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 Structural transitions in materials are accompanied by appreciable and 
exploitable changes in physical-chemical properties. Whereas reversible opti-
cally-driven atomistic changes in crystal-to-amorphous transitions are gener-
ally known and exploited in applications, the nature of the corresponding 
polyamorphic transitions between two structurally distinct meta-stable 
amorphous phases is an unexplored theme. Direct experimental evidence 
is reported for the nature of the atomistic changes during fully reversible 
amorphous-to-amorphous switching between two individual states in the 
non-crystalline As 50 Se 50  fi lms prepared by pulsed-laser deposition and conse-
quent changes in optical properties. Combination of surface sensitive X-ray 
photoelectron spectroscopy and spectroscopic ellipsometry show that the 
near-bandgap energy illumination and annealing induce reversible switching 
in the material’s structure by local bonding rearrangements. This is accom-
panied by switching in refractive index between two well-defi ned states. 
Exploiting the pluralism of distinct structural states in a disordered solid can 
provide new insights into the data storage in emerging optical memory and 
photonic applications. 
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  1. Introduction 

 Over the last few decades we have wit-
nessed a tremendous upsurge of interest 
in chalcogenide glasses (ChGs) and 
their potential applications as photonic 
glasses (for example, all optical switching 
devices). [  1  ]  Passive and active applications 
of ChGs are based on (i) the enhanced 
infrared light transmittance without 
changing the optical properties of the 
glass, and (ii) the interaction between the 
transmitted light and the glass through 
nonlinear effects (both second- and third-
order). [  2  ]  It has been demonstrated that 
the photonic bandgap in certain mate-
rials can be tuned by using, for example, 
external pressure or bias, [  3  ,  4  ]  and that such 
dependence of the photonic bandgap on 
pressure can be exploited in sensitive 
pressure sensors. The shift in photonic 
bandgap can also be caused by having 
two distinct meta-stable structural states 
in the glass with considerably different 
optical properties, namely the refractive 
index ( n ). In addition, certain chalcogenides exhibit a revers-
ible phase-change (PC) amorphous-to-crystal transition under 
the infl uence of external stimuli and therefore have been used 
in low-power and fast data storage applications. Electric cur-
rent (Joule heating) is such a stimulus, the role of which in 
switching had been demonstrated long ago by Ovshinsky [  5  ]  
and is the principal operation of nonvolatile PC random-access 
memory (PC-RAM). Alternatively, heating can be induced by 
visible, above-bandgap light, which leads to optically-induced 
PC [  6  ]  used in optical recording: CD-RW (compact disc - rewri-
table), DVD ± RW (digital versatile disc - rewritable) and Blu-Ray 
disc. The key idea is that local structural differences in PC 
memory are manifested through measurable lower conduc-
tivity and refl ectance of the amorphous phase contrary to the 
crystalline state. Various compositions of the ternary 
Ge-Sb-Te alloy are undoubtedly today the best-known PC mate-
rials. Numerous experimental and simulation studies have 
focused on explaining the structural changes responsible for the 
fast ( <  100 ns, and preferably faster) PC at the atomic level. [  7–11  ]  

 Up until now, the vast majority of studies in the quest for 
optical recording have been devoted to PC transitions. On the 
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contrary, corresponding efforts in studying materials that exhibit 
reversible optically-driven structural-transformations within the 
amorphous phase accompanied by appreciable optical contrast 
has not been explored. We term this transition “amorphous-to-
amorphous transformation” (AAT). The AAT entails mild modi-
fi cations of structural units after local bonding rearrangements. 
In practice, AATs have been amply demonstrated in high-pres-
sure studies of bulk glasses (ref.  [  12  ]  and references therein). We 
show here that although the AAT is not an actual PC transition, 
it entails essential differences in the atomic structure of the two 
distinct meta-stable structures in the amorphous state. The AAT 
can result in appreciable changes in the optical properties, thus 
creating new functionalities, which could be exploited in future 
optical data recording (data storage or holography) and photonic 
bandgap tuning. In this paper, we attempt to provide a currently 
lacking, fundamental understanding of the optically-induced AAT 
in pulsed-laser deposited (PLD) chalcogenide fi lms [  13  ]  without, 
however, demonstrating any of the potential applications. 

