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Electrical properties and phase structures of (Si+N)-codoped GezSbsTes (GST) for phase change memory are
investigated to improve the memory performance. Compared to the films with N or Si dopants only in previous
reports, the (Si+N)-doped GST has a remarkable improvement of crystalline resistivity of about 10*mQcm. The
Fourier-transform infrared spectroscopy spectrum reveals the Si—-N bonds formation in the film. X-ray diffraction

patterns show that the grain size is reduced due to the crystallization inhibition of the amorphous GST by SiN_,
which results in higher crystalline resistivity. This is very useful to reduce writing current for phase change

memory applications.

PACS: 61.43.Dq, 61. 72. Ww, 81. 30. Hd, 84.37. +q

Phase change memory (PCM), one of the best
candidates for next generation non-volatile memory,
has advantages of high density, write/read perfor-
mance, endurance, scalability, process simplicity, and
CMOS compatibility.l'] As a typical phase change ma-
terial used in both PCM and DVD optical storage
systems, GeySboTes (GST) has been investigated for
decades.[>=% It can be reversibly converted between
highly resistive amorphous phase and low resistive
crystalline phase under the energy effect. For op-
tical storage applications, the phase of GST can be
changed by laser pulses, and the signals can be read
out through the reflectivity difference. As to PCM
applications, the phase change is executed by electri-
cal pulses while the signals can be identified by re-
sistance variation.[®! However, a large reset current
is necessary for the pure GST compound to trans-
form crystalline to an amorphous state,[®] which chal-
lenges the wide use of PCM. Up to date, many so-
lutions have been proposed for reduction of the pro-
gramming currents, such as doping impurities,|” sand-
wiching a high-resistive heater such as amorphous
carbon,[® decreasing the contact area between GST
and the electrode.’) Among them, impurity doping is
proven to be an effective way for reduction of writing
current!”1% without complicating the fabrication pro-
cess and without increasing the cost of products too
much.

Impurity doping initially carried out with N is sub-
sequently extended to O-, and Si-dopings'!) among
which N- and Si-dopings are identified to increase

the crystalline resistivity of the GST film consider-
ably. Horii et all”) demonstrated that the crystalline
resistivity of N-doped GST (N=7at.%) can increase
up to 20mQcm in comparison to 2m{Qcm of a pure
GST. Moreover, our group has successfully obtained
a value of 11 mQcm by Si-doping,''! more than one
order higher than that of pure GST. However, those
important efforts do not meet the practical applica-
tion requirement of PCM entirely yet, because it is
difficult to increase the crystalline resistivity further
by excessive doping of one single element. For ex-
ample, excessive N-doping could result in lower crys-
talline resistivity['?! and excessive Si-doping also has
little effect on the further resistivity increase. Our
simulation shows that the reset current could be re-
duced by one order in a conventional 1T1R cell only
when the crystalline resistivity is increased by two or-
ders. Thus, the development of a new doping method
to obtain much higher crystalline resistivity is high on
the agenda.

In this Letter, we report codoping of Si and N to
increase the resistivity of crystalline GST by two or-
ders compared to Si- or N-doping with an appropriate
on-off ratio. The effects of (Si+N)-codoping on struc-
tural properties of GST are also discussed.

The (Si+N)-doped GST films were deposited on
Si0O4/Si (100) wafers by magnetron co-sputtering of
two targets of GST alloy and Si single crystal. The
deposition atmosphere is a mixture of Ny and Ar gases
with an optimized flow rate of 5sccm for Ny and
25 sccm for Ar at room temperature. The base pres-
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sure in the chamber and working pressure for sputter-
ing were 5x107% and 6 x 10~2 mbar, respectively. The
sputtering power is 100 W for GST and 50 W for Si.
Additionally, pure GST, N-doped GST, and Si-doped
GST films were deposited under the same conditions
with an adjusted gas mixture. The film thickness of all
the samples was about 200 nm. All the samples were
annealed by rapid temperature annealing (RTA) after
deposition at various temperatures for 10 min under
a protective argon atmosphere. The annealing tem-
perature is ranged from 140°C to 490°C to achieve a
good crystalline nature of all the samples inspected
by XRD patterns. Fourier transform infrared spec-
troscopy (FTIR) was employed to study the Si-N com-
pounds using Nexus 470. X-ray diffraction (XRD) of
the films was carried out in a Rigaku D/MAX 2550 V
diffractometer using Cu K, radiation to inspect the
GST crystal structures. The -V characteristics of
thin films were investigated by using a semiconduc-
tor parameter analyser (Keithley S4200) in the device
sandwiched with two tungsten electrodes.

Figure 1 and Table 1 show the effect of (Si+N)-
codoping on the resistivity of the films measured by
four-point probing technique under different anneal-
ing temperatures. The typical resistivity of (Si+N)-
codoped GST is about 10? mQcm below 180°C and
the value decreases rapidly by 5 orders of magnitude
at around 300°C above which it levels off. The crys-
tallization temperature of GST is also increased after
Si or (Si+N) codoping, as shown in Fig. 1, which indi-
cates a better thermal stability for the improvement of
memory-cell reliability. Table 1 shows the resistivity
of all the films after annealed at 400°C. The highest re-
sistivity is (Si+N)-codoped GST, reaching 10* m§cm,
nearly two orders higher than 17 mQcm of Si-doped
GST as well as the best value of N-doped GST in the

previous reports.m
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Fig. 1. Dependence of the resistivity on annealing
temperature.

