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Single Pulse Laser-Induced Phase Transitions 
of PLD-Deposited Ge 2 Sb 2 Te 5  Films
 Phase transformations between amorphous and crystallized states are 
induced by irradiation with a single nanosecond laser pulse in Ge 2 Sb 2 Te 5  
fi lms grown by pulsed laser deposition. By adjusting the laser fl uence, the 
two different phases are obtained and can be distinguished by their different 
optical refl ectivity. The effect of laser fl uence on the crystalline nature of the 
fi lms is studied in detail. Large structural differences between the laser-
irradiated and thermally annealed fi lms are revealed, due to the high heating 
rate and short duration of the laser pulse. X-ray refl ectivity measurements 
show a density increase of 3.58% upon laser-induced crystallization. 
  1. Introduction 

 Chalcogenide-based alloys have found a wide use in optical data 
storage [  1  ]  and are of increasing interest for applications in non-
volatile memories. The basic principle of the optical memory 
storage is based on the reversible transformations between the 
disordered amorphous and ordered crystalline phases. [  2  ]  Writing 
of bits corresponds to the formation of small amorphous marks 
in a crystalline matrix whereas the recrystallization of the amor-
phous spots leads to the erasure of information. In the writing 
process, a high-intensity laser pulse is used to heat the phase-
change layer locally above its melting temperature. After the 
laser pulse, the molten area cools rapidly with a rate higher 
than 10 9  K/s and is quenched into the amorphous state. [  1  ,  3  ]  
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In the erasing process, a laser pulse with 
intermediate power is used to heat the 
amorphous layer above the crystallization 
temperature but below the melting tem-
perature, which brings the material back 
to the crystalline phase. Utilizing a signifi -
cantly different optical refl ectivity between 
the amorphous and crystalline states, data 
bits can be read by monitoring the local 
changes in the refl ectivity of the media 
with a low power laser beam. 

