cm2. However, the reduction am-
plitude of resistance becomes smaller and the required laser
pulse width and laser fluence become larger with increasing N
concentration. For instance, the resistance ratio with N con-
centration of 27.4 at.% reduces to two orders of magnitude at
the pulse width of 780 ps and fluence of 1.91 mJ/cm2 while
only one order of magnitude can be obtained at the N concen-
tration of 29.8 at.% with the pulse width of 780 ps and flu-
ence of 2.34 mJ/cm2. In Fig. 2(b), the similar situation can be
observed. The resistance decreases with increasing pulse
width at a given N concentration and laser fluence. It can
also be explained that the contribution of laser fluence and
pulse to crystallinity can be equivalent at a certain extent. The
wider pulse and higher fluence both generate more energy to
achieve higher crystallinity in NGST film. It can be found that
the SET operation of pure GST thin film can be completed at
52 ps along with the resistance ratio as high as three orders of
magnitude. With increasing the N concentration to 20.8 at.%
and 27.4 at.%, the SET operation speed can be as fast as 390 ps
and 520 ps, respectively, together with the resistance ratio of
two orders of magnitude. However, the low resistance ratio
of only one order of magnitude is obtained at the pulse width
of 520 ps when the N concentration reaches 29.8 at.%. The
increment of pulse width and laser fluence required to induce
low resistance state with increasing N concentration can be
ascribed to the enhanced thermal stability by N doping. In
a word, the NGST thin film with the optimal N concentra-
tion of 27.4 at.% has the fast SET speed of 520 ps as well as
large resistance ratio of two orders of magnitude. It is noted
that picosecond laser could induce ultrafast phase transition
rather than electrical pulse, which may be explained that laser
pulse waveform is better, and energy density is higher. In ad-
dition to thermal effect, there are also parts of photon effects
to induce phase transition, while only thermal effect exists in
electrical pulse.[32] Figure 2(c) shows the relationship between
the resistance and the laser fluence at the pulse width of 13 ps
for RESET operation. The resistance increases with the laser
fluence at each N concentration, which is induced by the
higher amorphous degree at larger laser fluence. The
resistance ratio is reduced from three orders of magnitude to
one order of magnitude when the N concentration is increased
from 0 to 29.8 at.%. It is well known that high resistance ra-
tio is very helpful to implement good signal-to-noise ratio in
data recording and readout. Thus, the NGST thin film with N
content of 27.4 at.% is a promising candidate due to its fast
RESET speed (13 ps), high resistance ratio (two orders of
magnitude) and superior data-retention ability (T10-year =

175 ◦C). In this case, the reversible switching endurance char-
acteristics of corresponding device are obtained in Fig. 2(d),
suggesting reversible switching was realized with the resis-
tance ratio of two orders of magnitude. Due to the imperfec-
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tion of the testing system, it is necessary to manually com-
plete the SET/RESET operation, and the testing efficiency is
extremely low. The number of cycles that can be tested is also
very limited and the device fabrication process also needs to

be further improved to obtain better fatigue properties. Nev-
ertheless, it is still proved that NGST thin film is a promising
phase change material for OEH-PCM with ultrafast operation
speed and data-retention.
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The NGST thin film with N content of 27.4 at.% is further
used to estimate the multilevel OEH-PCM performance, as
shown in Figs. 3(a) and 3(b), where the SET laser pulse width
is fixed at 520 ps with various fluences and RESET pulse width
is 13 ps at the laser fluence of 2.83 mJ/cm2. Figure 3(a) indi-
cates the resistance is reduced from 5×108 Ω (namely, level
1) to 1×108 Ω (namely, level 2) with large resistance ratio
of five times when the energy fluence is 0.99 mJ/cm2, as the
first SET operation (SET 1). The further increment of fluence
to 1.42 mJ/cm2 results in the reduced resistance to 1×107 Ω

