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Abstract 

Single crystal quality is a key issue for optical applications. Indeed, in optical frequency 

conversion processes, defects in single crystals can drastically decrease the conversion yield. 

The study of the quality of an AgGaGeS4 single crystal is presented in this work. Scanning 

Electron Microscopy (SEM) combined with Energy Dispersive X-Ray Spectroscopy (EDS) was 

used to perform a chemical analysis mapping of a large size single crystal cut (surface 26 x 20 

mm2). Chemical inhomogeneity was found along the crystal growth axes and confirmed by 

optical characterization showing laser beam perturbations. Compounds volatility, lack of melt 

homogenization and instability of crystallization front might explain this chemical 

inhomogeneity. Solutions to improve the crystal growth process and enhance the crystal’s 

quality are finally proposed. 

 

1. Introduction 

Single crystals are used in various laser-based optical devices for a wide range of applications 
such as medical surgery or metals welding for example. Particular applications such as long 
range chemical sensing and counter-measure (missile jamming) require to have laser sources 
emitting in the atmosphere transparency bands between 3-5 µm (band II) and 8-12 µm (band 
III) [1,2,3,4,5,6]. Non centrosymmetric optical crystals with a broad transparency are a key 
technology for these applications. Particularly, crystals able to convert efficiently the emission 
of a commercial 1.064 µm Nd:YAG laser source are of great interest to develop compact and 
tunable high power mid-IR laser sources. However, commercial crystals compatible with such 
pumping source, such as Periodically-Poled LiNbO3 (PPLN) for example, have a transparency 
limited to 4-5 µm due to intrinsic multiphonon absorption (oxygen bonding). Thus, non-oxide 
materials (sulfides, selenides, phosphides…), have been studied to go beyond this limit. In 
particular, AgGaS2, AgGaSe2 and ZnGeP2, have been extensively studied the last decades. 
AgGaS2 is suitable for frequency conversion from 3 to 12 µm due to its large transparency 
range (0.53 à 12 μm) [7,8,9], good nonlinear coefficient (d36=18 pm.V-1), [10] its compatibility 
with 1 µm pumping and the good quality of the available crystals. AgGaS2 is used in several 
frequency conversion systems [11,12,13] for counter-measure or second harmonic generation 
(SHG) applications [14]. Its major drawbacks are its low laser damage threshold (low thermal 
shock resistance) mainly due to its low thermal conductivity (1.4 W.m−1.K−1) and the 
anisotropy of its thermal expansion coefficient.  
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AgGaSe2 crystals have a broader transparency, from 0.78 to 18 µm. Thus, it is suitable for 
frequency conversion in band III. The major weakness of AgGaSe2 is its low thermal shock 
resistance similar to AgGaS2 with a weak thermal conductivity of 1.2 W.m−1.K−1, which limits 
its use for high power applications [15,16,17,18,19,20,21,22,23]. 
For high power applications, ZnGeP2 is the crystal of choice due to its high thermal conductivity 
(35 W.m−1.K−1), high nonlinear coefficient (d = 75 pm.V-1) and its high laser damage threshold 
(1.4 J.cm−2, τ = 15 ns) [24,25,26,27,28,29,30]. It has been largely studied for counter-measure 
applications or remote gas sensing. Its major drawbacks are, on the one hand, its weak 
transparency below 2 µm which makes it non suitable for a 1 µm pumping. On the other hand, 
multiphonon absorption bands above 9 μm limit its application beyond this wavelength. 
Thus, there is a lack of material appropriate for high power applications in the entire middle 

infrared range. Recently, AgGaGeS4 crystal has shown interesting properties with a wider 

transparency range than ZnGeP2 (0.5 to 11.5 µm), a good nonlinear coefficient (d31 = 15 pm.V-

