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Improvement of phase change behavior in titanium-doped Ge,Sb,Te; films
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Abstract: The influence of Ti dopant in the titanium-doped Ge, Sb, Te, film upon its optical and structural charac-

teristics has been investigated by spectroscopic ellipsometry and x-ray diffraction. Temperature-dependent resistance
tests have further revealed that Ti-doped Ge, Sb, Te, films have better thermal stability than undoped one. Based on

the Arrhenius extrapolation results from data retention tests, the endurance temperature corresponding to 10-year da-
ta retention of a Ti-doped Ge, Sb, Te, cell is higher than that of a common Ge, Sb, Te, cell without dopant. All these
experimental results have confirmed that the Ti-doped Ge,Sb,Te films are more suitable for the application in

phase-change random access memory.
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age applications because it can be switched reversibly be-

Introduction tween the amorphous and crystalline phases rapidly. It
can be utilized to store information that the differences of

In normal conditions, the Ge,Sb,Te; ( GST) thin optical reflectivity or electrical resistivity between the two

film is one of the most promising materials for data-stor- states''?. Both phase-change optical disk and phase-
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change random access memory (PRAM) have been suc-
cessfully applied to data storages. However, it still holds
the problems to be improved, including poor thermal sta-
bility and relatively high reset current that limit the prac-
tical application of a GST core cell in PRAM de-

vices™*!. During the past few years, great efforts have
been made by doping different elements such as Ag™®',
AT N i ol zn " and ete. into the con-
ventional GST film in order to improve its phase change
properties and performances.

As an important functional layer, the Ti adhesion
layer or the TiN electrode are widely adopted in a PRAM
cell. The problem is that a few of Ti element might dif-
fuse into the GST core cell gradually through interfaces
during recording/reading circulations, and they will af-
fect the storage performance directly. Therefore, it is
necessary to make clear influences on the phase change
behavior of the GST core cell after Ti penetration. In this
letter, the titanium-doped GST (Ti,GST,,) thin films
were deposited using co-sputtering method, and were in-
vestigated on the optical, structural, thermal and electri-
cal properties of them.

1 Experimental results and discussions

Three different components of Ti GST,, films have

been deposited on thermal oxidation of silicon substrates
by the direct-current ( DC) co-sputtering method using
the Ge,Sb,Tes; and Ti targets in a working pressure of

3.5 x 10> mbar at room temperature. For comparison,
the undoped GST films have been prepared using the
Ge,Sh, Te, target only. A set of Ti GST, films is select-
ed to analyze the dopant concentrations by the X-ray pho-
toelectron spectroscopy ( XPS), and the Ti concentra-
tions are determined to be 4. 6 at. % for the sample
TiGSTO1, 4.1 at. % for the sample TiGST02 and 2. 6
at. % for the sample TiGST03, respectively, and the un-
doped GST film is named the sample GST04. The film
thicknesses of the samples TiGSTO1, TiGST02, TiGST03
and GSTO04 are 218 nm, 212 nm, 203 nm and 200 nm,
respectively. Then, all of the samples have been per-
formed thermal treatment in nitrogen ambient at different
temperatures of 150°C , 250°C and 350°C for 1 minute
separately. After annealing, the microstructure changes
of the samples were characterized by the X-ray diffraction
(XRD). Scanning range of the diffraction angle is set
from 20.0° to 50. 0° with the step of 0. 02°.

Optical properties of the annealed and as-deposited
Ti GST,, films, as shown in Fig. 1, including (a) as-
deposited samples, as well as the samples annealed at
(b) 150°C, (c¢) 250°C and (d) 350°C for 1 min under
the nitrogen ambient, were obtained from the analysis of
spectroscopic ellipsometry data in the spectral region from
300 nm to 800 nm.