 Experiments on ChGs have shown that a rather small fraction 
of  ≈ 2% of the all atoms is involved in photo-structural changes 
such as photodarkening or photobleaching. [  14  ]  It should be noted 
here that since only a small fraction of atoms, ca. 1–2%, are 
involved is such phenomena, they cannot be considered as real 
AATs. This relatively low fraction of bonds involved in photo-
structural changes entails minor changes of physical-chemical 
properties and therefore a mild response to an external stim-
ulus. Because in most cases such changes are advantageous for 
applications, ChGs which exhibit massive photo-induced bond 
restructuring are of a great interest. It has been recently shown 
that the fraction of irradiation-affected bonds can be surpris-
ingly high in sulphur-rich binary As-S glasses, i.e., one order of 
magnitude higher than the corresponding photo-induced reor-
ganized bond fractions reported up to now. [  15  ,  16  ]  

 Towards exploring new noncrystalline materials with enhanced 
optically-driven responsiveness and functionality, the key factor 
to be contemplated relates to the presence of structural motifs 
in glass that can assist the proliferation of the photo-induced 
changes. This is achieved when the amorphous structure can 
provide certain relaxation pathways in order to guide the photo-
excited bond to confi gurations different than the initial one. In 
this context, nanometer-scale phase-separated amorphous mate-
rials, the structure of which contains nanometer-sized environ-
ments with similar bonding arrangement, offer possibilities for 
structural transformations to new meta-stable bonding confi gu-
rations at low-cost of energy. Solid evidence of nanometer-scale 
phase separation in arsenic-rich binary As-Se amorphous fi lms, 
prepared by PLD technique, has been provided in our previous 
photoemission studies, [  17  ,  18  ]  where the nature of the structural 
motifs presented in the amorphous fi lm was explored in detail. 
The deposition technique plays a vital role in producing amor-
phous materials with tailored-made functionalities and the 
detailed atomistic structure of an as-deposited amorphous fi lm 
is intimately refl ected by the deposition method. [  13  ,  14  ]  Thermal 
evaporation (TE) and magnetron sputtering are the most com-
monly used deposition techniques. However, a limited number 
of investigations deal with fi lms prepared by PLD. The PLD is 
considered as more suitable compared with the classical depo-
sition techniques mentioned above, owing to its advantage of 
maintaining quite well the composition of the target material 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2052–2059
in the structure of the fi lms. [  19  ]  In addition, PLD fi lms do not 
suffer from the formation of columnar structures and structural 
heterogeneities which are associated with irreversible structural 
transformations and that frequently emerge in oblique-angle TE 
thin fi lms. [  20  ]  

 The present study has a twofold objective: (i) employing elec-
tronic structure probing technique, namely X-ray photoelectron 
spectroscopy (XPS), we provide evidence for a reversible 
switching between two structurally distinct amorphous states. 
The switching is driven forward and backward by exposure to 
near-bandgap light and annealing, respectively. The structural 
changes involved in the AAT are explored in detail. The phe-
nomenon is repeatable in successive cycles of irradiation and 
annealing for the PLD fi lms while this is not true for the TE 
fi lms. The AAT does not depend on the order of imposition of 
the external stimuli, i.e., light and annealing. (ii) Using spectro-
scopic ellipsometry the two amorphous states are characterized 
by a large difference in optical contrast exploitable as repeat-
able change in  n  of the PLD thin fi lms. The combination of the 
structural and the optical properties enables us to provide the 
fi rst, to our knowledge, correlation between the atomic struc-
ture and the optical properties of an AAT in ChGs. 

   2. Results and Discussion 

  2.1. Structural Details of the AAT in As 50 Se 50  Films 

   Figure 1   shows the XPS As3d and Se3d peaks of as-prepared 
PLD and TE As 50 Se 50  fi lms. Each component of the analyzed 
spectra is the sum of the 3d5/2 and 3d3/2 contributions and 
the binding energy (BE) values mentioned hereafter refer to 
the 3d5/2 peak. The As3d peaks (Figure  1 a) are analyzed into 
three components located at (i) BE  ≈  41.6  ±  0.05 eV (denoted 
as As I ), (ii) BE  ≈  42.1  ±  0.05 eV (denoted as As II ), and (iii) weak 
peaks that appear in the BE range 44–45.5 eV (denoted as As III ). 
The latter refers to arsenic oxides of the form AsO  y  , [  17  ,  18  ]  which 
appear due to slight oxidization of the surface in the time 
interval between fi lm preparation and XPS measurements. 
Therefore, a mild sputtering took place only after the measure-
ment of the as-prepared fi lms in cycles of the stimulus, causing 
an unfavorable selective sputtering of Se. [  19  ]  A detailed discus-
sion on the justifi cation of the existence of the two distinct 
local environments, As I  and As II  in which As atoms participate, 
can be found in the literature. [  15  ,  16  ]  In brief, considering that 
the structure of As  x  Se 100 −    x   PLD fi lms with  x   >  40 at% consists 
mainly of AsAs 3 −    m  Se  m   pyramidal units, then As I  originates 
from As 4  ( m   =  0) and As 3 Se ( m   =  1) pyramids, classifi ed as ele-
mental-like domains. The electronic structure around As atoms 
in these units is similar and thus the present instrumental res-
olution does not allow to observe the two discrete components. 
Accordingly, pyramids As 2 Se 2  ( m   =  2) and AsSe 3  ( m   =  3) form 
the stoichiometric-like domains and are considered to be the 
origin of the As II  XPS peak. To ensure that the existence of the 
above two different nanometer-sized domains is not an artefact 
of the preparation condition we have investigated several PLD 
As 50 Se 50  fi lms produced from different deposition batches. 
Analyzing the corresponding As3d XPS peak the fraction of As 
2053wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     As3d (As I  and As II ) XPS peak evolution in two cycles. a) As-
prepared irradiation  →  annealing and b) as-prepared annealing  →  irra-
diation of PLD As 50 Se 50  thin fi lms.  