1) [31] and a low residual absorption coefficient (0.05 cm-1) at 1.064 µm making it suitable for 

a Nd:YAG laser pumping. Moreover, this material has shown a higher laser damage threshold 

than AgGaS2, 50 MW.cm-2 at 1.064 µm (τ= 10 ns) [32], 73 MW.cm-2 at 2.05 µm (τ =15 ns; 10 

kHz) [33] and 230 MW.cm-2 (τ =30 ns) at 9.55 µm [34], making it promising for applications 

above the current power limitation of AgGaS2 and AgGaSe2. AgGaGeS4 crystals were obtained 

by crystal growth methods based on melting such as the Bridgman-Stockbarger process 

[32,33,35,36,37,38,39]. Given the strategic interest related to the processing of this kind of 

crystal, work has been undertaken in order to produce large size of high quality AgGaGeS4 

crystals. However, several difficulties were outlined relative to the growth of high quality 

AgGaGeS4 crystals [40]. Indeed, AgGaGeS4 phase has a narrow stability whose range is 

comprised between 48-55 mol % GeS2 [41]. Moreover, it has been outlined that volatility of 

AgGaGeS4 derivatives compounds and particularly germanium sulfide (GeS2) induces 

stoichiometry deviations in the melt during the growth process which move crystal 

composition away from the stoichiometry and decreases its optical quality [42,43,44]. 

Consequently, this can drastically reduce the conversion efficiency of the sample [45,46,47].  

Recently, several works were focused on improving polycrystalline synthesis, crystal growth 

and annealing conditions of the AgGaGeS4 crystal [43,44,48,49,50,51]. In the present work, a 

new approach is proposed in complement to these works to assess the quality of an AgGaGeS4 

single crystal grown by the Bridgman-Stockbarger method. A direct method using SEM/EDS is 

used to quantify crystal chemistry on a large scale. The underlined target of this work is to link 

the crystal chemistry with the crystal growth process in order to further improve the quality 

of the single crystals. 

2. Materials and method 

2.1. Single crystal growth 

AgGaGeS4 single crystals were processed in two steps. The first step was a chemical synthesis 
allowing to obtain AgGaGeS4 polycrystals from pure silver, gallium, germanium and sulfur 
elements (>99.999 at%). Due to the high reactivity with oxygen and volatility of some chemical 
components, the reaction was performed in vacuum sealed quartz ampoules (10-4 mbar) 
where a stoichiometric amount of starting elements (total mass = 120 g) was introduced 
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before sealing. As sulfur and derivatives are volatile components, the pressure increases inside 
the ampoule during heating which can lead to the ampoule explosion. Thus, the synthesis 
process was carried out using the two zones temperature method as described in [42]. First, 
temperature was raised in the lower zone up to 950°C were the compounds are melted and 
the chemical reaction takes place. Volatile compounds (S, GeS2) are condensed in the upper 
colder zone (around 450 °C) which allows to control pressure rise in the ampoule. Then, 
temperature was slowly raised in the upper zone (up to 1000°C) to promote reaction between 
the condensed compounds and the melt. Finally, temperature of both zones was cooled down 
to room temperature. This process allowed to successfully synthesizing AgGaGeS4 polycrystals 
by controlling pressure rise.  
The crystal growth step was carried out using the Bridgman-Stockbarger method (vertical tube 
furnace manufactured by Cyberstar Inc.). A vacuum sealed quartz ampoule containing the 
previously synthesized AgGaGeS4 polycrystals (120 g) was used and a single-crystal seed, 
oriented along (001) direction, was placed at the ampoule's bottom. The ratio between 
starting elements and the ampoule volume was optimized to moderate stoichiometry 
deviation during the crystallization process due to GeS2 vaporization. The free ampoule 
volume above the growing crystal was about 36 cm3. The ampoule was then translated in a 
12°C.cm-1 thermal gradient at the rate of 0.4 mm.h-1. At the end, the temperature was 
decreased to room temperature at 20°C.h-1. Finally, the ampoule was broken in order to get 
the brown/orange single crystals (Figure 1). 

 

Figure 1 - Growth ampoule containing an as-grown ingot after the Bridgman process (a)  
and extracted single crystals (b). 

