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ABSTRACT

Ga-Sb alloys are potential candidates for Phase Change RandoassAbtemory (PCRAM)
applications. Ga-Sb alloys of variable compositions including the stoiettiiic GaSb and several Sb-
rich compositions were studied using static laser testing amdrésolved X-ray diffraction. It was
found that the stoichiometric alloy has an unusual inverse opticabsbebmpared to typical phase
change materials as the crystalline phase has lower refigttian the amorphous phase. Slightly Sb-
rich alloys show decrease in reflectivity upon crystallizatiriower temperature but increase in
reflectivity at higher temperature which are related to Ga§statlization and subsequent Sb
segregation, respectively. Very Sb-rich materials exhibit pesitiptical contrast only, similar to
conventional phase change materials.
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1. INTRODUCTION

Phase Change Random Access Memory (PCRAM) is an emerging techti@dogytentially could
replace several established memory technologies such as fld3RA with very application
specific requirements, or it could serve as a storage classmyevith more universal properties. The
phase change materials are at the core of PCRAM technologyopeesit and much research is
devoted to design and optimize phase change materials for specific applications.

Ga-Sh alloys have been studied as possible phase change ma&erCRAM because they show
high thermal stability of the amorphous phase, high crystallization temperahddasaswitching [1-
3]. They have been investigated for phase-change optical storage [#IC&#M devices have been
demonstrated as well [5]. Density-functional simulations of as-deplosind melt-quenched
stoichiometric GaSb and eutectic Ga8lioys also indicate their interesting properties [6].

In the present study we systematically investigated the chammgerystallization properties of
stoichiometric and Sb-rich Ga-Sb alloys using static laser testing andeioleed X-ray diffraction.

2. EXPERIMENTS

Ga-Sb thin films of variable composition were deposited from a radipistoichiometric GaSb target
and an elemental Sb target by co-sputtering at a pressure of 0.R¥ 48asccm Argon flow.
Depositions were done at room temperature and as deposited fillmsawerphous. The film
thickness was approximately 50 nm and the substrates included 30 prnorSE) for static laser
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testing and 500 nm Sp3on Si for time-resolved X-Ray Diffraction (XRD) measurense Sample
composition was determined by Rutherford Backscattering Spectrometry (RBS).

Static laser testing measurements used a custom-madedstggrvith a high-power diode laser
(pump laser) at a wavelength of 658 nm to heat the sample, and a dtighlyated cw HeNe laser
(read laser, 633 nm) to constantly monitor the sample reflectance. The changeiaref\R/R was
determined by measuring the reflectance before the pump laser(BWg:, after the pump laser
pulse (Rge), and normalizing the difference t0,dRre SO thatAR/R=(Raster - Rbeford/Rbefore TiMeE-
resolved XRD was performed at beamline X20C of the National H8gtron Light Source at
Brookhaven National Laboratory. The setup is equipped with a boron niteigeer in a helium
atmosphere and a high-throughput synthetic multilayer monochromator set for amvwvedgngth of
1.797 A. The intensity of the diffracted X-ray peaks was measuredaanp rate of 3 °C/s from room
temperature to 600 °C. A fast linear diode array detector wasredrdt 8 = 31° so that the intensity
of diffracted X-ray peaks in the angular range ®E223.5 — 38.5° was detected.

3. RESULTS & DISCUSSION

Ga-Sb films were deposited with nominal compositions between 50 and @%b including one
alloy with 88 at. % Sb which is the eutectic composition. Tablgsurhmarizes the nominal
compositions and the RBS data. It can be seen that the nominahjisieetric sample is slightly Sb
rich. In the remainder of the paper we will refer to the samples with their noroimglosition.

Table I: Nominal and measured by RBS compositions of the samples studied here.

Nominal composition RBS data
Ga:Sbin at. % Ga(x05at. % Sh (x 0.5 at. %)
50:50 44.7 55.3
30:70 30.3 69.7
20:80 24.0 76.0
12:88 13.3 86.7
8:92 9.1 90.9

Crystallization times as function of sample composition wendieti using the static laser tester.
Figure 1 (a-e) plots the change in reflectance as a functioneofdawer and duration for amorphous,
as-deposited samples exposed to an array of pump laser pulses. Aedlaeeady in [1, 2],
Ga:Sb=50:50 shows an unusual optical contrast because the iciygihtise has a lower reflectance
than the amorphous phase (Fig.1(a)). Almost all other phase changalsate have studied so far
have a higher reflectance in the crystalline phase [7]. Forltbg with intermediate composition
(30:70) two levels of reflectance in the crystalline stateddrserved (Fig. 1(b)), at low pulsed laser
power (corresponding to a lower temperature) the reflectanedused upon crystallization, and for
higher laser power (corresponding to higher temperature) thetamibecin the crystalline state is
higher than in the as-deposited, amorphous phase, confirming previousaesuitalloy with similar
composition Ga:Sb=36:64 [2]. The Sb-rich alloys with an Sb-fraction6oat. % and more behave
like conventional phase change materials with a positive opticatasbr{Fig.1(c-e)). The eutectic
material is very different as it has a much longer cryasdion time compared to all other
compositions (Fig. 1(d)). It also shows a stochastic crystatiizgtrobability for very similar pulse
laser powers and durations in the region of marginal crystallizéktue.is the typical behavior of a
growth dominated phase change material with sparse nucleation evefatst lougstal growth [7]. All
other compositions exhibit very reproducible crystallization probaliditwimilar pulse laser powers
and duration which is the typical behavior for nucleation dominatedeptiz@snge materials with
many nucleation sites within the laser spot and relatively stgstal growth. Fig. 1 (f) shows that the
stoichiometric composition (50:50) has the shortest crystallization time of about 40 ns
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Figure 1. (a-e) Change in reflectance of various Ga-Sb alloysfascion of pulse laser power and
duration. (f) Crystallization time as a function of Sb fraction.

