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Abstract

Ge-rich and N-doped Ge-Sb-Te thin films and patterned structures for memory
applications are investigated in situ during annealing up to 500°C with a
heating rate of 2°C/min using synchrotron x-ray diffraction. The initial material
is amorphous. Under these annealing conditions, Ge crystallization occurs at
340°C and precedes the one of cubic Ge,Sb,Tes by about 15°C. In situ
monitoring of diffraction allows for a quantification of crystallized quantity,
grain size and elastic strain during the material transformation. Increasing N
doping reduces the amount of crystallized Ge and Ge grain size. These results
bring important insights into the multiphase crystallization of Ge-rich GST phase
change materials for memory applications.



Introduction

Phase Change Materials (PCM) are very promising for non-volatile memory applications [1-4].
Indeed, they can be switched reversibly very quickly between an amorphous and a crystal
phase. In addition, the very high resistivity contrast between the two phases allows easy
reading. One of the most studied PCM is Ge,Sb,Tes (commonly named GST in the literature),
which has a crystallization temperature close to 150-170°C. This temperature is too low for
long-enough data retention in many applications (e.g. automotive). Compositionally
optimized Ge-rich GST (named 6-phase in the following) on the other hand has a
crystallization temperature of about 350°C [5]. N-doping is commonly used in PCMs as a tool
to reduce mechanical stresses related to crystallization, increase crystallization temperature
or change the electrical resistance [6-9]. In this work, we investigate the crystallization
behavior of confined 0 -phase structures with in-situ synchrotron x-ray diffraction performed
at the DiffAbs beamline of SOLEIL synchrotron. In addition the influence of N-doping on the
crystallization process is evaluated.

Experimental conditions

Samples were in situ annealed under nitrogen atmosphere thanks to an Anton Paar® heating
stage. The maximum annealing temperature was 500°C and the heating and cooling rate
were respectively set to 2°C/min and 20°C/min. The furnace was mounted on the six-circle
diffractometer (Kappa geometry) of the DiffAbs beamline at SOLEIL synchrotron. The beam
size was 205 x 255 um? (FWHM, V x H). The XRD patterns were recorded in vertical gecometry
at a fixed incident angle w = 8° (yielding a beam footprint on the sample surface: 1473 x 255
um?) using a two-dimensional x-ray hybrid pixel array detector, XPAD [10]. An incident
photon energy E = 18 keV was chosen in order to measure a large reciprocal space range. The
diffracted intensities as a function of the diffracted angles 20 were obtained after 1D
azimuthal integration and by applying geometrical and flatfield corrections [11]. In this work,
we have investigated four different samples. The first two ones (W9 and W11) are
encapsulated (with silicon nitride) samples with POR (Process of Reference) N doping. W11 is
a blanket film (50 nm) and W9 is an array of parallel lines with 50 nm width and 120 nm pitch
prepared in the same conditions. The two others are encapsulated patterned samples with
different N doping levels: W1 is POR-2%N and W12 is POR+2%N. They are summarized in
Table 1. Line arrays are arranged in two parallel rectangles (7x4 mm? separated by 1 mm).

Sample Morphology N-doping
W11 blanket POR
w1 patterned POR-2%
w9 patterned POR
W12 patterned POR+2%

Table 1: List of investigated samples.
Experimental results

1° ) W11 thin film (POR)




The complete room-temperature diffraction patterns (obtained by patching three detector
positions) before annealing and after complete thermal cycling are shown in figure 1.
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Figure 1: Room temperature diffraction patterns from sample W11 (POR thin film): before annealing
(black); after annealing (blue). This latter one has been shifted for clarity.