 Among various phase-change materials, 
the Ge–Sb–Te family, and particularly 
Ge 2 Sb 2 Te 5  (GST), is the most distin-
guished one because of its short crystallization times (tens 
of nanoseconds), prominent refl ectivity contrast, excellent 
reversibility, large cycle number of reversible transitions, and 
high archival lifetime of more than ten years. [  1  ,  4  ,  5  ]  In the past 
years, extensive experimental studies on phase transformation 
from the amorphous to crystalline states induced by thermal 
annealing have been reported, [  5–9  ]  where annealing times 
between 5 minutes and 2 hours were typically applied to crys-
tallize the GST fi lms. Additionally, laser-induced crystallization 
of GST fi lms has also been demonstrated. [  10–14  ]  Amorphiza-
tion of GST fi lms (46 nm in thickness) induced by nanosecond 
laser pulses with a laser spot size of 100  ×  59  μ m 2  has been 
reported by Siegel et al., [  10  ]  who studied the optical refl ectivity 
of the fi lms. Using picosecond laser pulses with a laser spot 
diameter of 240  μ m, Siegel et al. [  13  ]  also reported the revers-
ible phase transformation of GST fi lms (50 nm in thickness), 
and investigated the optical refl ectivity of fi lms during crystal-
lization and amorphization. Femtosecond laser pulses with a 
laser spot diameter of 200  μ m was also used to crystallize GST 
fi lms by Kong et al., [  14  ]  who focused on the Raman properties 
of fi lms with increasing laser fl uence (for defi nition of fl uence, 
see Experimental Section). These previous reports on laser-
induced crystallization, however, were mainly focused on the 
optical properties of the fi lms with thin thicknesses (10–50 nm) 
and small laser spot sizes. [  10  ,  11  ,  13  ,  14  ]  The detailed structural 
information is thus lacking since it is very hard to detect X-ray 
diffraction (XRD) peaks for such thin fi lms with small laser-
crystallized area. Compared to the annealing-induced crystalli-
zation, laser-induced crystallization has much higher heating/
cooling rates (larger than 10 9  K/s) [  15  ]  due to the short pulse 
duration. It is therefore of great value to get detailed struc-
tural information from laser-crystallized GST fi lms, since it 
resembles practical application more, compared to that for the 
thermally annealed fi lms with long annealing times. 
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     Figure  1 .     a) Optical refl ectivity of an as-deposited fi lm, a crystalline fi lm induced by thermal 
annealing at 240  ° C for 20 min, and a crystalline fi lm induced by laser irradiation of the as-
deposited fi lm with a single nanosecond laser pulse at 100 mJ/cm 2 . b) Optical refl ectivity at 650 
nm obtained after irradiation of amorphous fi lms as a function of laser fl uence.  
 For the fabrication of GST thin fi lms, magnetron sputtering 
is typically employed. [  3  ,  8  ,  16  ]  Other methods, such as metal 
organic chemical vapor deposition, [  17  ]  thermal evaporation, [  18  ]  
and solution-phase deposition, [  19  ]  are also used. Pulsed laser 
deposition (PLD), as a common deposition method, can be 
used to achieve the desired fi lm properties by easily adjusting 
some parameters, such as growth temperature, pressure, laser 
fl uence, laser spot area, and target-substrate distance. In par-
ticular, PLD is capable of deposition of fi lms with unusual com-
position, and stoichiometric transfer of a target material to the 
fi lms. In this paper, nanosecond-PLD is used as a deposition 
technique to fabricate GST fi lms on Si substrates. A reversible 
phase transformation of GST fi lms upon pulsed laser irradia-
tion is demonstrated. Both optical and structural properties of 
the fi lms are investigated by combination of optical refl ec-
tivity and XRD measurements. The effect of laser fl uence on 
optical and structural properties as well as density change of 
these GST fi lms is presented, which are of crucial importance 
for the performance of a phase-change material. In addition, a 
comparison of XRD results between the annealing-induced and 
laser-induced crystalline fi lms is carried out, showing large dif-
ferences in structural information.   

 2. Results and Discussion 

 Optical refl ectivity measurements can provide an indirect obser-
vation of the structural evolution process for phase-change 
materials.  Figure    1  a shows the optical refl ectivity of three GST 
fi lms: a fi lm deposited at room temperature, a crystalline fi lm 
induced by thermal annealing at 240  ° C for 20 min, and a fi lm 
obtained by a single nanosecond laser pulse irradiation on the 
as-deposited fi lm with a fl uence of 100 mJ/cm 2 . According to 
XRD results, the as-deposited and annealed fi lms are in amor-
phous and crystalline face-centred-cubic (fcc) states, respec-
tively. The optical refl ectivity of the amorphous fi lm is in the 
range from 61.3 to 63.5%, when the wavelength increases from 
400 to 750 nm. In contrast, the refl ectivity of the fcc fi lm is in 
the range from 67.3 to 69.2%, much higher than that of the 
amorphous fi lm. For the laser-irradiated fi lm, the optical refl ec-
tivity is in the range from 65.9 to 67.7%, which is close to that of 
the fcc fi lm annealed at 240  ° C. This suggests that a crystalline 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
state has formed in amorphous GST fi lms 
after nanosecond laser irradiation, which 
will be further confi rmed by XRD. It is also 
noted that there are features in the irradiated 
spectrum which are absent in the thermally 
annealed one. Apart from the phase changes 
which is a key factor determining the refl ec-
tivity of GST fi lms, some other factors, such 
as surface roughness, may also affect the 
refl ectivity of GST fi lms with otherwise same 
structure. [  20  ]  Therefore, the slight difference 
between the thermally annealed and laser-
irradiated fi lms could be due to the increased 
surface roughness of the laser-irradiated 
fi lm (RMS 0.219 nm for thermally annealed 
fi lm compared to RMS 0.896 nm for laser 
irradiated fi lm, see Supporting Information, 
Figure S1b,c).  
 Siegel et al. [  10  ]  claimed that crystallization of an as-deposited 

