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Abstract. In this study, we investigate the properties of Ti-Si-N films for the application as the
heating layers in phase-change memory (PCM). The experimental results show that the

resistivity of Ti-Si-N films can be varied by over six orders of magnitude from 2.18x 107 to

3.9x10° Q-cm by increasing the flow rate ratio [N,/(N,+Ar)] from 0 to 10%. The
controllability of resistivity might result from the concentration change from Ti-Si to mixture
of TiN and Si;N4. Reversible switching was also successfully demonstrated by using a lateral
PCM with these heating layers. The stability of the Ti-Si-N films at high temperatures implies
that they can be used as the heating layers in the conventional vertical PCMs for current
reduction.

1. Introduction

These guidelines, Phase-change memory (PCM) is widely regarded as the most promising non-volatile
memory (NVM) substitute for the current flash memory [1-5]. PCM is based on the large resistivity
difference between amorphous and crystalline phases, which can be reversibly transformed by the
application of pulses of the order of ns [1, 4]. Although PCM as an NVM technology has almost
perfect properties such as excellent endurance, direct overwriting, huge read dynamic range, fast speed,
high performance, multi-state storage [7-8], and so on, its high programming current is the most
important issue for its commercialization since its invention in 1960s [9-10].

Solutions to the issue of the high programming current mainly include selection or change of
phase-change (PC) materials based on material properties and structure optimization [11-12].
Particularly, the programming current is expected to be greatly reduced due to the thermal
confinement by introducing a heating layer such as GeN, SiGe, SiGeN and TiON into the
conventional bottom contact PCM structure [13-15].

Furthermore, a lot of PC films except the intensively researched Ge,Sb,Tes were proposed and
exhibited good performance in recent years [16-18]. These materials in poly-crytalline phase have a

resistivity of 107 —1Q-cm , one-to-two orders of magnitude either higher or lower than that of

Ge,Sb;,Tes, i.e., around 10 Q-cm . Further reducing the programming current of the PCM with these
PC materials must optimize device structure, for example, inserting a heating layer close to PC layers.
Correspondingly, heating materials with a very wide range of resistivity, for example,
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10 -10% Q-cm, should be developed for these PC films. As far as we know, there is lack of such a
universal heating material for PCM application.

In this study, we report the controllability of resistivity of TiSiN films by N, partial flow rate
during reactive sputtering and how great the effect of the resistivity of the heating layer in PCM has on
the programming current.

2. Experimental

Ti-Si-N films with a SiO, capping layer on glass substrates were prepared by simultaneously
introducing N, and Ar into the chamber when sputtering. The radio-frequency sputtering equipment
(MNS-3000-RF, ULVAC, Inc.) was adopted. The schematic diagram is shown in Fig. 1. Six Si chips
(around 10x10 mm?) were mounted on the Ti target. The sputtering conditions are as follows: a
background pressure below 5x107° Pa, a sputtering pressure of 0.2 Pa and a power of 100 W. Flow rate
ratio of Np/(N,+Ar) increased from 0 to 10%. The total gas flow rate of (N,+Ar) was set to be 10 sccm.
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Fig 1. Schematic diagram of reactive RF magnetron
co-sputtering apparatus.

The crystal structures of these films were characterized by means of an X-ray diffractometer (RINT
2000, Rigaku Co.) after the films were annealed on a hot plate up to 400°C for 5 min. The resistivity,
as a function of the annealing temperature of the films annealed in the same way, was measured using
square-shaped film samples defined by Ti electrodes.

The current-voltage (1-V) characteristics of the device samples were measured by a semiconductor
parameter analyzer (4155B, Agilent Technologies, Ltd.). A waveform generator (Model 2571, Tabor
Electronics, Ltd.) was used to apply single pulses to the devices.

3. Results and discussion
Sputtering rate of the Ti-Si-N films was determined by atomic force microscope (AFM) in the profile
mode. It slightly decreases with increasing N, percentage in the mixed gas as shown in Fig. 2. Typical
scanning electronic microscope (SEM) images are shown in Fig. 3. All of these reactively sputtered
films were very smooth.

Resistivity of Ti-Si-N films with increasing N, percentage in the mixed gas as shown in Fig. 4 was
investigated. The resistivity of the Ti-Si film (N,: 0%) exhibits a very low resistivity of

2.18x107* Q-.cm , which is very close to the reported data. It can be seen that increasing N,
percentage from around 5% to 10% in the mixed gas can effectively control the resistivity of the Ti-Si-
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N films. A resistivity with a very wide range of 5.7x107° —3.9x10”> Q-cm is available by simply
adjusting the N, partial flow rate in the range of 5-10%. The resistivity of Ti-Si-N films increases with
a strong dependence on flow percentage (N./(N,+Ar)). One percentage of the increase in flow
percentage (N»/(N,+Ar)) from 5% to 10% causes around one order of magnitude of resistivity increase.
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Fig 2. Sputtering rate as a function of the Fig 3. SEM images of Ti-Si-N film
flow rate ratio of N,/(N,+Ar). with the flow rate ratio (N,/(N,+Ar))
of 9%.
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Fig 4. Resistivity of Ti-Si-N films as a Fig 5. Resistivity of TiSiN and Ge,Sb,Te;s
function of the flow rate ratio of films as a function of annealing temperature.
No/(N,+Ar).

