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This paper is a review of our recent work that has been done to understand optically- and 
thermally-induced diffusion and dissolution (or solid state reaction) of silver in different 
chalcogenide glass fi lms of As-S, As-Se and Ge-S systems. Kinetics of optically- and 
thermally-induced solid state reaction between silver and As30S70, As30Se70 and Ge30S70 films 
was measured by monitoring the change of thickness of the undoped chalcogenide using a 
modified computer-controlled reflectivity technique. Silver concentration profiles during 
optically-induced solid state reaction were traced by the means of Rutherford backscattering 
spectroscopy (RBS). The composition of the As-S, As-Se and Ge-S fi lms was chosen to be 
As30S70, As30Se70, Ge30S70 which are compositions the most favorable for optically-induced 
solid state reaction, because they yield a homogeneous photodoped products. A new technique 
of step-by-step optically-induced dissolution and diffusion of Ag into As30S70, As30Se70, 
Ge30S70 amorphous films, which has allowed to design films with exact si lver concentration 
and to study their properties has been applied.  The host  As30S70, As30Se70, Ge30S70 fi lms were 
photodoped by consecutive dissolving of a thin (~10 nm) layers of si lver, which resulted in 
homogeneous fi lms of good optical quality. The silver concentration of the films ranged 
between 0 and 31 at.%.  We have analysed the influence of the silver doping in the host 
material on optical and thermal properties, and its structure. The photodoped films produced 
were a single-phase homogeneous material. Results of all analytical techniques UV,VIS,NIR 
spectroscopy, temperature-modulated differential scanning calorimetry and Raman 
spectroscopy have helped to understand the processes taking place during silver 
photodissolution and its reaction products. 
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1. Introduction 
 
Optically- and thermally-induced di ffusion and dissolution (OIDD) of metals such as Ag (Cu, 

Zn) into amorphous As-S, As-Se, Ge-Se and Ge-S chalcogenide semiconductors has been extensively 
studied by many researchers because of fundamental and technological interests [1-3]. Optically-
induced dissolution of silver and diffusion into thin films of amorphous films with compositions 
As30S70, As30Se70, Ge30S70  have been in the focus of this review. It is also known that Ag-rich Ag-As-
Se, Ag-As-S, Ag-Ge-S exhibit a phenomenon of so-called photo-induced surface deposition of 
metallic Ag, that is, photoinduced segregation of fine particles to the glass surface [4, 5]. Further it 
was found that these films exhibited reversibility in photo-writing and thermal-erasing of the Ag 
patterns [6]. The films of Ag/As33S67 and Ag/Ge30S70 has been recently shown as a useful material for 
fabrication of microrelief structures for preparation of phase diffractive optical elements [7, 8]. The 
glasses of Ag-Ge-S, Ag-As-S and Ag-As-Se systems belong also among so-called superionic 
conductors [9]. The interest this work was also to seek for new materials which are able to perform 
phase-change (crystalline to amorphous) optical recording (POR). Generally, such candidates are 
materials (e.g with stoichiometric compositions) which could be prepared in amorphous state and 
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crystalline state and using light-exposure of different energy to perform at best reversible transition. 
To consider the further development for application is essential to know the nature of the silver 
containing chalcogenide glass films, especially the optical, thermal and structural properties, since 
these physical properties are closely related to the mechanism of the POR phenomenon [10, 11]. 
Therefore, in our study we have prepared  Agx(As03S0.7)100-x, Agx(As03Se0.7)100-x, Agx(Ge03S0.7)100-x 
films by optically- induced step-by-step silver dissolution in As30S70, As30Se70, Ge30S70 evaporated 
films. Compositional dependence of the physical properties has been examined in a wide range of Ag 
contents by measurement of reaction kinetics; RBS, optical and Raman spectra; and thermal 
properties of the prepared films.   
 