In the pattern recorded prior to any heat treatment some peaks may arise from the sample
holder / heating plate (at 18 keV the x-ray photons are only weakly absorbed by the silicon
substrate). In addition, the broad bump centered around 28° is most probably diffuse
scattering arising from the single crystal (001) Si substrate. After annealing the diffraction
pattern exhibit distinct diffraction peaks, which witness crystallization of several phases.
Figure 2 (a) shows the superimposition of the experimental diffraction pattern with powder
diffraction data from Ge,Sb,Tes metastable cubic phase [12] and pure Ge. This comparison
allows one to conclude that most of the diffraction peaks can be associated with these two
phases. It is worth noting, however, a weak shoulder on the low-angle side of cubic GST 200
that may be attributed to the 013 (hexagonal indexation) peak of trigonal Ge;Sb,Tes stable
phase [12]. Figure 2 (b) shows the indexation of the low angle peaks. In the same way the
whole diffraction pattern may be indexed (not shown). From this indexation one may
conclude that the annealed sample is a mixture of cubic Ge and cubic GST.
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Figure 2: Room temperature diffraction pattern from sample W11 (POR thin film) after thermal cycling:
(a) comparison with powder diffraction patterns from Ge (black) and cubic GST 225 (red); (b) indexation
of the low angle part of the diffractogram. Stars indicate peaks which are already present in the
unannealed sample (see figure 1).

These different diffraction peaks have been monitored as a function of temperature during
the in-situ heating and cooling stages. Each peak has been fitted with a Pseudo-Voigt
function and a linear background, which allows one to extract the following parameters:
maximum intensity, peak position, full-width at half maximum (FWHM), peak area
(integrated intensity).

The evolution of the integrated intensity of Ge 111 and GST 200 peaks as a function of
temperature is shown in figure 3.

71— ] 1 —

00045009000

100
40+

M.cotc.c00...ooctoo'.oo..:\.‘;.:.o‘:.'z

——— .

60 *
40 Ge 111 &

80

Integrated Intensity (arb. units)
L]
Integrated Intensity (arb. units)

cpw
30 &L
&
00

] 20 GST 200 o
4 o°
L] . °
20 1
. o ., 1 10 o
L] 1 o
O cmmys o0y A aes 0y 0 oo’y 00 1 0 of{p°°<9°°°°° ofo cdacz%n‘,t3%053,:,000:(11,’ %o e 0,0
RSV S DA Ji: J ST R S Y S bt 0, T
500

200

Temperature (°C) Temperature (°C)

Figure 3: Integrated intensity of Ge 111 and GST 200 as a function of temperature for sample W11 (POR
thin film). Blue arrows are for heating and red arrows for cooling.

Crystallization of Ge occurs at 340°C whereas crystallization of GST appears at a slightly
higher temperature (355°C). In addition the two crystallization processes look very different:
(i) abrupt in Ge; (ii) abrupt and then more progressive (two stages) in GST. Whereas the
integrated intensity is related to the amount of diffracting material, the FWHM is inversely
related (neglecting microstrain contributions) to the crystal size (along the direction of the
scattering vector, which in the present case is roughly the normal to the film). The evolution
of domain size as a function of temperature is shown in figure 4 both for Ge 111 and GST
200. The comparison of figure 3 and figure 4 for Ge 111 shows that Ge crystallization is



followed by grain growth, most probably via Ostwald ripening. In the case of GST 200, the
apparent decrease in domain size is probably an artefact caused by the neglecting of
microstrains. At around 480°C a weak shoulder on the low-angle side of cubic GST 200
appears. This additional signal may be attributed to the 013 (hexagonal indexation) peak of
trigonal Ge,Sh,Tes stable phase.
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Figure 4: Domain size for Ge 111 and GST 200 (extracted from the FWHM of diffraction peaks) as a
function of temperature for sample W11 (POR thin film). Blue arrows are for heating and red arrows for
cooling.