 

2.2. SEM/EDS Characterization 

An as-grown single crystal was cut to carry out homogeneity characterizations. Before cutting, 

the crystal was coated with an epoxy resin in order to facilitate the cutting process and prevent 

cracks formation. Samples were then polished and the crystal (Figure 2) was placed on a 

sample holder to perform SEM/EDS characterizations  
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Figure 2 - Picture of the polished crystal used for the chemical mapping 

The SEM/EDS method was used to achieve a mapping of the chemical composition of the 

sample. Such method allows measurements on field size limited to 2x2 mm² maximum, due 

to limited scan electron beam deflection amplitude. For larger field, as required for the 

present sample sizing 26x20 mm2, instead of moving the electron beam on the sample surface, 

the electron beam was fixed and the sample was translated in order to perform an EDS 

analysis on the whole crystal.  

First spectral mapping characterizations (acquisition of an EDS spectrum on each analysis pixel 

of the map) were performed using a ZEISS DSM962 SEM. The analyses were carried out with 

a low step stage acquisition (550 µm) on a matrix of 41x50 pixels to cover the whole sample. 

On each pixel, an EDS spectrum was acquired at 20 kV during 2 s and quantified with 

standardless method.   

In order to determine with a higher precision the chemical composition of the single crystal, 

other quantitative EDS characterizations with reference samples were realized. These 

analyses were performed at 15 kV with a spot area of 800x800 µm2, instead of a local point. 

FeS2, GaP, pure Ge and Ag were used as reference samples for sulfur, gallium, germanium and 

silver respectively. The sample was divided into two zones (top and bottom), in which several 

spectra were extracted for each zone from the spectral map for statistical comparison.   

Finally, a finer view of the chemical homogeneity of the sample was obtained using a ZEISS 

Merlin SEM (number of matrix pixels in the field = 117x129). A higher resolution with a spot 

zone of 200x200 µm2 was used. The analyses were performed at 15 kV. The scanning was set 

in order to get a quantitative measurement on each pixel, using previously cited references 

samples. The acquisition time was increased to 10 s for each spectrum.   

2.3 Thermal annealing treatments 

Thermal annealing experiments were performed in order to improve the quality of the as-
grown crystals. Annealing was performed under static vacuum (the principle is described in 
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[52]). AgGaGeS4 single crystals and polycrystalline powder (grinded AgGaGeS4) were 
introduced in the annealing ampoule which was then closed and evacuated. Temperature was 
raised from room temperature to 600 °C at 3 °C.min-1. Annealing was carried out for 500 h at 
600 °C. After this step, temperature was cooled down to room temperature at 0.5 °C.min-1 
and the crystal was recovered. 

 
2.4. Optical characterizations 

Optical transmission of annealed samples was determined using a Cary 6000 (Varian Inc.) 

spectrometer for the visible and near-infrared range (0.4-1.7 µm) and a Nicolet 5700 FT- IR 

spectrometer in the 1.6-14 µm range. Samples were cut and oriented along φ=0° and Ɵ=58 ° 

for further use in sum frequency generation experiments and polished. Fresnel losses at the 

air/crystal interfaces were taken into account using Sellmeier equations for the refractive 

indexes provided by Das et al [53]. In addition, the optical transmission was measured at 1.064 

µm using a Nd:YAG laser and at 2.05 µm using a thulium doped fiber CW laser (20 kHz, 100-

400 ns, peak power 1 kW [54]) for comparison.  

Then, an optical method was used in order to determine the presence of defects or 

inhomogeneity in the AgGaGeS4 single crystal. The analyses were performed on a sample 

extracted from the single crystal used for the previous SEM/EDS analysis. A Tm laser emitting 

at 2 µm was used as a laser source and placed in front of the crystal sample. An infrared 

camera was placed behind the crystal to analyze the laser beam shape after passing through 

the crystal. 