 

2. Experimental 
 
The As-S, As-Se and Ge-S host films were prepared by using well-established vacuum 

evaporation technique. The bulk chalcogenide glasses used as an evaporation source were prepared 
from the constituent pure elements. Germanium, arsenic, selenium and sulphur of 5N purity were 
weighed and placed in precleaned and outgassed (by heating under vacuum to 900 oC) quartz 
ampoules. The ampoules were evacuated to a pressure of 1×10-3 Pa for 30 minutes and then sealed. 
The synthesis was performed in a rocking furnace with ampoules exposed to a temperature of 700 or 
1050 oC for 24 hours. The fragments of the bulk material were evaporated from quartz crucible to 
avoid any contamination of the prepared layers. The layers were prepared on glass substrates in a       
1 × 10-1 Pa vacuum, at a rate of 3-5 nm.s-1. The obtained constant thickness layers were guaranteed by 
rotating substrate holders in planetary system. Thickness were monitored during evaporation with a 
quartz crystal monitor. The thickness of the As30S70, As30Se70 and Ge30S70 films were in the range of 
800 to 1000 nm. 

The silver concentration of the prepared samples ranged between 0 and 31 at.%. The 
composition of chalcogenide films (both doped and undoped) was analyzed by electron microprobe 
(using IXRF Systems). 

Kinetics of optically-induced  diffusion and dissolution of silver (d = 80 nm) in As30S70 and 
Ge30S70 (d = 800 nm) fi lms was measured by monitoring the change in thickness of the undoped 
chalcogenide using a modified computer-controlled reflectivity technique [12]. The technique used to 
measure the rate of OIDD is based on the periodic variation of the reflectivity of a weakly absorbing 
film with its thickness, due to interference between light reflected from the top and bottom surfaces of 
the fi lm. A typical plot of reflectivity as a function of exposure time during one of these experiments 
is shown in Fig. 1. The time between successive maxima or minima in the curve corresponds to the 
time required for the thickness of the undoped layer to decrease by λ/2n, or the doped layer to 
increase by zλ/2n, where λ is the wavelength of the detected light (λ = 550 nm), n is the refractive 
index of the undoped As30S70 and Ge30S70  layer at this wavelength (n = 2.3 and 1.9, respectively) and 
z is a constant relating the thickness of the doped layer to the thickness of the undoped material  
consumed  (z = 1.07). 

 
 
       Fig. 1.  A typical plot of optical reflectivity as a function of il lumination time, for the  
                                 Ag/Ge30S70 bilayer system during OIDD process. 
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Silver concentration profiles during OIDD were traced by the means of Rutherford 
backscattering spectroscopy (RBS) [13]. The RBS was chosen for the non-destructive measurement of 
the depth profile. We have measured RBS spectra of Ag/As30S70 and Ag/Ge30S70  (Fig. 2) samples 
using a 3490 keV alpha particles beam from accelerator at the Accelerator Laboratory of the Institute 
of Nuclear Physics in Rez. The RBS method is based on elastic scattering of mono-energetic ions 
which loose energy in scattering event is dependent on mass ration of projectile and scattering atom, 
and additional energy losses are caused by (weak) coulombic interaction with traversed matrix atoms. 
So mass and depth information is comprised in RBS spectra. The spectra were taken with the beam 
aligned at an incidence angle of 0o with respect to the normal of the sample surface and with a 
backscattering angle of 170o. The interactive computer program GISA 3.991 [14] was used for 
spectrum data evaluation. The overlapping of elemental signals in RBS spectra were partially 
separated due to the higher energy of alpha particles. The GISA code is able to extract depth profi les 
of Ag, Ge, S because for each depth at most only two of three signals shows overlapping. In reality, 
the concentration versus traversed amount of matter (in atoms/cm2) can be determined. The 
conversion into depth profiles need some knowledge about density profiles. Some simple 
mathematical functions such as erf, normal, linear and constant profi les are included in GISA 
package. In spite of this difficulties, the RBS is practically the only method enabling (practically) non-
destructive analysis of photochemical diffusion. The depth resolution rises from some 10 nm near 
surface due to the statistical "straggling" effect and the accessible depth is of some micrometers. The 
accuracy of method (in range of 2-5%) depends on knowledge of stopping powers, which enables to 
evaluate depth dependence due to the energy losses of projecti le. 

 

 
 
Fig. 2. Kinetics of OIDD process from the Ag layer into contact layer of As30S70 during 
heating. Curves are a parametric fi ts to experimental data (not shown in figure) using reaction  
                         kinetics model for differenr temperatures and exposure light intensity. 
 