amorphous fi lm can not be achieved with a single nanosecond 
laser pulse, while our result demonstrates that it is possible to 
crystallize PLD-deposited amorphous GST fi lms by a single 
nanosecond laser pulse with short pulse duration of 20 ns. The 
crystallization of GST fi lms is known to be a nucleation-domi-
nant process. [  21  ,  22  ]  Previous report has shown that a minimum 
time of 100 ns  ±  10 ns was needed for stable crystalline nuclei 
to form and grow in an as-deposited amorphous GST fi lm, 
while the complete crystallization of melt-quenched amorphous 
bits was possible in 10 ns due to the presence of quenched-in 
nuclei inside the amorphous bits. [  23  ]  It should be emphasized 
that our result is not in confl ict with the reported minimum 
crystallization time for an as-deposited amorphous fi lm, 
although a much shorter pulse duration of 20 ns is used in our 
case. This is due to the fact that the induced phase transforma-
tions may last longer than the pulse duration. Surprisingly, this 
fact is neglected in most of the reports. A direct comparison 
with shorter pulse durations, i.e., picosecond and femtosecond 
pulses is not completely valid, due to the absence of melting 
and recalescence phenomena when using picosecond or fem-
tosecond laser pulses, [  24  ]  but recent literature reports a crys-
tallization time of 10 ns for a picosecond laser pulse-induced 
crystallization of as-deposited GST fi lms with a laser duration 
of 30 ps. [  24  ]  

 In order to clarify the detailed effect of laser fl uence on phase 
transition, a series of fl uence-dependent refl ectivity measure-
ments on GST fi lms was performed. The optical refl ectivity is 
recorded at the practically often used wavelength of 650 nm, 
as presented in Figure  1 b. At fl uences ≤20 mJ/cm 2 , no obvious 
refl ectivity change can be observed. As laser fl uence increases, 
a continuous and prominent increase in refl ectivity can be seen 
up to ca. 50 mJ/cm 2 . With further increase of the fl uence from 
50 to 100 mJ/cm 2 , only a slight further increase in refl ectivity is 
registered. The highest refl ectivity is thus found to be 67.4% at 
a fl uence of 100 mJ/cm 2 . From these results, the threshold for 
a measurable refl ectivity increase upon irradiation with a single 
nanosecond pulse is  ≈ 20 mJ/cm 2 . Above this fl uence threshold, 
one single laser pulse heats the fi lm above its crystallization 
temperature. The atoms thus become increasingly mobile and 
reach the energetically favorable crystalline state, leading to a 
inheim Adv. Funct. Mater. 2013, 23, 3621–3627
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     Figure  2 .     a) Optical refl ectivity of an as-deposited fi lm, an annealing-induced crystalline fi lm, 
and an amorphous fi lm induced by laser irradiation of the crystalline fi lm with a single nano-
second laser pulse at 160 mJ/cm 2 . b) Optical refl ectivity at 650 nm obtained after irradiation 
of crystalline fi lms as a function of laser fl uence. The dashed line and inset picture in (b) show 
the refl ectivity of amorphous fi lms and SEM image of laser ablated area at high fl uences, 
respectively.  
partial crystallization of the fi lm. With the increase of laser fl u-
ence, the extent of crystallization increases, corresponding to 
the increase of fi lm refl ectivity. 