3. Results and discussion 

3.1. SEM/EDS characterizations 

The first chemical maps were performed in order to obtain a quick view of the chemical 

homogeneity of the sample using a ZEISS DSM962 SEM. The results of this qualitative analysis 

outlined chemical inhomogeneity in the crystal (Figure 3). First, on silver and gallium maps, 

one can see a color change from blue/green to yellow/red from the bottom to the top of the 

sample. In opposite, on the same direction, one can see a color change from red/yellow to 

green/blue on sulfur and germanium maps. This clearly indicates that the phase is depleted in 

germanium and sulfur and enriched in gallium and silver during the solidification process. 

Thus, this experiment highlighted a continuous composition change during the crystal growth 

process leading to inhomogeneity in the final crystal. Furthermore, on the different chemical 

maps, another kind of inhomogeneity appears as “spots” on the entire sample surface. The 

origin of these spots was hard to determine according to the scanning SEM resolution and 

required another chemical map with a higher resolution. This was then performed with 

quantitative analysis and presented in the following part. 
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Figure 3 – SEM chemical maps with low resolution showing the variation of chemical content 
for Ag, Ga, Ge and S elements, in weight percentage. 

However, to confirm these qualitative results and quantify the observed chemical variations, 

a quantitative analysis was first performed with the reference samples. Thus, composition on 

the top and bottom zones of the crystal were determined (Figure 4). First, the sum of mass 

percentage of each elements is around one hundred percent (and standard deviation is low) 

which confirmed the measurement's reliability. Then, crystal's bottom appears to be gallium 

rich and silver, germanium and sulfur poor with mass percentages which are respectively 

20.7% (Ga), 27.7% (Ag), 17.4% (Ge) and 32.8% (S) comparing to the stoichiometric 

composition: 18.4% (Ga), 28.5% (Ag), 19.2% (Ge) and 33.9% (S) respectively. Otherwise, 

crystal's top appears to be gallium and silver rich but germanium and sulfur poor with mass 

percentages which are respectively 21.7%, 29%, 16.3% and 32.5%. On average, calculated 

chemical formulas from the chemical analysis for crystal’s bottom and top are respectively 

Ag1.00Ga1.10Ge0.90S3.95. and Ag1.00Ga1.10Ge0.80S3.75 taking into account the neutrality rule. 
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Figure 4 - Concentration for each element in w% (Ag, Ga, Ge, S) in the bottom and top zones 
of the single crystal compared to stoichiometry; standard deviation shown on the bars is an 

experimental deviation on six experimental measurements indicating the local chemical 
homogeneity of the area. 

These results confirm the trend observed in the previous experiment, with an increase of 

gallium and silver concentrations in the crystal along the growth direction and a decrease of 

the germanium and sulfur contents during the growth process. Otherwise, one can see that 

germanium and sulfur concentrations are below the stoichiometric point on the entire 

sample. This is due to the volatility of GeS2 whose influence was enlightened by several 

authors [41,55]. Indeed, AgGaGeS4 decomposes at high temperature to form AgGaS2 and GeS2 

phases. GeS2 vapor pressure increases quickly above 700°C and is about 0.7 bar around the 

melting point temperature of AgGaGeS4. Thus, this vaporization leads to a deviation in the 

melt with germanium and sulfur depletion.  
Furthermore, in order to better characterize the local inhomogeneity observed in the first 

map, another experiment was performed on the Merlin SEM where higher resolution with a 

spot zone of 200x200 µm2 can be used. Compared to the first one, these new experimental 

conditions were set in order to get a quantitative measurement on each pixel, using reference 

samples. The sum of at% for each element was close to 100 % showing the reliability of the 

measurements. Results of this mapping are shown on Figure 5. First, the same trend as the 

one obtained in the first mapping is observed, with germanium and sulfur depletions and 

enrichment in gallium and silver along the solidification direction. This experiment confirmed 

composition gradients inside the crystal and the deviation from the AgGaGeS4 desired 

composition.  

In addition to the GeS2 volatility, this inhomogeneity comes from chemical instability at the 

crystallization front. Indeed, in the Bridgman-Stockbarger process, the thermal profile, hotter 

in the upper part of the furnace, does not lead to efficient convection into the melt. Then, 

homogenization is also not so efficient.  
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Figure 5 - High resolution map showing the variation of chemical content for Ag, Ga, Ge and 
S elements, in at%. 