 
Further, we have analyzed in detail the influence of the silver doping in the host materials on 

optical and thermal properties, and its structure. 
The thickness of the As30S70, As30Se70 and Ge30S70 films were in the range of 800 to               

1000 nm, which are appropriate values for the accurate evaluation of optical parameters. 
Subsequently, constant thickness film (~10 nm) of silver was evaporated step-by-step on the top of 
the chalcogenide host. The host As30S70, As30Se70 and Ge30S70 films were photodoped by consecutive 
dissolving of thin (~10 nm) layers of silver, resulted in homogeneous films of very good optical 
quality. Photodoping was carried out by illuminating the samples by a lamp house equipped with 
large Fresnel lens, IR-cut filter and 250 W Tungsten lamp. 

The optical transmission spectra of the films were recorded with Jasco V-570 UV/VIS/NIR 
spectrophotometer.  According to Kosa et al. [15], the homogeneity of the doped thin-film samples 
was clearly confirmed by the corresponding spectral dependence of transmission, where no shrinkage 
of the interference fringes was observed.  In order to calculate the thickness d, the refractive index n, 
and absorption coefficient α, from the thin film the transmission spectra, an evaluation method 
described by Swanepoel [16] was used. The maximum possible errors were evaluated as                    
∆n  = ± 0.005 and  ∆d  = ± 5 nm. 
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The temperature-modulated differential scanning calorimetry (TMDSC, TA instruments 
2920) technique has been applied to the measurement of the thermal properties of chalcogenide 
glasses of the silver doped As30S70, As30Se70 and Ge30S70 films. All samples in this work were exposed 
to the same temperature-modulated heating schedules with the average heating rate of 1 oC/min, 
temperature modulation amplitude ± 2 oC and period of 60 s. The total heat flow (HF), modulated heat 
flow (MHF), reversing heat flow (RHF) and a glass transition temperature Tg was determined. For the 
MDSC measurements the evaporated films and photodoped fi lms were both mechanically peeled 
from the substrates, and immediately weighed into aluminium crimped pans and then properly sealed. 
A typical fi lm sample weight was approximately 18 mg. The experimental errors of the Tg values are 
within a size of the data point symbol in the figure (see section 3). 

Raman spectroscopy has been carried in the As30S70, As30Se70 and Ge30S70 fi lms as silver was 
photo-doped into the host matrix. The Raman spectroscopy study was performed on a Fourier 
Transformation (FT) Raman spectrometer (Bruker, model IFS/FRA 106). Raman spectra were excited 
using a laser beam with λ = 1064 nm having an output power 50 mW. The wavelength of the laser 
beam was critical to avoid any photostructural change in these chalcogenide glasses within the time 
scale of 100 scans. The resolution of the Raman spectrometer was 1 cm-1. The evaporated films and 
photodoped films were both mechanically peeled from the substrates, and immediately pressed into 
aluminium targets for the Raman measurements.           

 
 
3. Results 
 
3.1. Kinetics 

  
The reflectivity oscillation curve (i.e., the position of the maxima and minima) in Fig. 1 was 

used to derive the experimental points for the kinetic curves in Fig. 2. In order to find the best 
physical model to describe and interpret our experimental data corresponding to the metal-dissolution 
kinetic measurements, four different fitting functions have been used. 
  It was found that the measured kinetic curve (i.e., doped layer thickness vs. exposure  time), 
shown  in Fig. 2,  has a  more complex  character than  was usually  reported, and cannot be fitted by a 
simple square root function [17]. A much more realistic approach is to fit the experimental data using 
a composite function, as shown in Fig. 2, consisting of a single exponential and steady state terms, 
described previously in Ref. [18], two-stage exponential/linear model: f(t) = -aexp(-bt) +ct +d, where 
b and c are the rate coefficients, and a and d are two constants.   The parameters b and c are reaction 
rate coefficients (a = kexp, b = klin with units s-1). The parameters a and d correspond to the photodoped 
layer thickness at the end of stage 1 and start of stage 2, respectively. The kinetics curve shows that  
there are two stages to the OIDD. The first stage is characterized by the rate coefficient kexp  and the 
second stage by klin, where kexp > klin.  The rate of OIDD, i.e. kexp  and klin in Ag/As30S70 and Ag/Ge30S70 
systems increases with increasing temperature (293 to 393) and increasing light intensity                         
(1 to 90 mW.cm-2) as is clear from Table 1. Table 1 also shows activation energies of the two stages 
(Eexp and Elin) as results of calculation from straight lines obtained from typical Arhenius plots (lnk 
versus 1/T or lnk versus 1/I). Table 1 compares the results of kinetics obtained in Ag/As30S70 and 
Ag/Ge30S70 systems. 
 