According to our experimental results, the extinction
coefficient k& curve of a GST sample goes up monotonously
while annealing temperature increases, thus the change
of crystallinity in the sample film is indirectly reflected by
the changes in the k curve. As shown in Fig. 1(a), the
extinction coefficient & differences of all the as-deposited
films are not obvious. After annealing treatment at

150°C, the k curves of samples TiGSTO1 and TiGST02 in

Fig. 1(b) have almost no change compared with that of
in Fig. 1(a). It indicates that they remained amorphous

Fig. 1 Extinction coefficients spectra of the Ti GST,  films

annealed at different temperatures of (a) as-deposited, (b)
150C, (c) 250C ,and (d) 350C

1 TR IR KR Ti, ST, R 8 D't R % (a) DI
Z5,(b)1507C, (c) 250C, (d) 350C
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state due to the effect of Ti dopant with a certain concen-
tration ratio. Apparently, the k curve of the sample
TiGSTO3 film with the minimum Ti dopant goes up a lot
compared with the as-deposited state itself, especially the
k curve of the undoped sample GSTO4 does. Further-
more, in Fig. 1(c¢) and (d), the extinction coefficient
k curves of the samples show the evident differences that
the crystallinity of the sample films is enhanced gradual-
ly. In the meantime, with the increase of the Ti doping
concentration, the crystallinity of the sample films de-
creases.

According to the extinction coefficient & of the sam-
ples, the optical band gap E, can be determined from the

power-law behavior of Tauc'"! as follow

(ahv)'? = C(hv - E,) , (1)
where « is the absorption coefficient, hy is the photon
energy and C is a constant. The absorption coefficient
can be calculated from the equation of a =4mk/\.

Figure 2 shows the plot of the (ahv)'” vs curves for
the sample films with different Ti doping at annealing
temperature of 150°C. The optical band gap E, is then
determined by extrapolating the linear portion of the
curves in the limit of (ahv)"? =0. All of the values of
the optical band gap E, are listed in Table 1. Obviously,
it can be found that with the increase of annealing tem-
perature, the optical band gaps decrease for the same ti-
tanium content of the samples, and increase with the in-
crease of Ti doping at the same temperature. This is con-
firmed from another side that the transformation of crys-
tallization is restrained by Ti doping.

In order to obtain the micro-structure information of
the above samples, the x-ray diffraction ( XRD) meas-
urement has been adopted. According to Fig. 3(a), for
the more Ti doped samples TiGSTO1 and TiGST02, there

Table 1 The optical band gaps of all samples at different an-
nealing temperatures

x1 FAEGREARENEE THXFTE

Temperatures/°C TiGSTO1 ~ TiGST02  TiGSTO3 GST04
as-dep. 0.76 0.76 0.66 0.65
150 Optical 0.75 0.75 0.56 0.40
250 band gap Eg 0.65 0.41 0.35 0.31
350 eV 0.43 0.34 0.31 0.30

are almost no XRD peaks. This indicates that these two
Ti-doped films still remain amorphous state. However, a
set of diffraction peaks corresponding to a NaCl-type
face-centered cubic (fcc) structure appeared in the pat-
terns of the samples TiGST03 and GST04, including fce
(200) and fce(220) at about 29.6° and 42. 8°, respec-
tively. Until the sample GSTO4 annealed at 350°C in
Fig. 3(c), the hexagonal close-packed (hep) phase ap-
pears, but the Ti doped samples TiGSTO1, TiGST02 and
TiGSTO03 remain still in fece phase. Therefore, the Ti ele-
ment doped into Ge,Sh,Te; matrix properly will restrain
the transition from the amorphous state to the fcc phase,
and from the fcc phase to the hep phase as well.

Figure 3 (b) shows the XRD patterns for the films
annealed at 250°C. Obviously, the main characteristic
fce peaks appear in all of these samples, including fcc

(200), fce(220) and fec(111), at 29.6°, 42.8° and

7
a

Fig. 2 The optical band gaps E, of the Ti GST,,
films annealed at 150°C
K2 150°CiE kY Ti, GST, W OL-2A7 B

25.7°, respectively. It can also be found that the full
width at half maximum (FWHM) is broadened as the a-

mount of Ti increased, which indicates that the more Ti
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Fig.3 XRD patterns of the Ti GST,, films annealed at (a)
150C, (b) 250C ,and (c) 350C

B3 AR AZ R K Ti,GST, B XRD #74 Kl (a)
150C, (b) 250C, (c) 350C

atoms doped, the more crystallinity restrained. The XRD
results are in good agreement with the ellipsometry meas-
urements above.

Moreover, Scherrer formula'™' of D =0. 891/Beosd
is adopted to estimate grain sizes of the films by using the
FWHM of the (220) diffraction peak. The average re-
sults are 8 nm, 10 nm, 12 nm and 20 nm for the samples
TiGSTO1, TiGST02, TiGSTO3 and GST04 in the (220)
crystal orientation, respectively. Thus, the crystalline
grain sizes in the Ti GST,  films decreased with the in-
crease of Ti concentration at the same annealing tempera-
ture.