 To correlate the thermally annealed fi lms and the laser-
 irradiated fi lms, one can estimate the temperature in the fi lm 
induced by laser irradiation using the differential equation for 
heat conduction. If the laser radiation is spatially uniform, the 
equation can be written in terms of the temperature distribution 
 T(x,t)  at the depth  x  and radiation time  t.  [  25  ,  26  ]  An analytical solu-
tion of the equation is possible under the assumptions that 1) 
the thermal and optical parameters are independent on temper-
ature, 2) the laser power is constant, and 3) the sample thickness 
is infi nite (details see ref.  [  25  ,  26  ] ). For example, the temperature 
at the surface after a 20 ns laser pulse and an energy density of 
20 mJ/cm 2  is  T ( x   =  0, 20 ns)  =  807 K (534  ° C), where the param-
eters of the GST material are assumed to be constant values 
(thermal conductivity is 0.582 W/mK, refl ectivity is 0.65, heat 
capacity is 1.29 J/cm 3 K and the density is 5.5 g/cm 3 ). Although 
this phase-change temperature is obviously much higher than 
the value (140  ° C) of the fi lm induced by thermal annealing, [  5  ]  it 
is consistent with the recent report that the crystallization tem-
perature from the amorphous to fcc phase increases with the 
increase of heating rate, where a crystallization temperature of 
356.5  ° C was declared at a heating rate of 4  ×  10 4  K/s. [  27  ]  

 Moreover, amorphization of a crystalline fi lm can also be 
achieved with a single nanosecond laser pulse irradiation. 
As displayed in  Figure    2  a, the annealing-induced crystalline 
fi lm possesses a high optical refl ectivity within the measured 
area. After irradiation by a single laser pulse at 160 mJ/cm 2 , 
the refl ectivity decreases signifi cantly, corresponding well to a 
refl ectivity level with that of the amorphous phase. Upon irra-
diation with a single pulse with 100 mJ/cm 2  the refl ectivity is 
increased to the original level, hence we can rule out that the 
drop in refl ectivity is due to other effects than phase transfor-
mation, i.e., ablation. This also show that by using a single laser 
pulse fl uence of 160 mJ/cm 2 , and 100 mJ/cm 2  the GST fi lm can 
be repeatedly transformed between a crystalline and an amor-
phous state. The refl ectivity at 650 nm obtained after irradia-
tion of crystalline fi lms as a function of laser fl uence is further 
shown in Figure  2 b. It can be clearly discerned that at fl uences 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 3621–3627
 > 100 mJ/cm 2 , amorphization of the crystal-
line fi lm occurs. The amorphization extent 
increases with the increase of laser fl uence, 
and the highest extent, i.e., complete amor-
phization of the fi lms is observed at a fl uence 
of 160 mJ/cm 2 . When the fl uence increases 
to much higher values ( ≥ 200 mJ/cm 2 ), the 
refl ectivity of the laser-irradiated fi lms, on 
the contrary, drops much below the value of 
amorphous fi lms. This can be attributed to 
ablation of the fi lm surface, as verifi ed by the 
scanning electron microscopy (SEM) image 
in the inset of Figure  2 b. Holes with sizes 
in the range from 100 to 500 nm are clearly 
visible.  