Table 1. The activation energies from Arhenius plots and parameter s obtained  a results of 
parametric fi ts to experimental data of OIDD process for  Ag/As30S70 and Ag/Ge30S70 systems. 

 
Conditions Sample kexp [s

-1] T=120 oC kl in [s
-1] T = 120 oC Ea,exp 

[kJ.mol-1] 
Ea,l in [kJ.mol-1] 

k = f(T) I = 
90 mWcm-2 

As30S70 3.4 10-2 6.1 10-3 22.5 33.3 

 Ge30S70 1.2 10-2 4.6 10-4 20.5 40.2 
k = f(I) T = 
120 oC 

As30S70 1.7 10-2 (I=70%) 3.0 10-3 (I=70%) 0.102 0.108 

 Ge30S70 1.1 10-2 (I=70%) 1.0 10-3(I=70%) 0.094 0.096 
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3.2. RBS spectra 
  

The α particles RBS spectra shown in Fig. 3 (A), (B), (C), (D) were taken at different stages 
during the OIDD process in Ag/Ge30S70 system, i.e. for the unil luminated sample and for the 
il luminated samples with di fferent illumination times in reference to Fig. 1. Similar results for 
Ag/As30S70 system could be find in [13]. The corresponding silver concentration depth profiles of the 
sample elements calculated from the α particles RBS spectra of the unilluminated and illuminated 
samples are shown in Fig. 4 (A), (B), (C) and (D), respectively.  The results of the silver profile 
calculation yield information about the silver distribution in the samples after different illumination 
times and, as we believe, prove that the step-like profiles on the boundary of Ag-doped/undoped 
As30S70 and Ge30S70 films, are produced by illumination. 

 

 
Fig. 3.  A typical RBS spectra obtained in sample Ag/Ge30S70 sample after different 
il lumination  times are shown in (A) - (D) and  corresponding to  the reflectivity  kinetic curve  
                                                      maxima and minima noted in Fig. 1.   
 
 
3.3. Reaction product properties 

  
To be able to study the properties of the different OIDD reaction products, we have prepared 

step by step OIDD Ag into As30S70, As30Se70 and Ge30S70 amorphous fi lms, with silver concentration 
in a range from 0 to 31 at.%.  The all fi lms compositions have an accuracy of ± 0.5 at.%. The 
knowledge of composition of the evaporated films and films consequently synthesized by OIDD 
allowed to present dependences of optical thermal and structural properties on films compositions. It  
was proved  that by using OIDD process, optically homogeneous films can be prepared with 
compositions which are not possible to produce by other methods, e.g. direct thermal evaporation or 
bulk glass synthesis because of restricted glass forming ability of Ag-As-S system [19]. This 
conclusion is valid also for prepared films and glass-forming abil ity in Ag-As-Se and Ag-Ge-S.  
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   Fig. 4. The Ag, Ge and S concentration depth profi les (A) - (D), were obtained using GISA  
                         program from corresponding RBS spectra (A) - (D) in Fig. 3. 

 
 

3.3.1. Optical constants 
  

The typical optical transmission curves for fi lms with  composition As30S70 before and after 
OIDD of Ag and the calculated values the of spectral dependence of the refractive indexes n, in Fig. 5 
demonstrate a significant shift of the optical egde and the increase in refractive indeces values for         
24 at.% of built-in silver. The refractive index increase with increasing silver content for all studied 
films at constant wavelenght λ = 800 nm is presented in Fig. 6. As a consequence of optically silver 
dissolution and diffusion in As30S70, As30Se70 and Ge30S70 films, the signi ficant decrease of Eg,opt, with 
increasing Ag content in the films, is shown in Fig. 7. 
 

                     
 
     Fig. 5. Optical transmissivity and refractive index                Fig. 6.  Optical band gap, Eg,opt,vs. silver content 
          spectral dependence of As30S70 and silver                                  dependence in prepared Ag-As-S, 
                 optically -doped  As30S70 fi lms.                                                Ag-As-Se and Ag-Ge-S films. 
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            Fig. 7. Refractive index, n, vs. silver content dependence in Ag-As-S, Ag-As-Se  
                                                                 and Ag-Ge-S films. 