Otherwise, with the better scanning resolution, the previously observed “spots” look like “trails” 

(Figure 5). According to EDS mapping, the observed trails appears poor in GeS2 and are the result of 

the decomposition of the liquid at its surface following the chemical reaction: 

𝐴𝑔𝐺𝑎𝐺𝑒𝑆4(𝑙)  → 𝐴𝑔𝐺𝑎𝑆2(𝑙) + 𝐺𝑒𝑆2(𝑔) 

We can propose the mechanism: on the surface, GeS2 is vaporized and the liquid is locally enriched in 

AgGaS2. The higher density of this component makes it sink in the melt as liquid trails. Otherwise, 

according to Olekseyuk and al.’s phase diagram [41], the liquidus temperature rises when AgGaS2 

concentration increases. So, when it sinks passing through less hot layers (according to the Bridgman 

process principle) the AgGaS2 rich liquid trails solidify before the rest of the liquid. In parallel, during 

the growth, average AgGaS2 concentration increases as well as crystallization temperature that 

reduces trails formation and increases solid homogeneity at the top of the ingot as observed on EDS 

mapping. CFD simulations could help to confirm such a mechanism. 

This kind of solute trails which are parallel to the growth direction were observed in other 

compounds such as ZnGeP2 [26,27]. In some cases, concavity of the crystallization front is also 

responsible of solute trails formation in the center of the crystals because the growth starts 

from the edges and excess compounds are rejected to the center of the crucible. Thus, three 

parameters are responsible for the solute trails formations: (i) lack of melt homogeneity, (ii) 

GeS2 volatility, (iii) concavity of the solidification front. In order to improve the quality of the 

grown crystals, it is necessary to control these parameters. First, to increase melt 

homogeneity, it has be shown that Accelerated Crucible Rotation Technique (ACRT) [56,57] is 
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an interesting solution. This method allows forcing convection by rotation acceleration cycles 

improving chemical homogenization and allowing controlling the solid/liquid interface shape 

by thermal homogenization. We simulated ACRT impact on melt homogeneity [58]. The 

results show that choosing a good set of ACRT parameters, the convection is obviously 

increased. Simulations of impact on thermal gradient are under progress as well as the trails 

formation. 

Otherwise, it has been shown that germanium and sulfur were below stoichiometry in the 

crystal. This lack due to germanium sulfide volatility could be limited by adding a controlled 

excess of these elements. 

3.2 Thermal annealing treatments 

In previous part, crystal’s inhomogeneities were outlined and solutions to improve growth 
process and crystal quality were presented. However, another way to improve crystal quality 
is to perform thermal annealing treatments post-growth process [25,52,59]. In the present 
work, annealing was performed under static vacuum with addition of polycrystalline powder 
because of volatility of GeS2. Indeed, as previously shown [42,60], volatility of GeS2 can lead 
to stoichiometry deviation in the melt which increases the final optical absorption coefficient 
of the crystal. In consequence, annealing under vacuum would increase GeS2 depletion and 
deteriorate crystal quality. This was recently confirmed by Huang et al. [50] experiments 
showing that above 500°C (550°C to 700°C), annealing in vacuum drastically reduced 
transmittance of annealed AgGaGeS4 wafers. Thus, AgGaGeS4 powder was introduced in order 
to saturate the atmosphere in volatiles as GeS2 and so to limit vaporization from single 
crystals. After 500 h at 600 °C, crystal color changed from brown/orange to yellow as shown 
on the Figure 6. Measurements of absorption coefficient before and after annealing presented 
in [42] showed blue shift of the cut-off wavelength, from 0.49 µm to 0.45 µm, before and after 
annealing respectively which explains the color change. 
 