     Figure  1 .     XPS spectra of as-prepared As 50 Se 50  thin fi lms. a,b) fi lms depos-
ited by PLD and c,d) fi lms deposited by TE. XPS data show As3d (left 
panel) and Se3d (right panel) peaks deconvolution after subtracting a 
Shirley-type background.  
atoms participating in the elemental-like environment (As I ) was 
found to be in range 15–20%.  

 The Se3d peak of the PLD fi lms (Figure  1 b) consists of a 
doublet peak at BE  ≈  54.2  ±  0.05 eV, which is characteristic 
of Se atoms bonded to As atoms in the As-Se matrix, denoted 
as Se a  environment. On the contrary, the corresponding Se3d 
peak of the TE fi lm is analyzed into two components at BE  ≈  
54.1  ±  0.05 eV (Se a ) and BE  ≈  54.6  ±  0.05 eV (Se b ). The former 
is assigned to Se atoms in As-Se matrix (similar to PDL fi lms), 
while the latter, which amounts to almost 50% of the total Se3d 
peak area, originates from Se atoms in Se-rich environments. [  15  ]  
These results show that the TE fi lms are more heterogeneous 
compared with the PLD fi lms, exhibiting a bimodal distribu-
tion of Se bonding confi gurations with homonuclear (Se-Se) 
and heteronuclear (Se-As) bonds. The existence of the extra Se b  
peak in the TE fi lm is responsible for the enhanced fraction of 
As I  type bonding which amounts to  ≈ 30% of the total peak area, 
in comparison to the PLD fi lm  ≈ 20%. 

   Figure 2   shows the XPS As3d spectra of the PLD As 50 Se 50  
fi lms subjected to recurring annealing and illumination 
stimuli. Left and right panels in Figure  2  show the changes in 
XPS signal when the fi rst stimulus imposed is irradiation and 
annealing, respectively. Two complete irradiation/annealing 
cycles were performed for each case. The structural changes 
are quantifi ed in  Figure    3   where the evolution of the  f (As I ) 
component, defi ned as the fractional intensity (area) of the peak 
associated with As I :  f (As I )  =   I (As I )/ [ I (As I )  +   I (As II )], is shown for 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the PLD and TE fi lms in Figure  3 a,b, respectively. Irrespective 
of the order to the imposition of annealing and irradiation the 
fraction of the As I  and As II  nano-domains varies in a systematic 
and repeatable way in PLD fi lms (Figure  3 a). The As I  fraction 
increases at the expense of the As II  fraction with irradiation 
while it decreases after annealing. No corresponding changes 
are observed for the Se3d spectra in the course of exposing the 
structure of the PLD fi lms to annealing and irradiation. The 
Se3d doublet is always fi xed at BE  ≈  54.2  ±  0.05 eV. The reason 
is that all Se atoms are bonded to As in the as-prepared PLD 
and neither annealing nor illumination can induce homonu-
clear Se-Se bonding formation.   

 Similar experiments were conducted for TE fi lms; the As3d 
peak evolution (see Supporting Information Figure S1). Illumi-
nation induces increase in As I  during the fi rst switching cycle, 
while annealing severely reduces this contribution (Figure  3 b). 
The switching between the two bonding environments for As 
atoms in TE fi lms does not occur in the second cycle in contrast 
to the observations of the structural changes in the PLD fi lm. 
In this second cycle, the As I  fraction component approaches 
that of the as-prepared fi lms and the fi lms structure does not 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2052–2059
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     Figure  3 .     Switching of fraction  f (As I )  =  As I /(As I   +  As II ) (%) in fi lms depos-
ited by two different techniques. a) PLD and b) TE As 50 Se 50  thing fi lms 
after alternating external stimuli. The fi lm state values correspond to 
0–as-deposited fi lm and 1–8 cycling of irradiation and annealing or vice 
versa, where route (1)–circles, shows irradiation and route (2)–squares, 
annealing as fi rst stimuli being applied on as-prepared fi lm. The shaded 
areas in a) denote three states: transient (laser ON), irradiated and 
annealedin the upper, middle and lower shaded areas, respectively.  
seem to be further amenable to the imposed stimuli. There-
fore, in contrast to the effects observed for PLD fi lms where the 
structure can reversibly switch between two rather well-defi ned 
limits, the structure of the TE fi lms, after a complete fi rst 
cycle of annealing/illumination, attains a confi guration which 
remains stable (inactive) to the imposed stimuli. 