 
 

3.3.2. Thermal properties 
 

 Fig. 8 shows the dependence of the glass transition temperature Tg (taken at three important 
points of the sigmoidal Cp versus T curve [20], i.e. Tg,onset; Tg,inflex and Tg,end), on composition of the 
Ag-As-S, Ag-As-Se and Ag-Ge-S  fi lms. The glass transition temperatures in all three sets of data and 
composition decreases with increasing Ag concentration down to a minimum between 5 and 10 at.%, 
then Tg  increases. 
 

 
 

               Fig. 8. Glass transition temperature vs. silver content dependence in Ag-As-S,  
                                                          Ag-As-Se and Ag-Ge-S films. 
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3.3.3. Raman spectroscopy 
 

 The Raman spectra measured in Ag-As-S, Ag-As-Se and Ag-Ge-S films are shown in Fig. 9, 
10 and 11. The spectra of Ag-As-S films were interpreted using references [20-22]. The il luminated 
As30S70 film (Fig. 9, x = 0) contains strong bands at 333, 344 (units AsS2/3) and 364 cm-1 (As4S4 units),  
and also weak bands at 474 and 496 cm-1 (S8 rings or S rings fragments), respectively. The consequent 
step-by-step silver photodoping leads to an appearance of a new strong band at 376 cm-1 (AsS3 
pyramids connected by S-Ag-S linkage), and to a decrease of intensities of main bands and weak 
bands described for As30S70 film (Fig. 9, curves from x = 0 to x = 27 at.%). 
 

 
 

Fig. 9. Raman spectra of the prepared As30S70 and Ag-As-S films with given compositions. 
 
 

 
 The results of Raman spectroscopy studied in Ag-As-Se fi lms are shown in Fig. 10. Spectra 
were interpreted using references [23-26]. The As30Se70 film (Fig. 10) contains strong bands at 227, 
238, 256 and 270 cm-1, multiple weak bands in spectral region 50-180 cm-1 and also weak band at     
485 cm-1, respectively. The silver step-by-step concentration increase leads to an appearance of a new 
strong bands at 248 and 205 cm-1, also to an increase of the main band intensity 238 cm-1 then to an 
descrease of the 270 cm-1 band intensity, further to a shift of main band from 256 to 248 cm-1 and 
weak band shift from 485 to 465 cm-1. 
 

 
 

Fig 10. Raman spectra of the prepared As30Se70 and Ag-As-Se fi lms with given compositions. 
 
 The Raman spectra measured in Ag-Ge-S fi lms are shown in Fig. 11. The spectra were 
interpreted using references [27-30]. The Ge30S70 film (Fig. 11) contains strong bands at 343 (units 
GeS4/2, corner sharing type ìCSî [29]), 374 cm-1 and 436 cm-1 (GeS4/2 units, edge sharing type ìESî 
[29]), also weak band at 250 cm-1 (GeS4/2 units, ethane-like type ìETHî [29]), and weak bands at 485, 
218 and 155 cm-1 (S8 rings or S rings fragments), respectively. The consequent step-by-step silver 
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photodoping leads to an increase of intensity of Raman band at 250 cm-1 (GeS4, ETS units), and to a 
decrease of intensities of main bands 374 and 436 cm

-1 (GeS4/2, ES units), and disappearance of weak 
bands 485, 218 and 155 cm-1 assigned to S-S bonds presence (Fig. 11, curves from x = 0 to                   
x = 31 at. %). 
 

 
 

Fig. 11. Raman spectra of the Ge30S70 and Ag-Ge-S fi lms with various compositions. 
 
 