(namely, level 3) with the resistance ratio of level 2 to level 3
of ten times, as the second SET operation (SET 2). When
the laser energy reaches 1.91 mJ/cm2, the resistance is further
reduced to 1× 106 Ω (namely, level 4) with large resistance
ratio of level 3 to level 4 of also ten times, as the third SET
operation (SET 3). Besides, each level at laser irradiation has
stable resistance, beneficial for accurate multi-bit data storage.
Figure 3(d) shows that the resistance at each level can be re-
turned to the high resistance initial state when the laser fluence
reaches 2.83 mJ/cm2 with the pulse width of 13 ps. Therefore,
NGST thin film can realize ultrafast multilevel SET/RESET
operation.

The resistance as a function of time can be expressed

as R = R0(t/t0)ν , where R0 is the initial resistance at time
t0 and ν is the resistance drift coefficient.[33] The linear fit-
ting on resistance as a function of time is plotted in Figs. 3(c)
and 3(d) to obtain the resistance drift for evaluating the resis-
tance stability. Figure 3(c) reveals the very low ν (0.00024)
at 85 ◦C, 0.00170 at 120 ◦C, 0.00249 at 150 ◦C, much lower
than those of GeTe film (∼ 0.4) with the thickness of 100 nm
at 85 ◦C,[34] and AgInSbTe film (∼ 0.061) with thickness of
15 nm at 30 ◦C,[35] suggesting that NGST thin film has great
potential in consumer electronics, vehicle chip, and military
electronics.[15] The reduced resistance drift in NGST thin film
is explained that the formation of strong Ge–N bonds increases
the rigidity of the network.[35,36] In the multilevel storage, the
high resistance stability of each level is beneficial for achiev-
ing accurate data recording and readout. In Fig. 3(d), one can
see the resistance drift coefficients of level 2, level 3, and level
4 are as low as 0.00005, 0.00652, and 0.05775, respectively.
It is noted that when the resistance of NGST film reduces to
the lower value, the resistance drift coefficient will increase
obviously. Resistance drift is closely related to the structural
relaxation process of thin film. The elevated laser fluence will
accelerate the structural relaxation and leads to the increment
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of resistance drift coefficient.[37] In addition, higher laser flu-
ence causes not only the higher crystallization degree but also
more defects induced by inner stress, which is mainly due to
the increased volume shrinkage of phase change materials as
the crystallinity increases. But even so, the resistance drift of

NGST is still very low compared with other reports (0.017,
0.076, and 0.092, respectively, in Ge–Ga–Sb film at room
temperature).[38] Thereby, NGST thin film with low resistance
drift is advantageous for performing reliable multilevel OEH-
PCM.
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In order to elucidate the multilevel memory phenomenon,
figure 4 shows the TEM images of the NGST films at dif-
ferent laser fluences, where the N concentration is 27.4 at.%.
Figures 4(a), 4(c), and 4(e) indicate the higher crystallization
degree and larger grain size with increasing the laser energy
from 0.99 mJ/cm2 to 1.91 mJ/cm2, corresponding to the re-
sistance states at levels 2, 3, and 4, respectively. At the same
time, the high-resolution TEM (HRTEM) images in Figs. 4(b),
4(d), and 4(f) all show the single face-centered-cubic crys-
talline phase in NGST film, indexed at (200) and (111) crystal
planes. Therefore, it is concluded that the multilevel resis-
tance states are realized by tuning crystallization degrees with
the same crystalline phase.