Figure 2 shows the FTIR transmission spectrum
for pure and (Si+N)-codoped GST annealed at 490°C
for 10 min. With the codoping of Si and N, the vibra-

tion mode at approximately 850 cm™! appears, which
can be attributed to the Si-N stretching mode.['4) Tt
is proposed that the N atoms came into the film dur-
ing the co-sputtering of Si and GST. Inevitably, some
N atoms bonded to Si atoms; as a result, SiN, com-
pounds are formed.

Table 1. Resistivity of pure, N-doped, Si-doped and (Si+N)-
codoped GST films after being annealed at 400°C for 10 min.

Specimens Pure N-doped Si-doped (Si+N)-codoped
GST GST (Ref.[13]) GST GST
Resistivity 1.3 1.7 28.5 1920
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Fig. 2. Infrared absorption spectrum of pure and (Si+N)-
codoped GST film annealed at 490°C for 10 min.

For comparison, the XRD patterns of the above
samples are shown in Fig.3. The samples were an-
nealed at 450°C for 20min in Ar atmosphere. Gen-
erally, there are two phase symmetries of hexagonal-
close-packed (hpc) and meta-stable face centred cu-
bic (fec) structures for crystallized GST.['®! Here the
phase symmetry is hexagonal for the pure GST, as
shown by XRD pattern in Fig.3, while the face-
centred cubic structure for both Si-doped GST and
(Si+N)-codoped GSTs. It is supposed that the incor-
poration of Si plays a key role in stabilization of the fcc
structure. Meanwhile, characteristic peaks of (Si+N)-
codoped GST are much broader than others. From
the calculation from of Scherrer formula, the grain size
of (Si+N)-codoped GST is much smaller than those of
pure and Si-doped GSTs, just as listed in Table 2. The
reason for the reduction of crystalline GST grain size
is related to the incorporation of Si and N atoms into
the structures, which facilitate the formation of Si—N
compounds. The nitrides are of great importance in
suppressing the grain growth.['2] It is reasonable that
the incorporated Si, N and SiN, work as inhibitors to
the crystallization of the amorphous chalcogenide ma-
terials. However, as observed in our experiment and
as reported in the literature,'3! a single element such
as Si and N cannot induce such small grains. Thus it is
suggested that SiN, plays a key role of suppressing the
grain growth among these inhibitors. As a result, the
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density of grain boundaries is increased remarkably,
which scatter carriers more effectively and lower their
mobility.[*®! Thus, the bulk resistivity is enhanced.
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Fig.3. XRD spectra of pure, Si-doped and (Si+N)-

codoped GST films after 450°C annealing for 20 min (fcc
and hcp represented by f and h, respectively).

Table 2. Average crystal grain size of pure, Si-doped and
(Si+N)-codoped GST films after 400°C annealing for 10 min.

Specimens Pure  Si-doped (Si+N)-
GST GST codoped GST
Average Grain  20.4 10.7 5.6

size (nm)

The static current—voltage (I-V) characterizations
of the device with pure and (Si4+N)-codoped GST
films in thickness 100 nm are shown in Fig. 4. Since the
initial amorphous state of the (Si+N)-codoped GST
film is of high resistance, the current flowing through
the device is very small when the applied voltage is
lower than the threshold voltage V;,. However, when
Vin is reached, filament formation,2?! combined with
crystallization of the film, lowers the resistance of the
material and switches the chalcogenide film into a low
resistive state that persists even if the voltage is re-
moved and the material is cooled. This is the typical
characteristics of memory switching effect. The dy-
namic resistance of the GST film increases from 9002
to 1302 by codoping Si and N, which would supply
more Joule heat for phase change in reset operation
and results in smaller writing current.[*!! Additionally,
it is interesting that the difference of their crystalline
resistance is not so large as the difference of their resis-
tivity shown in Fig. 1. This is proposed to be related
to the crystallization process of the film. As we know,
the thermal conductivity of amorphous GST is lower
than GST,!'% so the heat dissipation of the (Si+N)-
codoped GST film is smaller than the pure GST, the
former has smaller grain size and is more amorphous
than the latter. Therefore, the crystallization of the
(Si+N)-codoped GST film is much easier during the

set process and the resistance decreases. It is also

seen from Fig.4 that the threshold voltage increases
from 2V to 3.9V by codoping Si and N, which may be
attributed to the higher amorphous resistance of the

film.
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Fig.4. [-V characteristics of the device with (Si4+N)-
codoped GST film.

In conclusion, the resistivity of crystalline GST
can be increased significantly by codoping of Si and
N, which is 2 orders higher than Si- or N-doped
GST. FTIR spectra show the formation of Si—-N bonds
which would be important for suppressing of the grain
growth in the films, in agreement with XRD mea-
surements. Small grain size is proven to be effec-
tive in enhancement of crystalline resistivity, which
is helpful for the reduction of writing current for the
phase change in (Si+N)-codoped GST for PCM per-
formance.

We thank Professor A. Q. Jiang for his help of this
study.
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