The effect of annealing on the resistivity was investigated and is shown in Fig. 5. The resistivity of
Ge,Sb,Tes (GST, most widely used in PCM) films is also plotted for reference. Compared with the
marked change in resistivity of Ge,Sb,Tes due to phase transformations, all of these Ti-Si-N films
showed relative stability with temperature. Ti-Si film (N,: 0%) has a very low resistivity of around
2.18x10™ Q-cm, which is approximately the resistivity of hexagonal GST. When the flow percentage
(N2/(N,+Ar)) increases to 6%, the resistivity of Ti-Si-N films increases up to the order of 107 Q-cm,
corresponding to that of the crystalline GST with a face-centered cubic structure. The resistivity of Ti-
Si-N films (N;: 10%) reaches up to 390 Q-cm, which is a little higher than that of amorphous GST.
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Furthermore, thickness as a function of annealing temperature of the Ti-Si-N films was studied and
showed weak temperature dependence as shown in Fig. 6. This implies that the properties of Ti-Si-N
films are thermally stable.

M-Si-N (M= Mo, Ta, Ti, or W) films were investigated in the past years for application to the
barrier materials for Al as well as Cu metallizations [19-21]. Although some papers revealed that the
resistivity variation of the films is mostly effected by the film composition, a maximum resistivity is
usually the order of 1 m€ cm, which can not meet the requirements of the heater in PCM. These Ti-Si-
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Fig 6. Thickness of TiSiN films as a Fig 7. XRD patterns of Ti-Si and
function of annealing temperature. Ti-Si-N films.

N films are composed of TiN nanocrystalline grains and Si;N; amorphous phase according to
analysis. However, the X-ray diffraction patterns of our sputtered Ti-Si-N films after annealing show
no peaks of TiN as shown in Fig. 7. This means that the Ti-Si-N films in this study might be composed
of amorphous TiN and Si;Ny4. The composition and resistivity of the Ti-Si-N films are expected to be
relatively stable even above the melting of PC materials (500-635°C) because of the very high
crystallization temperature of TiN and SizN4. The controllability of resistivity of the Ti-Si-N as shown
in Fig. 4 is assumed to be based on the change of volume percentage of Si;Ny in the films.
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Fig 8. (a) Schematic diagram of a lateral PCM with Ti-Si-N layers. (b) Resistance change as
a function of the switching number.

To know if the Ti-Si-N films are possible to apply to PCM, a lateral PCM as shown in Fig. 8(a)
was adopted for the testing of the stability of Ti-Si-N films at high temperature. In the channel
between two electrodes, the GST layer was sandwiched with the top Ti-Si and the underlying Ti-Si-N
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(N2: 10%) layers. The current flows as shown by the dashed line. From Fig. 8(b), the device with Ti-
Si-N layers can be reversibly switched between high-resistance amorphous set and low-resistance
crystalline reset states. This means that the Ti-Si-N layers are able to be used as a heating layer in
PCM because they can remain stable even at the high temperature above the melting point of GST
(632 °C) during switching.

Next, we will show the effect of the resistivity of the heating layer on the reset current of the
today’s widely researched vertical PCM cell, which was simulated by finite element method. The
PCM cell is assumed to have a Si substrate/W/TiN contact/additional heating layer/PC/W-layered
structure as shown in the inset of Fig. 9. The thicknesses of all the layers from the bottom W layer are
50, 200, 5, 80, and 50 nm. The reset current can dramatically drop from 1.4 mA to several tens of pA
by adopting a resistive heater for the resistivity of crystalline GST of 10> Q-cm as shown in Fig. 9.

The simulation results suggest that a heater with a resistivity of one-to-two orders of magnitude is
very effective to further reduce the reset current without a significant drop in the difference in device
resistance between set and reset states. As a result, the resistivity of the material used for a resistive

heater is expected to have a wide range of around 10~ —10> Q-cm if we take the practical PC

materials with a resistivity of 10™* =1 Q-cm into account. The resistivity of Ti-Si-N films can enter
into the required range.
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Fig 9. Reduction in reset current with increasing the resistivity of the Ti-Si-N
heating layer.

4. Conclusions
In summery, Ti-Si-N films showed a controllable resistivity window from 2.18x10™ to 390 Q-cm and

its good thermal stability. It is promising for Ti-Si-N films to be applied to the future’s phase-change
memory for reducing its operation current.
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