 XRD measurements were performed to 
verify the observations described above and 
to obtain detailed structural information 
about the fi lms.  Figure    3  a presents the evolu-
tion of XRD patterns of fi lms with an increase of the laser fl u-
ence. To obtain more diffracted intensity for structural analysis, 
thicker fi lms (600 nm) were used for the XRD measurements. 
In each case, the fi lms were irradiated by a single nanosecond 
laser pulse. The corresponding laser fl uences are denoted 
in Figure  3 a. The diffraction pattern of the as-deposited fi lm 
shows no obvious peaks, except for the Si(200) refl ection from 
the substrate, confi rming an amorphous state of GST fi lms 
after deposition. Crystalline diffraction peaks, which are related 
to the (200) and (220) lattice planes of the metastable fcc phase, 
emerge for the fi lm irradiated with a laser fl uence of 40 mJ/
cm 2 . Another peak, the fcc (111) refl ection appears at higher fl u-
ences (e.g., 100 mJ/cm 2 ). It should be pointed out that although 
partial crystallization of fi lms is confi rmed for fl uences between 
20 and 40 mJ/cm 2  from optical refl ectivity measurements, XRD 
peaks of the crystalline phase can not be detected due to the 
low fraction of the crystalline phase below the fl uence of 40 mJ/
cm 2 . With the increase of laser fl uence, the relative amount of 
the fcc phase increases, and a maximum fraction is found at 
100 mJ/cm 2  based on the observed peak intensity of the (200) 
refl ection, which is the most intense XRD characteristic peak of 
the fcc phase. However, the diffracted intensity of the fcc phase 
decreases with further increase of laser fl uence, and a notable 
drop in intensity is observed at 200 mJ/cm 2 . This change of 
the fcc phase fraction is reasonable, because crystallization 
of the fi lm occurs fi rst with the increase of laser fl uence, but 
then, melting and ablation of the fi lm takes place with further 
increase of laser fl uence, resulting in a reduction of the fcc 
phase fraction. These fi ndings are consistent with the optical 
refl ectivity results shown in Figure  1  and  2 . Simultaneously, the 
Si(200) peak, which is the dominating peak of the as-deposited 
sample, gradually disappears due to the increased fraction 
of the crystalline fcc phase in the fi lm covered on the Si sub-
strate with the increase of laser fl uence, and it appears again 
at 200 mJ/cm 2  due to the reduced fraction of the crystalline fcc 
phase by melting and ablation.  

 For comparison, crystallization of the fi lms was also car-
ried out by thermally annealing the fi lms in high vacuum 
(1  ×  10  − 4  Pa) at different temperatures (50–300  ° C). The XRD 
results of those fi lms (not shown here) show that transition 
3623wileyonlinelibrary.comeim
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     Figure  3 .     a) Evolution of XRD patterns of fi lms with increasing laser fl uence. b) 2  θ   position, c) corresponding  d  (200)  value, and d) calculated grain size 
from the fcc (200) refl ection as a function of laser fl uence (denoted by red solid squares) and annealing temperature (denoted by blue open circles), 
respectively. The red solid lines and blue dashed lines in (b–d) are only intended as a guide for the eye.  
from the amorphous to fcc and hexagonal phase occur at 140 
and 300  ° C, respectively. In addition, the crystalline phase 
fraction of annealed fi lms increases with the increase of 
annealing temperature. Moreover, a large difference between 
the laser-irradiated and thermally annealed fi lms is found 
that no hexagonal phase is formed in the laser-irradiated 
fi lms, even for a high laser fl uence (e.g., 160 mJ/cm 2 ), which 
is high enough to melt the fi lms. The absence of the hexag-
onal phase in the laser-irradiated fi lms is considered to be a 
consequence of the high heating rate (larger than 10 9  K/s) 
and short duration (20 ns) of the laser pulse. Generally, the 
phase transformation of a phase-change material is a ther-
mally activated process. Energy barriers must be overcome 
when the material is transformed from the current phase to 
another phase. With increasing heating rate, the phase trans-
formation temperatures (from amorphous to fcc, and fcc to 
hexagonal) are known to shift to higher temperatures. [  27  ,  28  ]  
The transformation temperature from fcc to the hexagonal 
phase was reported to be above the alloy melting temperature, 
when the heating rate approaches 1.7  ×  10 8  K/s. [  28  ]  With even 
higher heating rate ( > 10 9  K/s) and short laser pulse duration 
as in our case, the phase transformation from fcc to hex is 
therefore effectively hindered. 