From a technological standpoint the crystallization times afep®sited phase change materials are
irrelevant because in optical disks and PCRAM devices melt-quénemorphous material is
present, in most cases bordering crystalline material. Under tiresimstances crystallization times
can sometimes be orders of magnitude different, typically fasttthus beneficial for optical storage
and PCRAM [7]. On the other hand, crystallization temperatures ofngtequenched, amorphous
phase are often substantially reduced [8], and retention datatedl@tactual PCRAM device can be
much worse than predicted from retention data measured on as-depasitegdhous films [9]. We
therefore measured re-crystallization times of melt-quencheatplious materials as well. This was
done in the following way. First a crystalline area was producestégning the pulse laser over the
sample surface. A dual pulse experiment was then performea witsgridentical pulses produced
melt-quenched, amorphous marks in the crystalline area, and secoesl ipuise same location but
with variable power and duration attempted re-crystallizatiothefmelt-quenched marks. Figure 2
summarizes the results. For the Ga:Sbh=50:50 sample thellorgstaea was darker than the as-
deposited, amorphous film. The melt-quenched, amorphous marks were apaight®s the as-
deposited, amorphous film, and re-crystallization led to a negativeasbfiEig. 2(a), similar to the
first crystallization of as-deposited, amorphous film with a single lasse pul

We attempted in two ways to create large area materigthe@nlowest reflectance phase for the
Ga:Sb=30:70 alloy by either scanning the pulse laser ovesatmple or by furnace annealing just
above the crystallization temperature, but without successptissible that this phase can only be
created when the sample temperature is elevated for a Wertytsne as it is in the pulse laser
experiment. By laser scanning and furnace annealing the resultiagahbad always the reflectance
of the brightest material in Fig. 1(b), therefore the re-cryas&ibn also shows only positive contrast
as indicated in Fig. 2(b). Fig. 2(c) demonstrates a very fagiystallization, and comparing Figs. 1(f)
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and 2(d) confirms that crystallization times of as-deposited, amorphods melt-quenched,
amorphous material surrounded by crystalline material can bedifiagent. Even the trend with Sb
fraction is very different. We also produced crystalline Ga:SIi88.and 8:92, but were unable to
create melt-quenched marks. This is possibly due to the fachésa taterials exhibit such a fast re-
crystallization that the material re-crystallizes during icgphfter the laser pulse. The thermal time
constant of the phase change film on top of the 30 nrp @iGi can be estimated from finite element
calculations and is on the order of 5-10 ns [10]. If the trend forettoeystallization times continues
and they are further reduced with increasing Sb content this might well be the case.
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Figure 2. (a-c) Change in reflectance of various Ga-Sb alloysfasciion of pulsed laser power and
duration in a re-crystallization experiment. (d) Re-crystallizatioe &sa function of Sb fraction.

Time-resolved XRD revealed details of the crystallizationcess (Fig. 3). With increasing Sb
fraction X-ray peaks appear at lower temperatures indicatiogver Icrystallization temperature for
Sb-rich compositions, in good agreement with previous results [2]. TH&bE€E0:50 composition
exhibited exclusively cubic GaSb peaks. With increasing Sb consmtrirombohedral Sb peaks
appeared, first at higher temperature for the 30:70 sample, thensanieetemperature as the GaSh
peaks as Sb content is further increased. This allows to explaimnréieedifferent levels of brightness
for the 30:70 sample. As deposited material is amorphous leadingriteaneadiate brightness. When
GaSb crystallizes the sample has a negative contrast and dsecamker. When finally at higher
temperature the Sb also crystallizes the net effect ofimegaeak GaSb contrast and positive strong
Sb contrast is a positive contrast. Figure 4 depicts the tempesat which the GaSb and Sb peaks
appear, and Fig. 5 shows the theta-2theta XRD spectra which wereedajuioom temperature after
the heating ramps from Fig. 3. The 8:92 composition has the saméachednal structure and high
degree of texture as we have observed previously for pure Sb films sputtered mildecsnditions.

4. CONCLUSION

Phase change alloys based on the Ga-Sb material system exhgut tpdnasition properties and
optical contrast which depends on the material composition. This @ffeopportunity to tailor them
for specific PCRAM applications. The stoichiometric compositiorcharacterized by an unusual
negative optical contrast, and slightly Sb-rich alloys can eliew shree levels of brightness which
we identified using XRD as: darkest — GaSb crystalline and Shphmaes, intermediate level — GaSb
and Sb amorphous, and brightest — GaSb and Sb crystalline.
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