 

Figure 6 - Picture of the oriented crystal used for the optical characterizations 

 

3.3. Optical Characterizations 

Real composition of the ingot is not easy to measure with a good accuracy on the entire volume. This 

is why we outlined chemistry deviations by optical absorption data as well as results of laser beam 
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experiment. The aim was to evaluate if the annealing step was efficient to suppress the 

chemical inhomogeneities observed in the chemical mapping experiments and to provide a 

crystal suitable for optical applications. First, the optical transmission of the annealed crystal 

in the middle infrared range was measured (see Figure 7). The absorption coefficient was 

around 0.1 cm-1 from 1 to 8 µm using a FTIR spectrometer. Moreover, more accurate laser 

measurements at 1.064 µm and 2.05 µm resulted in 0.12±0.02 and 0.17±0.08 cm-1 absorption 

coefficients respectively. These data indicate that the crystal is suitable in term of optical 

absorption for further optical experiments. 

 

Figure 7 – Optical absorption in the mid-IR range of cut and polished sample (thickness: 6 
mm): with a FTIR spectrophotometer (solid curve); and with a Nd: YAG laser (star) and a 

thulium doped fiber laser (triangle). 

Then, homogeneity of the crystal was evaluated using an optical method. The shape of a laser 

beam was analyzed after going through the crystal. The initial shape of the laser beam is 

shown on the Figure 8-a. One can see that the beam is circular, with a 5 mm diameter and a 

Gaussian profile. The size of the beam is larger than the crystal which allows fully illuminating 

the sample. After passing through the crystal, the shape is slightly disturbed. Fringes due to 

inhomogeneous optical properties appear as seen on the Figure 8-b,c. These fringes are linked 

to the chemical inhomogeneity in the crystal as observed in the previous SEM/EDS analysis. 

Thus, the annealing post-treatment do not fully restore crystal stoichiometry. Further 

experiments must be carried out with GeS2 excess in order to improve the annealing process. 

At least, the laser beam was focused using a converging lens in order to locally scan the 

different parts of the crystal. Figure 8-a’ shows the shape of the focused laser beam which is 

circular with a 1.6 mm diameter (on the IR camera). By scanning the different parts of the 

crystal, one can see that the beam can pass through the crystal without (Figure 8-b’) or with 

(Figure 8-c’) distortion.  
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Figure 8 – Spatial characterization of a 2.05 µm laser: with a non-focused beam [(a) = before 
sample; (b) and (c) = after sample depending on the polarization]; with a focused beam [(a’) 

= before sample; (b') and (c') after sample]. Sample thickness = 6 mm. 

One relevant application of these new crystals can be the control of ultrafast lasers in the 

middle infrared spectral range. In fs regime in the middle infrared range, the AgGaGeS4 can 

efficiently replace lithium niobate based compounds whose transparency limits it uses beyond 

5 µm. First tests developed at the LOB Laboratory (Ecole Polytechnique, France) are promising 

and showed conversion efficiency at 5.9 µm four times higher for AgGaGeS4 crystal than for 

MgO:PPLN with better beam stability. Furthers characterizations are still in progress and 

results will be published elsewhere. 

4. Conclusion 

The crystal quality of an AgGaGeS4 single crystal grown by the Bridgman-Stockbarger method 

was studied. SEM, combined with EDS, was first used to perform a chemical mapping of a large 

single crystal surface. It has shown an increase of gallium and silver concentration and a 

decrease of germanium and sulfur content along the crystal growth direction. GeS2 volatility, 

lack of melt homogenization and instability of the crystallization front are responsible of these 

issues. However, EDS mapping showed trails in the crystal whose origin is a mixing between 

thermodynamics and kinetics phenomena. That direct observation of trails is particularly 

interesting for computational fluid dynamics (CFD) simulations giving target for such 

calculations. Simulations are currently in progress to understand the trails formation 

mechanism.  

Then, that was confirmed by an optical method consisting of an analysis of a laser beam shape 

after going through the sample. 

Now, knowing the nature of the defects, better crystals can be obtained. Particularly by forcing 

the convection in the crucible and adding an excess of germanium sulfide which open the path 

to new applications in the MIR range. 
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