 A detailed analysis of the 2  θ   position of the (200) peak, which 
is the most intense XRD characteristic peak of the fcc phase, is 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
depicted in Figure  3 b. The 2  θ   position for the laser-irradiated 
fi lms is in the range between 29.57 °  and 29.60 ° , almost keeping 
unchanged with increasing laser fl uence. On the other hand, 
for the thermally annealed fi lms, it is noted that the 2  θ   posi-
tion increases from 28.83 °  to 29.34 ° , as the annealing tempera-
ture increases from 140 to 280 ° C, and subsequently decreases 
to 28.35 °  due to the phase transformation from fcc to hexag-
onal phase. Accordingly, the  d  value of the lattice plane (200) 
for the thermally annealed fi lms (fcc phase), determined by 
 d(200) = λ

2 sin θ
  , is found to be a function of annealing tempera-

ture, as indicated by the dashed line in Figure  3 c. The  d  value 
starts from 0.309 nm at an annealing temperature of 140  ° C and 
decreases to 0.304 nm at an annealing temperature of 280  ° C. 
Dissimilarly,  d  (200)  values of the laser-irradiated fi lms nearly 
remain constant with the increase of laser fl uence, showing an 
average value of 0.301 nm (see the solid line in Figure  3 c). For 
bulk fcc GST, a  d  (200)  value of 0.3013 nm is expected, [  29  ]  which is 
very close to those of the laser-irradiated fi lms. The  d  (200)  values 
of all the thermally annealed fi lms with fcc structure are thus 
larger than those of the laser-irradiated fi lms and the bulk one. 
This increase of  d  (200)  values of the thermally annealed fi lms is 
ascribed to the large tensile stress in the crystallized fi lms. [  5  ,  30  ,  31  ]  
It is known that the stress state of the fi lm at room temperature 
depends on the creep at the annealing temperature, the differ-
ence in the coeffi cient of thermal expansion (CTE) of the fi lm 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3621–3627



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
and the substrate, and a potential plastic or brittle deformation 
during the cool-down. [  30  ]  During the heating of the GST fi lms, 
it has been reported that the tensile stress is especially large at 
the onset of transformation from the amorphous to fcc phases 
due to the difference in the density of the two states. [  30  ,  32  ]  This 
phase-change induced tensile stress is then reduced on fur-
ther increase of the annealing temperature. During the cooling 
process, the crystalline GST fi lm shows only elastic deformation 
and the stress progress in the tensile direction with a constant 
slope. [  30  ,  32  ]  Therefore, the total tensile stress at room tempera-
ture, which sums up from the phase-change stress and the 
thermal stress, decreases with the increase of annealing tem-
perature. Consequently, the largest  d  (200)  value of 0.309 nm is 
found for the fi lm with the largest tensile stress, when annealed 
at 140  ° C. Further increase of the annealing temperature leads 
to a reduction of the total tensile stress in the fi lm, resulting in 
the decrease of  d  (200)  values with the increase of annealing tem-
perature for the thermally annealed fi lms. 

 Average grain size of the crystallized fi lms, was estimated 
with the Scherrer formula using the full width at half maximum 
(FWHM) value of the (200) diffraction peak. As described in 
Figure  3 d, the average grain size for the thermally annealed 
fi lms ranges from 1.8 to 3.2 nm, and increases slightly with the 
increase of annealing temperature, while for the laser-irradiated 
fi lms, the average grain size increases markedly from 1.6 to 
7.1 nm with the increase of laser fl uence from 40 to 100 mJ/
cm 2 . For even higher fl uences, the average grain size decreases 
slightly due to the melting/ablation of fi lms with further 
increase of laser fl uence. 

 When comparing the XRD results with the refl ectivity results 
shown in Figure  1 b, a similar trend can be seen in that the frac-
tion of the crystalline fcc phase increases with the increase 
of laser fl uence up to 100 mJ/cm 2 . In principle, the thicker 
the fi lm, the higher laser fl uence is needed to crystallize and 
amorphize the fi lm. However, the highest fraction of the crys-
tallized phase is observed at the same fl uence of 100 mJ/cm 2 , 
although two different fi lm thicknesses are employed for the 
two kinds of measurements. This is caused by the heat loss for 
the thinner fi lm owing to the following two factors. Firstly, the 
thermal diffusion length during the nanosecond pulse is about 
60 nm, [  10  ,  33  ]  much larger than the used fi lm thickness (30 nm). 
Thus, the laser pulse penetrates the fi lm, leading to the partial 
loss of laser energy. Secondly, the heat in the fi lm induced by 
© 2013 WILEY-VCH Verlag Gm