The evolution of interplanar distances d®111 and d%Txo0 as a function of temperature is
shown in figure 5. Upon cooling the linear behavior is characteristic of a thermoelastic
loading and one may extract an effective perpendicular thermal expansion coefficient:

0%%sr = 9.9x10° K and a®Ter = 19.6x10° K. Comparison of these values with known
thermal expansion coefficients for Ge (5.7x10° K1) [13] and for GST (17.4x10° K!) [14]
points to the existence of elastic strains (especially in Ge) resulting from thermal expansion
mismatch with the Si substrate and/or between the two phases.
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Figure 5: Evolution of interplanar distances d®¢11; and d® "1 as a function of temperature for sample
W11 (POR thin film). Blue arrows are for heating and red arrows for cooling.

A summary of the results is given in tables 2 and 3. In the case of Ge a Williamson-Hall plot
[15] yields a domain size of 49 nm and a microstrain of 0.26%. The room-temperature Ge
lattice parameter refined from the values in table 2 is 0.56431 nm, i.e. -0.31 % smaller than
the one from bulk unstrained Ge (0.56578 nm). Neglecting elastic anisotropy in Ge (which is
mild with a Zener ratio of 1.6) and considering a Poisson ratio (v) of 0.33 the perpendicular



effective thermal expansion coefficient of a Ge film (thermal expansion coefficient o)

supported on a rigid substrate (thermal expansion coefficient as) is given by the following
expression [16]:
1+v

1 _ 2v
erf =159 Ty % @

With o = 5.7x10° K* (Ge) [13] and ass = 2.6x10° K™ (Si) one gets a2, =9.x10° K, close to
the measured value of the order of 10.x10° K.

hkl d (nm) q(nm7) Aq (nm™) Size RT (nm) Olers (10° K1)
111 0.3256 19.30 0.187 34 9.93

220 0.1995 31.49 0.195 32 10.25

311 0.17 36.96 0.225 28 10.7

224 0.1152 54.54 0.274 23 9.77

Table 2: Summary of crystallographic parameters obtained in Ge at room temperature after thermal
cycling in sample W11 (thin film POR). q is the modulus of the scattering vector. a. is the effective
thermal expansion coefficient calculated from a linear fitting of d-spacing vs T upon cooling. The thermal
expansion coefficient of Ge is 5.7x10°° K.

The situation for GST is more complex. A Williamson-Hall plot is not realistic (negative
domain size) and the effective thermal expansion coefficient varies a lot. It is hypothesized
that the elastic anisotropy of GST (Zener ratio of 0.5 [17]) may play an important role in
these results. The measured values may be compared with the effective thermal expansion
coefficients for:

(i) a GST precipitate in a Ge matrix: 25.x10° K, where a spherical precipitate (thermal
expansion coefficient o) in an infinite matrix (thermal expansion coefficient am) is assumed,
both media sharing the same isotropic elastic properties [18]:

22-v 11+v

Geff =371 % ~ 370 m (2)

(i) a GST film on a Si substrate (calculated from eq. (1)): 32.x10°¢ K.
q

hkl d (nm) q(nm7) Aq (nm™) Size RT (nm) Olers (10°° K1)
111 0.34498 18.21 0.2699 23 27.34
200 0.3013 20.85 0.5924 11 19.6
200 0.2998 20.96 0.3837 16 30.09
222 0.17289 36.34 0.7456 8 26.87

Table 3: Summary of crystallographic parameters obtained in GST at room temperature after thermal
cycling in sample W11 (thin film POR). q is the modulus of the scattering vector. a.s is the effective
thermal expansion coefficient calculated from a linear fitting of d-spacing vs T upon cooling. The thermal
expansion coefficient of GST is 17.4x10° K.

2° ) W9 patterned sample (POR)



Sample W9 has the same composition as sample W11 but is patterned. This results in a very
significant drop in diffracted intensity as is shown in figure 6, which displays the intensity of
the Ge 111 peaks in W11 and W9 after complete thermal cycling. This highly reduced
intensity even for the strongest peak makes the in-situ analysis much more challenging.
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Figure 6: Comparison of Ge 111 diffraction peak intensity after full annealing cycle for sample W11 (POR
thin film) and sample W9 (POR patterned array of lines).

