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ABSTRACT 

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

Phase Change Random Access Memory (PCRAM) is an emerging technology that potentially could 
replace several established memory technologies such as flash or DRAM with very application 
specific requirements, or it could serve as a storage class memory with more universal properties. The 
phase change materials are at the core of PCRAM technology development and much research is 
devoted to design and optimize phase change materials for specific applications. 
Ga-Sb alloys have been studied as possible phase change materials for PCRAM because they show 
high thermal stability of the amorphous phase, high crystallization temperatures, and fast switching [1-
3]. They have been investigated for phase-change optical storage [4], and PCRAM devices have been 
demonstrated as well [5]. Density-functional simulations of as-deposited and melt-quenched 
stoichiometric GaSb and eutectic GaSb7 alloys also indicate their interesting properties [6]. 
In the present study we systematically investigated the changes in crystallization properties of 
stoichiometric and Sb-rich Ga-Sb alloys using static laser testing and time-resolved X-ray diffraction. 
 
2. EXPERIMENTS 

Ga-Sb thin films of variable composition were deposited from a nominally stoichiometric GaSb target 
and an elemental Sb target by co-sputtering at a pressure of 0.27 Pa in 46 sccm Argon flow. 
Depositions were done at room temperature and as deposited films were amorphous. The film 
thickness was approximately 50 nm and the substrates included 30 nm SiO2 on Si for static laser 
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testing and 500 nm SiO2 on Si for time-resolved X-Ray Diffraction (XRD) measurements. Sample 
composition was determined by Rutherford Backscattering Spectrometry (RBS).  
Static laser testing measurements used a custom-made laser tester with a high-power diode laser 
(pump laser) at a wavelength of 658 nm to heat the sample, and a highly attenuated cw HeNe laser 
(read laser, 633 nm) to constantly monitor the sample reflectance. The change in reflectance ∆R/R was 
determined by measuring the reflectance before the pump laser pulse (Rbefore), after the pump laser 
pulse (Rafter), and normalizing the difference to Rbefore so that ∆R/R=(Rafter - Rbefore)/Rbefore. Time-
resolved XRD was performed at beamline X20C of the National Synchrotron Light Source at 
Brookhaven National Laboratory. The setup is equipped with a boron nitride heater in a helium 
atmosphere and a high-throughput synthetic multilayer monochromator set for an X-ray wavelength of 
1.797 Å. The intensity of the diffracted X-ray peaks was measured at a ramp rate of 3 ºC/s from room 
temperature to 600 ºC. A fast linear diode array detector was centered at 2θ = 31º so that the intensity 
of diffracted X-ray peaks in the angular range of 2θ = 23.5 – 38.5º was detected. 
 

3. RESULTS & DISCUSSION 

Ga-Sb films were deposited with nominal compositions between 50 and 92 at. % Sb including one 
alloy with 88 at. % Sb which is the eutectic composition. Table I summarizes the nominal 
compositions and the RBS data. It can be seen that the nominally stoichiometric sample is slightly Sb 
rich. In the remainder of the paper we will refer to the samples with their nominal composition. 

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

Nominal composition RBS data 
Ga:Sb in at. % Ga (± 0.5 at. %) Sb (± 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 were studied using the static laser tester. 
Figure 1 (a-e) plots the change in reflectance as a function of laser power and duration for amorphous, 
as-deposited samples exposed to an array of pump laser pulses. As observed already in [1, 2], 
Ga:Sb=50:50 shows an unusual optical contrast because the crystalline phase has a lower reflectance 
than the amorphous phase (Fig.1(a)). Almost all other phase change materials we have studied so far 
have a higher reflectance in the crystalline phase [7]. For the alloy with intermediate composition 
(30:70) two levels of reflectance in the crystalline state are observed (Fig. 1(b)), at low pulsed laser 
power (corresponding to a lower temperature) the reflectance is reduced upon crystallization, and for 
higher laser power (corresponding to higher temperature) the reflectance in the crystalline state is 
higher than in the as-deposited, amorphous phase, confirming previous results on an alloy with similar 
composition Ga:Sb=36:64 [2]. The Sb-rich alloys with an Sb-fraction of 76 at. % and more behave 
like conventional phase change materials with a positive optical contrast (Fig.1(c-e)). The eutectic 
material is very different as it has a much longer crystallization time compared to all other 
compositions (Fig. 1(d)). It also shows a stochastic crystallization probability for very similar pulse 
laser powers and durations in the region of marginal crystallization. This is the typical behavior of a 
growth dominated phase change material with sparse nucleation events but fast crystal growth [7]. All 
other compositions exhibit very reproducible crystallization probability for similar pulse laser powers 
and duration which is the typical behavior for nucleation dominated phase change materials with 
many nucleation sites within the laser spot and relatively slow crystal 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 alloys as a function of pulse laser power and 
duration.  (f) Crystallization time as a function of Sb fraction. 
 