 In each panel (Figure  3 ), routes (1) and (2) denote 
switching cycles where the fi rst stimulus was irradiation and 
annealing, respectively. In order to ensure the reproducibility 
of the results, the XPS measurements of the materials under 
annealing and illumination were conducted several times for 
both the TE and PLD fi lms. The dashed rectangles enclosing 
the data points designate the limits within which the values of 
 f (As I ) were estimated by fi tting analysis. The data points shown 
in Figure  3  do not correspond to some average values of the 
fraction  f (As I ) determined from several experiments; they rep-
resent the values of  f (As I ) for a particular batch of TE and PLD 
fi lms. The same batch of samples was used for spectroscopic 
ellipsometry measurements. The irradiation always causes an 
appreciable increase of  f (As I ) (Figure  3 a). Irrespective of the 
fi lm state, either as-prepared or annealed, the magnitude of 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2052–2059
 f (As I ) reaches a rather constant value near 30% indicating the 
creation of As-As homonuclear bonds and therefore the forma-
tion of As 4  and As 3 Se structures. It is interesting to note that 
the fi lms experience also transient photo-structural changes in 
the course of irradiation as denoted by fi lm states “1” and “5”. 
The fraction  f (As I ) amounts to  ≈ 38 − 40% in the “laser ON” state 
and falls to the post-irradiation value  ≈ 30% after ceasing irradi-
ation. On the other hand, annealing induces a severe reduction 
in  f (As I ) to a value near 10%, irrespectively of the preannealed 
state of the fi lm, implying the scission of As-As bonds and the 
subsequent formation of As 2 Se 2  and AsSe 3  structural units. 
Annealing lowers the overall Gibbs energy and tends to smooth 
out structural defects of the unfavoured structural units As 3 Se, 
As 4  towards the energetically favored ones, As 2 Se 2  and AsSe 3 . 

 The two well-defi ned limiting values observed for the PLD 
fi lms do not occur for the TE fi lms (Figure  3 b). While during 
the fi rst cycle of annealing and irradiation (states “1” and “2”) 
the structural changes would suggest a switching behavior, i.e., 
annealing and irradiation cause decrease and increase of  f (As I ), 
respectively, the TE fi lm structure ceases to act in response to 
the external stimuli in subsequent cycles (states “3” and “4”). 
The fraction of the elemental-like species in the fi nal structure 
is comparable to that of the as-prepared state. Another point 
worth noting is that the increase of the  f (As I ) caused by irradia-
tion is much smaller than the corresponding decrease caused 
by annealing, while the “peak-to-valley” changes in the  f (As I ) of 
the PLD fi lms are symmetric around the as-prepared state. This 
last observation can be rationalized considering that TE fi lms 
inherited their structure from the gas phase and not from the 
liquid. The vapor is mainly composed of molecular fragments 
which contain a larger density of homonuclear bonds which are 
dictated by the stoichiometry of the material. This enhanced 
chemical “disorder” resulting from the increased density of 
defects does not allow irradiation to cause appreciable changes. 
On the other hand, the annealing of the TE fi lms leads to  f (As I ) 
fractions comparable to those observed in PLD fi lms. 

   2.2. Correlating Optical Properties and Structure Upon 
Switching 

 The signifi cant difference in the population ( ≈ 20% as shown in 
Figure  3 ) of the structural units, which compose the elemental-
like environment in the structure of the amorphous As 50 Se 50  
PLD fi lms, is expected to have a strong impact on the optical 
properties. PLD and TE fi lms were subjected to the same scheme 
of annealing and irradiation, as described in the previous sec-
tion, and their optical properties were studied using spectro-
scopic ellipsometry. The optical functions were calculated using 
three different dispersion models: the Cauchy, the Tauc–Lorentz 
(TL) and the Cody–Lorentz (CL) models; [  21–25  ]  for details see the 
Supporting Information.  Table 1  compiles the obtained values of 
the refractive index  n  at   λ    =  1500 nm for two models of analysis 
(Cauchy and TL), the optical bandgap energy  E  g  opt  (TL), and the 
Urbach’s energy  E  U  (CL) for the PLD As 50 Se 50  thin fi lms. 