Figure 7 shows a comparison of the temperature evolution of Ge111 and GST200 integrated
intensities for samples W11 and W9. The reduced number of data points for W9 arises from
the necessary increase in counting time (the ramp stays the same at 2°C/minute). As was
already discussed, W11 shows a clear difference in behavior for the two phases: Ge
crystallizes first at 340°C and GST crystallizes later at 370°C. Despite the low intensity and
the reduced number of data points it is clear from figure 7 that W9 shows the same behavior
with very similar crystallization temperatures: 340°C for Ge and 370°C for GST.
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Figure 7: Integrated intensity of Ge 111 and GST 200 as a function of temperature for sample W11 (POR
thin film) and sample W9 (POR patterned array of lines).

The evolution of interplanar distances d®®111 as a function of temperature is linear for both
samples and allows one to extract an effective perpendicular thermal expansion coefficient.
The GST200 peak is too weak in sample W9 to allow for a reliable extraction of peak
position. The effective perpendicular thermal expansion coefficients are respectively 9.9x10
® K1 and 4.8x10° K* for W11 and W9. Hence a clear difference in thermoelastic behavior is



evidenced. The value for W9 is close to what is expected for Ge lines confined within SiN
lines, using the approximation developed in [19] for volume averaged stress in a damascene
structure : 4.9x10° K.

3°) Influence of N content

The three patterned samples (W1 POR-2%N, W9 POR, W12 POR+2%N) have been thermally
cycled between room temperature and 500°C. Nitrogen doping results in a significant
reduction in the intensity of Ge 111 diffraction peak as evidenced in figure 8 (left hand side).
In addition, the average domain size extracted from Ge 111 FWHM decreases from 26 nm
(W1-POR-2%N) to 18 nm (W9-POR) and even down to 5 nm (W12-POR+2%N). At the same
time no significant evolution of domain size is observed from GST 200.
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Figure 8: Comparison of selected areas of diffraction patterns at 450°C for samples W1 (POR-2%N),
W9 (POR) and W12 (POR+2%N). The left hand side shows Ge 111 diffraction peak. Right hand side
shows the region between 20 = 14° and 26 = 15° where Ge nitride most intense peaks might be
expected.

Moreover, a broad diffraction peak appears around 14.5° for sample W12, which is the most
highly doped sample. This angle corresponds to an interplanar spacing of 2.73 A, which
correspond to strong diffraction lines of a and 3 GesNs [20]. A broad diffraction in the same
zone of reciprocal space has been reported for germanium nitride films prepared by RF
sputtering [21]. N is known to favorably bond with Ge [22,23] in PCMs through GeNy
formation. This has already been observed in stoichiometric amorphous Ge;Sbh,Tes thin films
[24]. Introduction of N in Ge-rich GST has been shown to slow down the phase separation
and crystallization processes of both Ge and GST phases [25, 26], and to reduce the average
grain size of crystallized phases [27], in agreement with our findings.

Conclusions

We have investigated the crystallization behavior of thin films and patterned structures of
GST-0 material capped with SiN, using in-situ synchrotron x-ray diffraction at DiffAbs
beamline (SOLEIL synchrotron). The as-deposited structures are amorphous. After
crystallization a mixture of Ge and GST is observed with no noticeable texture. It is
remarkable that Ge crystallizes before GST (15°C difference in crystallization temperature).
Ge crystallization is followed by grain growth, which occurs during GST crystallization. The
analysis of effective thermal expansion upon cooling indicates that the thermoelastic
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behavior is different between thin films and patterned structures and that it is dominated by
Ge. Nitrogen doping strongly reduces Ge crystallization. In the sample with the highest
doping level (POR+2%) a diffraction broad band that may be assigned to GesNa is found after
annealing.
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