     Figure  4 .     a) XRR measurements of a fi lm before and after irradiation with a s
refl ection edge. b) XRR measurement and the corresponding theoretical sim
for GST fi lms obtained from XRR measurements.  
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the laser pulse can be readily transferred from the fi lm to the 
Si substrate due to the large thermal conductivity of Si and the 
thin thickness of the fi lm. In addition, according to the optical 
refl ectivity results shown in Figure  2 , a complete amorphiza-
tion occurs for the 30 nm thin fi lm at a fl uence of 160 mJ/cm 2 . 
Following the same reasoning, amorphization will not occur 
for the 600 nm thick fi lm, as evidenced by the XRD results in 
Figure  3 a. A crystalline fcc phase can still be seen even at a high 
fl uence (200 mJ/cm 2 ), which is high enough to melt the fi lms. 
This is due to the fact that the laser-induced heat can not be 
quickly transferred from the fi lm to Si substrate for such thick 
fi lms. Thus, the melted fi lm, which suffers a slow cooling rate, 
will transform to the crystalline fcc state after cooling. 

 Besides the optical refl ectivity, another important quantity 
for the chalcogenide-based fi lms is the fi lm density. The density 
change upon crystallization produces considerable stress in the 
fi lms, [  30  ]  which could be a potential reliability problem, espe-
cially for small-dimension electronic device cells. Therefore, it 
is of high signifi cance to evaluate the fi lm density change upon 
laser-induced crystallization. This density change can be deter-
mined from X-ray refl ectivity (XRR) measurements.  Figure    4  a 
compares XRR curves of an as-deposited fi lm and of the same 
fi lm after laser irradiation at 100 mJ/cm 2 . The visible fi lm thick-
ness related oscillations of the as-deposited fi lm are clearly seen 
in the whole angular range, while the oscillations of the laser-
irradiated fi lm are more effectively attenuated at higher angles. 
Generally, with the increase of fi lm roughness, a swifter decay 
of the oscillation amplitude is expected. Thus, an increase in 
fi lm roughness upon laser irradiation can be concluded, which 
has also been confi rmed with AFM measurements, see Sup-
porting Information, Figure S1a–d. From the inset of Figure  4 a, 
one can observe that the total refl ection edge shifts towards a 
higher angle after laser irradiation. This indicates that the laser-
irradiated fi lm has a higher density than the as-deposited one 
since the critical angle (  θ   c ) for total refl ection is proportional 
to the square root of density (  ρ  ) as defi ned by the following 
equation

 
N f f= + ′λ

π ρ( )r
A

A 0 0c √θ

    

 where   λ  ,  N  A ,  r  0 ,  A  and ( f  0   +   f  ′ ) are the wavelength of the used 
X-ray, Avogadro constant, Bohr radius, atomic mass and the 
atomic form factor, respectively. 
3625wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 Figure  4 b shows the XRR measurement and the corre-
sponding theoretical simulation of an as-deposited fi lm. The 
thickness and density of the as-deposited fi lm are determined 
to be 30 nm and 5.30 g/cm 3 , respectively. More XRR measure-
ments and the corresponding simulations were carried out for 
fi lms irradiated with different fl uences, and the obtained den-
sity as a function of laser fl uence is shown in Figure  4 c. The 
density maintains constant at fl uences ≤20 mJ/cm 2 . Above this 
fl uence, an obvious density increase corresponding to the onset 
of a structural transformation is observed, in agreement with 
the optical refl ectivity results shown in Figure  1 b. With further 
increase of laser fl uence from 50 to 100 mJ/cm 2 , the density 
keeps almost unchanged within measurement error. The average 
densities of the as-deposited fi lms and laser-induced crystalline 
fi lms are decided to be 5.30 and 5.49 g/cm 3 , respectively, cor-
responding to an increase of 3.58% in the density. Previous 
reports, which were mainly focused on the density changes 
induced by thermal annealing, have shown a density increase 
in the range from 5.78 to 6.80% upon annealing-induced crys-
tallization of GST fi lms from the amorphous to fcc states. [  34  ,  35  ]  
The density increase induced by laser irradiation in the present 
study is thus smaller than previously reported values induced 
by thermal annealing.   