    Figure 4   shows the dispersion of the real part  n  of the com-
plex refractive index in the spectral range from 900 to 2300 nm 
calculated using the Cauchy formula, in cycles of the external 
stimuli, for the PLD fi lms. The refractive index difference ( Δ  n ) 
2055wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Correlation between changes in refractive index ( n ) at   λ    =  
1500 nm (Cauchy) and As3d peak fraction  f (As I ). The correlation is 
depicted for as-prepared As 50 Se 50  PLD fi lms after imposing external 
stimuli in cycle a) irradiation  →  annealing and b) annealing  →  irradiation. 
The insert fi gures show a schematic of mixed AsAs 3-m Se m  (m  =  0,1,2,3) 
structural units which correspond to elemental-like (m  =  0,1) and stoi-
chiometric-like (m  =  2,3) environments giving rise to a) As I  and b) As II  
XPS bands, respectively.  

     Figure  4 .     Spectral dependence of refractive index ( n ) of PLD As 50 Se 50  thin 
fi lms. The data were calculated from best fi t using the Cauchy model, and 
concerns data for both cycles of irradiation and annealing.  

   Table  1.     Values of best-fi t models to ellipsometric data calculated by dispersion models. Refractive index  n  at   λ    =  1500 nm (Cauchy:  n  C  and Tauc-
Lorentz:  n  TL ), optical bandgap energy  E  g  opt  calculated by the Tauc–Lorentz model and Urbach’s energy  E  U  calculated by the Cody–Lorentz model in 
PLD fi lms in two cycles of switching, i.e., irradiation  →  annealing and annealing  →  irradiation. The errors in calculated values are  n   ±  0.002,  E  g  opt   ±  
0.01 eV and  E  U   ±  6 meV. 

Cycles of Irr. → Ann.  n  C  n  TL  E  g  opt  
[eV]

 E  U  
[meV]

Cycles of 
Ann. → Irr.

 n  C  n  TL  E  g  opt  
[eV]

 E  U  
[meV]

 As-prepared 2.686 2.687 1.69 100  As-prepared 2.688 2.689 1.68 100

 Irradiated 2.640 2.648 1.80 88  Annealed 2.623 2.626 1.80 83

 Annealed 2.605 2.609 1.82 76  Irradiated 2.640 2.645 1.76 108

 Irradiated 2.642 2.647 1.79 101  Annealed 2.602 2.605 1.79 60

 Annealed 2.605 2.607 1.82 54  Irradiated 2.646 2.652 1.76 91

 Irradiated 2.643 2.647 1.86 98  Annealed 2.602 2.607 1.78 58

 Annealed 2.600 2.611 1.79 73  –  –  –  –  – 
between the various fi lm states is practically constant over the 
whole wavelength range ( Figure    5  ). The analysis showed that 
annealing and irradiation cause negligible changes, of about 
0.3% of the initial value, in the thickness of the fi lms and 
hence volume changes do not affect the accurate determination 
of  n . Systematic decrease in the surface roughness (from 3 to 
1 nm), represented by the effective medium approximation 
layer, with increasing the number of irradiation/annealing 
cycles was observed. The change in  n  of PLD fi lms refl ects the 
systematic variation in  f (As I ) and switches with the imposition 
of irradiation and annealing, which is shown for telecommuni-
cation wavelength   λ    =  1500 nm in the course of applied external 
stimuli (Figure  5 ). Irradiation always increases the refractive 
index to the value  n   ≈  2.64 while annealing decreases its value 
to  n   ≈  2.60. The increase of  n  upon irradiation is in agreement 
with the increase of the fraction of As-As bonds considering 
that the refractive index of elemental As at   λ    =  1500 nm is  n (As) 
 ≈  3.45. [  26  ]  Correspondingly, the decrease of  n  upon annealing 
has its origin in the decrease of the fraction of homonuclear 
As-As bonds and the subsequent restoring of chemical order 
where heteronuclear As-Se bonding dominates. The results 
shown in Figure  5  reveal a close correlation between changes in 
atomic structure (fraction of homonuclear bonds) and optical 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
properties (refractive index) in As 50 Se 50  PLD fi lms. Contrary to 
what is observed for the PLD fi lms the TE thin fi lms did not 
show any systematic changes in refractive index and  f (As I ) (see 
Supporting Information Figure S2).   