In order to understand the bonding changes of NGST
films under different laser fluences, where the N concentra-
tion is 27.4 at.%, XPS analyses of Ge, Sb, Te, and N elements
are performed, as shown in Fig. 5. Gaussian fitting is also per-
formed to obtain concrete peaks. For the as-deposited NGST
film (Fig. 5(a)), the Ge 3d5/2, Sb 4d5/2, and Te 4d5/2 peaks
are located at higher 31.1 eV, 32.7 eV, and 40.4 eV, respec-
tively, while the binding energies of Ge 3d5/2, Sb 4d5/2, and
Te 4d5/2 levels in pure GST film are located at lower 29.6 eV,

32.3 eV, and 40.0 eV, respectively.[39] It is well known that the
electronegativity of N atom is 3.0, much higher than those of
Ge (1.8), Sb (1.9), and Te (2.1) atoms.[17] When the bonded
atoms are replaced by the atoms with higher electronegativity,
the binding energy will rise. Thus, the increased binding ener-
gies in NGST film are ascribed to the formation of Ge–N, Sb–
N, and Te–N bonds, which can be further confirmed by N 1s
spectra in Fig. 5(b), where the N 1s peak at 397.4 eV is due to
the nitride formation.[39] The nitride formation in NGST film
is beneficial for enhancing the thermal stability, weakening the
structural relaxation and thus the lower resistance drift.

When NGST film is irradiated by the laser fluence of
0.99 mJ/cm2, the binding energies are all shifted toward higher
direction. This is because that the “wrong bonds” such as Ge–
Ge, Sb–Sb, and Te–Te bonds existed in the as-deposited state
are gradually broken and the Ge–Te, Sb–Te bonds and nitride
with higher binding energy are further generated via the phase
transition. When the fluence is increased to 1.42 mJ/cm2, the
binding energies are all slightly shifted to lower direction. This
is due to that parts of N–Ge, N–Te, and N–Sb bonds existed
in the deposited-state begin to be broken, and the bond re-
arrangement occurs, resulting in the formation of Ge–Te and
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Sb–Te bonds with slightly lower binding energy. The excess N
will combine with Sb to form a new N–Sb bond instead of the
original N–Te bond, which is well illustrated by the reduced
binding energy of N 1s level in Fig. 5(b). However, the incre-

ment of fluence to 1.91 mJ/cm2 results in the larger binding
energies in Ge 3d5/2, Sb 4d5/2, and Te 4d5/2 levels due to the
further increment of structural order and the formation of more
nitride.

(a)

d(200) = 0.296 nm

1 nm

10  1/nm

(b)

(c)

d(200) = 0.301 nm

1 nm

10  1/nm

(d)

(e)

d(200) = 0.299 nm

d(111) = 0.340 nm

10  1/nm

(f)

Fig. 4. [(a), (c), (e)] Bright field TEM images, [(b), (d), (f)] HRTEM images and the corresponding two-dimensional Fourier-transformation
filtered patterns of NGST thin films irradiated at different laser fluences: (a)–(b) 0.99 J/cm2; (c)–(d) 1.42 mJ/cm2; (e)–(f) 1.91 mJ/cm2, where
the pulse width is 520 ps and N concentration is 27.4 at.%.
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Fig. 5. XPS spectra of (a) Ge 3d, Sb 4d, and Te 4d; (b) N 1s core-levels, where Gaussian fitting is performed to obtain concrete peaks. The
solid line represents the fitting results while the dash line represents raw data.
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4. Conclusion
In summary, NGST is proposed to achieve multilevel

OEH-PCM with excellent thermal stability and fast operation
speed. Results show that when N content is 27.4 at.%, the
NGST can make the phase transition temperature up to 260 ◦C
and the ten-year data retention temperature up to 175 ◦C. The
SET operation speed of NGST thin film can reach 520 ps while
the RESET operation speed can reach 13 ps. Meanwhile, the
NGST based memory device can implement good reversible
switching cycle accompanied by the large resistance ratio of
two orders of magnitude. The multilevel storage investiga-
tion indicates NGST film can realize four reversible resistance
states with very low resistance drift coefficients and large re-
sistance ratio at the operation speed of 520 ps. Structural anal-
ysis implies that multiple resistance states are due to the vari-
ous crystallization degree of NGST films and the existence of
nitrides is favorable for improving the thermal stability.
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