4. Discussion 
  

The OIDD process consideration as a solid-state chemical reaction and proposed diffusion 
model are supported by all the analytic techniques used in the present work. The both kinetic data 
obtained are characterized by two rate coefficients, which implies that the OIDD process involves two 
different consecutive processes. It is suggested that in the stage-1 (the exponential stage) a Ag-doped 
layer is formed. It is suggested that at the beginning of the exponential stage of OIDD, when the Ag-
doped layer is formed and is sufficiently thin, the process can be influenced by electric space charges, 
resulting  from the presence of a contact potential on the metal/p-type semiconductor boundary, which 
is the case for all studied Ag/chalcogenide bilayer system. These types of processes are frequently 
found during  the formation of thin surface  oxide layers on metals at low temperatures and are 
described by exponential or logarithmic rate law [31]. The stage-2 (the linear stage) when the silver 
doped chalcogenide film is replacing undoped chalcogenide film in its volume, the overall reaction 
rate is driven by the reaction on the boundary Ag-doped/undoped chalcogenide, as described in [12]. 
The activation energies for stage 1 and stage 2 (Eexp, El in) are shown in Table 1 and their values are 
close to those characteristic of the diffusion process [18] in ion conductive glasses. It is also known 
from chemical kinetics theory that processes with activation energies Ea  > 10 kJ.mol-1 can be 
connected with chemical process. Ongoing chemical processes during OIDD were proved by Raman 
spectroscopy.   
 According to the results of the RBS measurements, the Ag  concentration  profile in  the 
photodoped  Ge30S70 and As30S70 [13] layer in the early stages of the OIDD process has a quite 
complicated character as can be seen in Fig. 4 (B).  The Ag concentration profile is  characterised  
initially  by  an  exponential dependence on depth into the photodoped layer, but this changes during  
the OIDD  process  into  a  step-like dependence (Fig. 4 (C), as reported previously also for  the  
Ag/As33S67  system [12]. All analytical technique used in this work show common and supporting 
results for the fact that it was possible by OIDD to prepare new Ag-As-S, Ag-As-Se and Ag-Ge-S 
materials with desired compositions in a range of silver concentration approximately from 1 to               
31 at. %. 
 Optical transmissivity and optical parameters i.e. n and Eg,opt, show a strong evidence that 
silver is incorporated into and reacted with a host matrix of the As30S70, As30Se70 and Ge30S70 films. 
The decrease of Eg,opt, with Ag content increasing is clearly explained by the fact that the binding 
energies of Ag-S and As-As and Ge-Ge bonds are  much smaller than those of the As-S, As-Se, Se-Se 
and S-S bonds [32] as shown in Table 2. Therefore, this leads to signi ficantl y smaller energy splitting 
between the states of the valence and conduction bands. 
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Table 2. Bond energies present in studied chalcogenide glasses [32]. 
 
Bond As-S As-Se Ge-S S-S As-As Ge-Ge Se-Se Ag-S Ag-Se 
Energy [kJ.mol-1] 260 230 265 280 200 185 225 217 202 

 
 
 Measured thermal properties support the idea of optically-induced solid state reaction of 
silver in As30S70, As30Se70 and Ge30S70, as Tg is structurally sensitive parameter, which show a 
decrease of its value between 5 and 10 at. % Ag.  The turning region around 10 at. % Ag can be 
phenomelogically described as a transition from the role of silver as glass modifier to glass former. 
The role of silver as a glass modifier or even the role of silver as a depolymerizer is evident from 
Raman spectra (Fig. 9, 10 and 11) in a built-in concentration range of 1-31 at. % Ag. Silver can create 
either one bond at the S-chain or Se-chain end or can break S-S or Se-Se bond in chains or rings. 
Their disapearance is clearly seen in Raman spectra (Fig. 9, 10 and 11). Optical transmission and 
Raman spectra of Ag-As-S films show also the homogenous reaction products up to x = 27 at. % Ag 
and similar results can be seen for other studied system Ag-As-Se and Ag-Ge-S. This fact proves that 
photoinduced reaction could lead to the same reaction products as a high temperature synthesis in a 
melt. 
 
 

5. Conclusions 
 
 The kinetics and RBS spectra of the OIDD of Ag wi th As30S70, As30Se70 and Ge30S70 fi lms 
were measured. The kinetics data show two stage reaction process (exponential and linear). RBS 
spectra show the step-like silver profile. It was also documented that using the OIDD process, the 
silver content can be reached in a broad concentration range in the final reaction products.  The           
Ag-As-S, Ag-As-Se and Ag- Ge-S films were prepared as a single-phase homogeneous material in the 
concentration region 0 to 31 at.% Ag. Results of the analytical techniques have helped to understand 
the OIDD as silver dissolves in the host chalcogenide films and forms there Ag-S or Ag-Se bond 
which is documented by decrease of S-S or Se-Se bonds and by increase of structural units containing 
As-As and Ge-Ge bonds. 
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