 The CL model used for the analysis of the ellipsometric data 
includes the absorption below the optical bandgap  E  g  opt , thus 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2052–2059
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     Figure  6 .     Potential energy landscape representation of the various structural motifs that the As 50 Se 50  PLD fi lms can adopt. The deep sharp minimum 
“1” corresponds to the crystal which has been depicted by an idealized structure (the sketched bonding does not refl ect the true molecular crystal 
structure). The structure of the amorphous as-deposited state “2” is built-up by both As-Se heteronuclear (black lines) and As-As homonuclear (red 
lines) bonds. In the course of illumination “3”, more As-As bonds are formed; the laser excites and transiently traps the structure in a very shallow 
minimum which allows for relaxation only into the post-irradiated state “4” which is characterized by an As-As bond density larger than state “2” but 
lower than that of state “3”. State “4” is thermally meta-stable; after annealing it relaxes to state “5” which is the amorphous state with the lowest 
density of homonuclear As-As bonds. Reversible switching in the structure and the optical properties of PLD fi lms occurs between states “4” and “5”. 
State “5” can also be reached from state “2” after annealing.  
allowing the calculation of the Urbach’s energy  E  U  (Table 1) The 
 E  U  values of the PLD fi lms also exhibit systematic changes fol-
lowing the applied external stimuli and level of chemical “dis-
order”. The origin of the absorption giving the origin of Urbach’s 
edge is still a matter of debate. [  27  ]  However, some studies have 
concluded that the magnitude of  E  U  refl ects the “degree” of 
disorder in the thin-fi lm structure. The present results show 
that  E  U  increases with irradiation (more “disordered” state) and 
decreases with annealing (less “disordered” state). Disorder here 
has to be conceived as chemical rather than as topological. It is 
diffi cult to assign the change in  E  U  to any particular bonding 
behaviour in the studied thin fi lms. It has been shown that 
the Urbach’s edge is mainly governed by the states in the 
valence band tail. [  27  ]  Urbach’s edge may appear because the top 
of the valence band is formed by selenium lone-pairs, which 
play role in the intermolecular interactions and may therefore 
infl uence the disorder. [  27  ]  The As-As wrong bonds (defects) lie 
below the conduction band and are responsible for the weak 
absorption tail (energies lower than  E  U ). According to Cody, [  28  ]  
the  E  U  depends generally on temperature and disorder. The 
 E U   for the as-prepared TE fi lms was calculated to be within 
110–130 meV ( ± 10 meV) depending on the deposition batch. 

   2.3. Topological View of the Switching Mechanism in 
Amorphous As 50 Se 50  PLD Films: Implications for Applications 

 The preceding paragraphs on the systematic changes observed 
for both the short- and medium-range structural order and 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2052–2059
the optical properties provides solid evidence for a switching 
phenomenon in amorphous As 50 Se 50  thin fi lms prepared by 
PLD; a property that is lacking in TE amorphous fi lms of the 
same composition.  Figure    6   shows a schematic of an energy 
landscape view of the various structural changes described in 
the preceding sections. In a normal phase-change transition 
(PCT), starting from the crystal (state “1”) one has to provide 
enough energy to overcome the melting point of the material 
reaching fi nally a disordered or glassy state by rapid quenching 
( > 10 9  K/s) (state “2”). Moderate heating is needed to revert 
the system back to the equilibrium state, i.e., going from “2” 
to “1”. One the other hand, having reached a disordered state 
“2”–either via melt quenching or by other means such as PLD 
or TE (the two states can slightly differ structurally)–the present 
study shows that irradiation and annealing can be used for the 
controlled, recurring switching between amorphous states with 
alike, albeit discrete, bonding features. These states are charac-
terized by differences in optical properties. The transient state 
(“3”) corresponds to the structure of the material in the course 
of irradiation. This can be described by a suffi ciently shallow 
minimum where relaxation to the post-irradiated state “4” is 
the only possible rather than reverting back to state “2” when 
ceasing irradiation. The number of As-As homonuclear bonds 
is the highest of all possible fi lm states as already has been 
shown in Figure  3 . The post-irradiated state “4”, reached after 
ceasing irradiation, is a meta-stable one where the concentra-
tion of As-As “wrong” bonds is higher than in the as-deposited 
“2” state but lower than for the transient state “3”. Moderate 
annealing brings the post-irradiated meta-stable state “4” to a 
2057wileyonlinelibrary.combH & Co. KGaA, Weinheim
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thermally stable state “5”. Irradiation used successively after 
annealing causes a systematic switching between states “4” and 
“5”, passing temporarily through state “3”.  