From a technological standpoint the crystallization times of as-deposited phase change materials are 
irrelevant because in optical disks and PCRAM devices melt-quenched, amorphous material is 
present, in most cases bordering crystalline material. Under these circumstances crystallization times 
can sometimes be orders of magnitude different, typically faster and thus beneficial for optical storage 
and PCRAM [7]. On the other hand, crystallization temperatures of the melt-quenched, amorphous 
phase are often substantially reduced [8], and retention data collected on actual PCRAM device can be 
much worse than predicted from retention data measured on as-deposited, amorphous films [9]. We 
therefore measured re-crystallization times of melt-quenched, amorphous materials as well. This was 
done in the following way. First a crystalline area was produced by scanning the pulse laser over the 
sample surface. A dual pulse experiment was then performed where first identical pulses produced 
melt-quenched, amorphous marks in the crystalline area, and second pulses in the same location but 
with variable power and duration attempted re-crystallization of the melt-quenched marks. Figure 2 
summarizes the results. For the Ga:Sb=50:50 sample the crystalline area was darker than the as-
deposited, amorphous film. The melt-quenched, amorphous marks were again as bright as the as-
deposited, amorphous film, and re-crystallization led to a negative contrast (Fig. 2(a), similar to the 
first crystallization of as-deposited, amorphous film with a single laser pulse.  
We attempted in two ways to create large area material in the lowest reflectance phase for the 
Ga:Sb=30:70 alloy by either scanning the pulse laser over the sample or by furnace annealing just 
above the crystallization temperature, but without success. It is possible that this phase can only be 
created when the sample temperature is elevated for a very short time as it is in the pulse laser 
experiment. By laser scanning and furnace annealing the resulting material had always the reflectance 
of the brightest material in Fig. 1(b), therefore the re-crystallization also shows only positive contrast 
as indicated in Fig. 2(b). Fig. 2(c) demonstrates a very fast re-crystallization, and comparing Figs. 1(f) 
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and 2(d) confirms that crystallization times of as-deposited, amorphous and melt-quenched, 
amorphous material surrounded by crystalline material can be very different. Even the trend with Sb 
fraction is very different. We also produced crystalline Ga:Sb=12:88 and 8:92, but were unable to 
create melt-quenched marks. This is possibly due to the fact that these materials exhibit such a fast re-
crystallization that the material re-crystallizes during cooling after the laser pulse. The thermal time 
constant of the phase change film on top of the 30 nm SiO2 on Si can be estimated from finite element 
calculations and is on the order of 5-10 ns [10]. If the trend for the re-crystallization times continues 
and they are further reduced with increasing Sb content this might well be the case.    

 
 
Figure 2:  (a-c) Change in reflectance of various Ga-Sb alloys as a function of pulsed laser power and 
duration in a re-crystallization experiment.  (d) Re-crystallization time as a function of Sb fraction. 
 
Time-resolved XRD revealed details of the crystallization process (Fig. 3). With increasing Sb 
fraction X-ray peaks appear at lower temperatures indicating a lower crystallization temperature for 
Sb-rich compositions, in good agreement with previous results [2]. The Ga:Sb=50:50 composition 
exhibited exclusively cubic GaSb peaks. With increasing Sb content also rhombohedral Sb peaks 
appeared, first at higher temperature for the 30:70 sample, then at the same temperature as the GaSb 
peaks as Sb content is further increased. This allows to explain the three different levels of brightness 
for the 30:70 sample. As deposited material is amorphous leading to an intermediate brightness. When 
GaSb crystallizes the sample has a negative contrast and becomes darker. When finally at higher 
temperature the Sb also crystallizes the net effect of negative weak GaSb contrast and positive strong 
Sb contrast is a positive contrast. Figure 4 depicts the temperatures at which the GaSb and Sb peaks 
appear, and Fig. 5 shows the theta-2theta XRD spectra which were acquired at room temperature after 
the heating ramps from Fig. 3. The 8:92 composition has the same rhombohedral structure and high 
degree of texture as we have observed previously for pure Sb films sputtered under similar conditions.   

4. CONCLUSION 

Phase change alloys based on the Ga-Sb material system exhibit phase transition properties and 
optical contrast which depends on the material composition. This offers an opportunity to tailor them 
for specific PCRAM applications. The stoichiometric composition is characterized by an unusual 
negative optical contrast, and slightly Sb-rich alloys can even show three levels of brightness which 
we identified using XRD as: darkest – GaSb crystalline and Sb amorphous, intermediate level – GaSb 
and Sb amorphous, and brightest – GaSb and Sb crystalline.  

20 40 60 80 100
1.5

2

2.5

3

3.5

4  

Pulse Length (ns)

 

P
u
ls

e
 P

o
w

e
r 

(a
.u

.)

∆ R
/R

 (
%

)

-5

-4

-3

-2

-1

0

20 40 60 80 100 120
1.5

2

2.5

3

3.5

4

4.5

5  

Pulse Length (ns)

 

P
u
ls

e
 P

o
w

e
r 

(a
.u

.)

∆ R
/R

 (
%

)

-1

0

1

2

3

4

5

(a) (b) 

(c) (d) 20 40 60 80 100
1.5

2

2.5

3

3.5

4

4.5

5  

Pulse Length (ns)

 

P
u
ls

e
 P

o
w

e
r 

(
a
.u

.)

∆ R
/R

 (
%

)

-1

0

1

2

3

14

16

18

20

22

24

26

55 60 65 70 75 80

positive contrast
negative contrast

Sb fraction (at. %)

50:50 30:70 

20:80 



E\PCOS 2013 

150

200

250

300

350

400

450

500

55 60 65 70 75 80 85 90 95

Tx GaSb (C)
Tx Sb (C)

Sb fraction (at. %)

 

   (a)  50:50     (b) 30:70 
 
 
 
 
 
 
 
  (c)  20:80     (d) 12:88 
 
 
 
 
 
 
 
  
   (e)  8:92 
 

Figure 3:  (a) – (e) Intensity of diffracted X-ray 
peaks as a function of temperature for various Ga-
Sb alloys.  
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Figure 4:  Temperature Tx at which GaSb and Sb   Figure 5: Theta-2theta XRD scans after  
peaks appear as function of the Sb fraction.   ramps to 600 °C. 
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