To obtain both the time-dependent resistance (R-1)
and the temperature-dependent resistance ( R-T') charac-
teristics, a two-point-probe testing system is employed.
The measurements have been performed under argon am-
bient in order to avoid oxidation during in situ thermal
treatment.

As shown in Fig. 4, the resistance curves of all
samples drop continuously with the increase of tempera-
ture. A steep drop of each resistance curve can be found
at about 187°C , 172°C, 166°C and 154°C , respectively,
which is due to the amorphous-to-fec phase change. The
Ti-doped films of the samples TiGSTO1, TiGSTO2 and
TiGSTO3 had higher crystallization temperatures because
their thermal stability can be enhanced gradually with the
increase of Ti concentration. As the temperature contin-
ues to rise, the second steep drop appeared only in the
resistance curve of the sample GST04 at about 310°C.
This indicates that the fcc-to-hep phase change occurred
in the undoped film. All of the Ti-doped film samples
were still in the fee phase. Further experimental evi-
dence confirmed that Ti doping can enhance their tem-
perature stability of the Ti GST,  samples.

In addition, the experimental results have shown
that the Ti-doped films have higher crystalline resistance
than that of undoped GST film. The total grain boundary
becomes large in the films because the grain size of the
Ti,GST,_, samples can be reduced by doping Ti. Thus the

Fig.4 Resistance curves changing with temperature at a rate
of 10°C/min for the Ti GST,_, films

14 10°C/min A5 AL BRAY Ti, GST, iR AY HL B2 e Hh 2

carrier scattering is enhanced resulting in the increase of
the crystalline resistance. Therefore it will increase the
joule heat for the RESET operation corresponding to the
fce-to-amorphous phase change process in the storage ap-
plication, when an identical electrical current is applied
and less power is needed.

Meanwhile the Ti-doped films have lower amorphous
resistances with the increase of Ti content because more
free electrons are provided by the Ti dopant. However,
there is still more than one order of magnitude difference
in the resistance between two phases via appropriate reg-
ulation of Ti doping, which provides enough On/OFF ra-
tio for PRAM devices.

Furthermore , in order to characterize the data reten-
tion capability of the samples, in-site resistance testing
was taken in isothermal conditions while these films were
heated in argon protection environment. When resistance
value drops to the threshold resistance that is 50% of the
initial value, the device is called data retention failure.

According to the Arrhenius law'" .

Int = E,/kT - In7 , (2)
where in ¢ is the failure-time, E_ is the crystalline activa-
tion energy, k is Boltzmann’s constant, T is the isother-
mal temperature, and 7 is a proportional time constant.
In the experiments, the failure-time ¢ has been calculated
by the average value of multiple measurements at certain
fixed temperatures. The In ¢ via 1/T diagram by linear
fitting is shown in Fig. 4.

In accordance with Fig. 5, the failure-temperature
corresponding to 10-year data retention is 111°C,
103°C, 85C and 82%C for the samples TiGSTO1,
TiGSTO2, TiGSTO3 and GSTO4 respectively, with the
crystalline activation energy of 3.09 eV, 2.81 eV, 2.76
eV and 2. 67 eV for each homologous sample. These re-
sults have confirmed that the Ti-doped GST films have a
better data retention capacity than undoped one.

2 Conclusions

In summary, the influence of Ti doping on the phase
change characteristics of Ti GST, , films has been investi-



662 48 5 2 oKk ke M 34 %

Fig.5 The failure temperature by the Arrhenius extrapola-
tion of 10-year data retention for the Ti GST,, films

5 Ti,GST,_, W /RS PR35 4 X oz A e vl 2

gated carefully. The ellipsometry and XRD results have
revealed that Ti dopant has a certain inhibiting effect on
the crystallization of the Ti GST,  samples, the higher of
Ti doping concentration, the smaller the grain size. Fur-
thermore , based on the temperature-dependent resistance
experiments, the appropriate Ti-doped sample has higher
crystallization temperature, which indicates that the sam-
ple has better thermal stability. High crystalline resist-
ance is also useful for reducing the RESET current. In
the meantime, the Ti GST,_ film with appropriate Ti
dopant exhibits better data retention capability than that
of undoped one. In general, it can be proved that the
penetration of Ti ions from the TiN or Ti layers into the
GST core cell will improve its thermal stability and endur-
ance property on its performance in usual applications.
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