 The AAT transition which takes place in As 50 Se 50  PLD fi lms 
could be a more generic phenomenon in non-crystalline media. 
A prerequisite for this is the existence of a variety of suffi cient 
populations of structural units in the amorphous phase which 
are amenable to external stimuli, so that the latter can cause 
reversible transition between them. An advantage of an AAT is 
that, in non-crystalline media, these structural transformations 
take place at relatively low-cost of energy. Exploitation to appli-
cations, i.e., in optical data storage, depends on the magnitude 
of the changes in optical properties. The refractive index con-
trast here is  Δ  n   ≈  0.04, which is almost an order of magnitude 
lower than the contrast in Ge 2 Sb 2 Te 5  at   λ    =  780 nm (CD oper-
ating wavelength) and only a factor of two lower for   λ    =  633 nm 
(DVD operating wavelength). [  29  ]  

 In the course of an AAT, physical properties will change as a 
result of a cumulative effect of changes in atomic arrangement 
of certain species; not all atoms (bonds) are expected to partici-
pate in the transformation. This implies that switching could 
be presumably of low-energy consumption in potential devices. 
The bond energies of heteronuclear bonds As-As and homonu-
clear bonds As-Se are close to each other 200 and 230 kJ/mol, 
respectively, making the switching easier. [  30  ]  Due to an almost 
“zero” volume change in the course of an AAT transition, the 
thin fi lms can be regarded as stress-free during switching con-
trary to PC-RAM, where the stress during crystallization sup-
presses the growth rate at low temperatures. [  31  ]  In spite of these 
advantages, the rate of AAT switching, endurance and data 
retention (amorphous phase drift) which are crucial parameters 
for potential data storage, remain unknown yet. An extra advan-
tage of an AAT is that a limited number of atoms triggers the 
switching while in a PC cycle (amorphous  ↔  crystal) all atoms 
must reorganize their positions. The fraction of atoms involved 
in the AAT determines the responsiveness of the material to 
illumination (or annealing) which consequently controls the 
magnitude of the optical contrast between the two structurally 
different amorphous states. 

    3. Conclusions 

 We have provided experimental evidence for the existence of 
an amorphous-to-amorphous transition in thin As 50 Se 50  fi lms 
prepared by PLD after the imposition of near-bandgap irradia-
tion and annealing. Using XPS and spectroscopic ellipsometry 
we elucidated the nature of the atomistic changes in this fully 
reversible switching between two distinct meta-stable states and 
the corresponding changes in refractive index, respectively. 

 The switching mechanism is unique for PLD fi lms, whereas 
no such effect is observed for fi lms of the same composition 
prepared by thermal evaporation. PLD As 50 Se 50  fi lms can be 
considered as nanostructured surfaces with specialized func-
tionality. The key factor is the existence of nanometer-scale 
environments with similar bonding arrangement, which facili-
tate structural transformations to new meta-stable bonding 
confi gurations at low-cost of energy. On the contrary, the struc-
ture of as-deposited TE fi lms is built-up by structural units that 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
undergo irreversible changes upon irradiation and annealing, 
lacking the ability to demonstrate switching behavior. In that 
sense, PLD chalcogenide fi lms become an interesting mate-
rial for viable applications in photonics, microelectronics and 
data storage. Exploitation of the diversity of distinct structural 
states in disordered structures could also provide possibilities 
for multilever data storage mechanisms. 

   4. Experimental Section 
  Thin Film Deposition : Bulk As 4 Se 4  glasses were prepared from 

elements of high purity and after proper homogenization in rocking 
furnace and melt-quenching were used as rotating targets for the PLD of 
As 50 Se 50  thin fi lms on silicon substrates. A KrF excimer laser operating 
at   λ    =  248 nm with constant output energy of 300 mJ per pulse (pulse 
duration 30 ns and with repetition rate of 20 Hz) was used for the 
deposition of the amorphous fi lms at 10  − 4  Pa. The fi nal thickness was 
determined to be  ≈ 1500 nm on silicon substrate. The composition of the 
as-deposited fi lms was checked by energy-dispersive X-ray fl uorescence. 
In the case of the As-Se system, the difference between the chemical 
composition of the target material and the fi lms was found to be 
within experimental error ( ± 1 at%). Thermally evaporated As 50 Se 50  thin 
fi lms were prepared from the same glassy targets by deposition on Si 
substrates. Films ( ≈ 1050 nm thick) were deposited at pressure 10  − 4  Pa 
from a resistance-heated silica crucible. The constant deposition rate, 
measured by the dynamical weighting method was about 1 nm s  − 1 . [  32  ]  
Energy-dispersive X-ray fl uorescence gave also similar fi lm composition 
as in the case of the PLD fi lms. 