 3. Conclusions 

 In summary, phase transformations in PLD-deposited GST 
fi lms between amorphous and metastable fcc states have been 
induced by irradiation with a single nanosecond laser pulse. 
Two different phases were obtained by adjusting the laser fl u-
ence and could be distinguished by their different optical refl ec-
tivity. The effect of laser fl uence on the crystalline nature of 
the fi lms was studied. Large structural differences between the 
laser-irradiated and thermally annealed fi lms were revealed. For 
the thermally annealed fi lms, phase transition from amorphous 
to hexagonal structures occurred at 300  ° C, and lattice distance 
 d  (200)  values of the fcc phase decreased with the increase of 
annealing temperature. For the laser-irradiated fi lms, the emer-
gence of the hexagonal phase was not observed, and  d  (200)  values 
of the fcc phase almost kept unchanged with the increase of 
laser fl uence. These large differences were attributed to the high 
heating rate and short duration of the laser pulse. Furthermore, 
a change of density upon crystallization by laser irradiation was 
determined by XRR measurements, showing an increase of 
3.58% in the density.   

 4. Experimental Section 
 GST fi lms were grown on Si substrates by pulsed laser ablation of 
a Ge 2 Sb 2 Te 5  ceramic target using a KrF excimer laser (LPXpro240). 
The laser was operated with the following parameters: wavelength of 
248 nm, pulse duration of 20 ns, repetition rate of 10 Hz, and laser 
fl uence on the target of 1.5 J/cm 2 . The working pressure was 5  ×  10  − 5  
Pa during deposition. Si substrates were dipped in hydrofl uoric acid 
and subsonically cleaned in deionized water and ethanol. The cleaned 
substrates were positioned parallel to the target surface at a target-
substrate distance of 6.6 cm. Both target and substrates were rotated 
in order to avoid damage of the target and to improve the thickness 
homogeneity of the fi lms, respectively. Using the above mentioned 
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parameters, two types of samples with thickness of 30 and 600 nm were 
prepared. 

 Single shot pulsed laser irradiation was performed on the GST fi lms 
in order to induce local phase changes. The laser beam from the KrF 
excimer laser was focused by a convex lens on the surface of GST fi lms 
using a single nanosecond laser pulse (20 ns). The spot size of the laser 
beam was about 4  ×  6 mm 2  and the laser fl uence was varied between 
20 and 300 mJ/cm 2  by adjusting the laser pulse energy. The fl uence is 
defi ned as laser pulse energy/area of spot size in the units of mJ/cm 2 . 

 For comparison, the as-deposited fi lms were also crystallized by 
thermal annealing. The annealing was carried out in high vacuum 
(1  ×  10  − 4  Pa) at different temperatures (50–300  ° C) for 20 min. 

 The surface of the fi lms before and after laser irradiation was 
examined by fi eld emission scanning SEM and AFM. The optical 
refl ectivity of the fi lms was recorded using an UV/Vis spectrophotometer 
with a wavelength range from 350 to 800 nm. Crystal structure analysis 
of the laser-irradiated and thermal-annealed fi lms was carried out by 
XRD using monochromized Cu  K α   radiation ( λ   =  0.15406 nm) in   θ /2 θ   
scans. The fi lm density and thickness changes upon laser-induced 
crystallization were obtained from XRR measurements.   
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