  X-ray Photoelectron Spectroscopy : The photoemission experiments 
were carried out in an ultrahigh vacuum system (UHV), which consists 
of a fast entry specimen assembly, a fast entry chamber, a sample 
preparation and an analysis chamber with a base pressure lower than 
5  ×  10  − 8  Pa. The system is equipped with a hemispherical electron 
energy analyzer (SPECS LH-10) and a twin anode X-ray gun. For the XPS 
measurements the un-monochromatized MgK  α   (1253.6 eV) line was 
used with constant analyzer pass energy,  E  p , 12 and 36 eV for PLD and 
TE fi lms, respectively. The full width at half maximum (FWHM) of the 
Se3d XPS peak, of the elemental Se fi lms, is FWHM  =  1 eV for  E  p   =  12 eV 
and FWHM  =  1.1 eV for  E  p   =  36 eV. The XPS core level spectra were 
analyzed with a fi tting routine, which can decompose each spectrum into 
individual mixed Gaussian–Lorentzian peaks after a Shirley background 
subtraction. Regarding the measurement errors, for the XPS core level 
peaks and a good signal to noise ratio, errors in peak positions are  ±  
0.05 eV. The BE scale in XPS measurements is calibrated by assigning 
the main C1s peak at 284.6 eV. [  33  ]  The samples were characterized before 
and after mild sputtering with argon. All samples were characterized 
at the as-prepared state as well as after the imposition of the external 
stimuli, i.e., irradiation and annealing. Annealing took place in the fast 
entry chamber of the UHV system under N 2  atmosphere (continuous 
fl ow) at 150  ° C for 90 min. Irradiation took place while the sample was 
in the UHV using the near-bandgap energy provided by a diode pumped 
solid state laser operating at   λ    =  671 nm (power density  ≈ 300 mW cm  − 2 ), 
for 2 h. The laser was adjusted so that light incidences onto the sample 
through an optical window of the UHV. The focus of the laser was 
such that the irradiated area matched the area from which the XPS 
signal was collected. The external stimuli details concerning the AAT 
in As 50 Se 50  PLD fi lms investigated here were chosen after considering 
annealing at the highest temperature (150  ° C) without the intervention 
of crystallization. The latter takes place at  ≈ 180  ° C for the bulk As 50 Se 50  
glass. [  34  ]  Irradiation times were tested from 30 min to 2 h. Irradiating for 
1.5 h was adequate for achieving the maximum alterations in the PLD 
fi lms’ structure. 

  Spectroscopic Ellipsometry : The optical properties of the thin fi lms 
were evaluated from the data measured by variable angle spectroscopic 
ellipsometery (Woollam Inc.) with an automatic rotating analyzer in the 
spectral range from 0.54 to 4.12 eV, i.e.,   λ    =  300–2300 nm at three different 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2052–2059



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
angles of incidence 60 ° , 65 ° , and 70 ° . The spectra were measured at 
25 nm steps. The ellipsometer was equipped with AutoRetarder, which 
allows the measurement of the ellipsometric parameter   Δ   over an interval 
of 360 ° . The optical functions were calculated according to following 
dispersion models. The simple Cauchy formula was used to calculate 
the dispersion of the refractive index at energies lower than the optical 
bandgap energy. The Tauc–Lorentz oscillator model (TL) developed 
by Jellison and Modine was used to describe the complex dielectric 
function in interband absorption and the transparent regions. [  22  ,  23  ]  The 
TL model adopts the Tauc’s formula   α  ( E ) ∝ [( E  −  E  g  opt ) 2 / E  2 ] and assumes 
  ε   2   =  0 at energies below  E  g  opt  (Supporting Information Figure S5). [  35  ]  The 
Cody–Lorentz (CL) model developed by Ferlauto et al. [  24  ]  is similar to TL 
in the Lorentz absorption peak and it also defi nes the  E  g  opt . However the 
CL model behaves differently in the absorption onset region as it also 
includes the absorption below the  E  g  opt  and allows calculation of the 
Urbach’s energy  E  U . The annealing and exposure steps were conducted 
under inert atmosphere (N 2  fl ow), under the same conditions mentioned 
above for the XPS measurements. Spectroscopic ellipsometry provides 
the determination of optical functions of thin fi lms, such as the complex 
refractive index  N   =   n  +   i k , where  n  is refractive index and  k  extinction 
coeffi cient. The ellipsometric parameters can be calculated from the 
complex ratio of the Fresnel’s refl ection coeffi cients for two polarized 
waves, parallel  r  p  and perpendicular  r  s  to incidence light direction : 
 ρ   =  r  p  /r  s    =   tan(  Ψ  )exp(i  Δ  ). Usually, a model is adopted for the analysis of 
experimental ellipsometric data. The physical model of the analyzed thin 
fi lms consisted of three layers: (i) The surface roughness was modeled 
by using the Bruggeman effective medium approximation (EMA), i.e., 
the surface layer consisting from the same fi lm material with void density 
of 50%. (ii) The thin fi lm, the optical function was modeled using either 
the Cauchy, TL or CL. (iii) The optical properties of the silicon substrate 
were adopted from the literature [  36  ]  and were kept constant during the 
fi tting procedure in order to minimize the number of unknown fi tting 
parameters. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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