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Abstract. The paper presents the results of research on the restoration of germanium 

optical elements that have lost their transparency due to operation in extreme conditions. 

Typically, these optical elements were processed solely as secondary raw materials. The 

developed cleaning methods allow removing residues of anti-reflective coating to the level 

of uncontrolled impurities, i.e. eliminating their effect on the optical properties of 

germanium. Experimental evidence shows that the developed cleaning method enables the 

complete restoration of the parameters of these optical elements. 
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1. Introduction 

Optical germanium crystals are a material commonly 

used to manufacture passive optical elements of thermal 

infrared imaging devices for detection, targeting, and 

guidance systems of armored and aviation equipment  

[1–7]. These optical elements have good optical proper-

ties, but during operation, especially under extreme 

conditions, they can lose optical transparency, which is a 

consequence of the degradation of anti-reflective 

coatings made of zinc sulfide or zinc selenide. Optical 

elements that have lost their transparency have always 

been used as secondary raw materials for the purification 

and growth of optical germanium crystals [8, 9]. It has 

been determined that the remnants of anti-reflective 

coating in damaged optical elements, which have lost 

their transparency, are electrically neutral and transform 

into electrically active acceptor impurities when anti-

reflective coatings are reapplied. 

The paper presents the results of the development of 

a technology for restoring germanium optical elements 

that have not been mechanically damaged but have lost 

transparency during operation. The etchant compositions 

were developed, optimal parameters of chemical and 

technological processes for removing the anti-reflective 

coating from the surface and near-surface layer of optical 

elements were determined, and a method for assessing 

the efficiency of the degree of chemical cleaning was 

developed. The obtained results were used to prepare 

restored optical elements. 

 

2. Research methods and results 

The germanium optical elements that had lost their trans-

parency (Fig. 1) were subjected to incoming inspection 

and preliminary cleaning from foreign contaminants. 

Mechanically undamaged optical elements were selected 

for experiments. To develop the technology, fragments of 

destroyed optical elements with a volume close to 

0.5 cm
3
 and an anti-reflective coating were also used. 

Metal dust and fragments of device frames were 

removed from the selected optical elements (hereinafter 

referred to as the material) using a magnetic trap based 

on a powerful neodymium magnet. After that, the 

material was ultrasonically treated in a cuvette with 

ethylene glycol for 40 min. The ultrasonic bath was 

powered by a 1.2 kW generator UZG-2-4 at a frequency 

of 24 kHz. As a result of this treatment, adhesive residues 

and other organic contaminants were removed from the 

material surface. Then, the material was washed in 

distilled water and air-dried. To remove the anti-

reflective coating, the material was etched at 100 °C in 

the following chromium mixture: 30 g K2Cr2O7 + 

900 mL H2SO4 + 50 ml H2O [10]. The etching was 

carried out until the anti-reflective coating was no longer 

observed visually. Then, selective control of several 

fragments was carried out by measuring specific 

electrical resistivity using the two-probe method and 

assessing the type of electrical conductivity using  

the thermo-EMF method [11]. It became clear that  

all the fragments had n-type electrical conductivity and  
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Fig. 1. The appearance of a germanium lens that has lost 

transparency during operation. 

 

 

electrical resistivity within the range of 5 to 25 Ohm·cm, 

which is fully consistent with the standards for optical 

germanium [12]. 

Several samples of the etched material were 

recrystallized at 980 °C in an inert environment using an 

induction furnace equipped with the STANELCO 

generator and then cooled to room temperature. The 

specific electrical resistivity of the recrystallized samples 

was measured with assessing the conductivity type. It 

was ascertained that the electrical resistivity of the 

recrystallized samples was within the range of 0.01 to 

6 Ohm·cm, and the electrical conductivity of all samples 

was the p-type. This can be explained by the following. 

The material of the anti-reflective coating is not 

completely removed and becomes electrically active. 

Subsequently, recrystallization of the samples and 

measurement of electrical resistivity were performed to 

assess the remaining anti-reflective coating material after 

etching. The obtained data allowed us to determine the 

optimal processing time and etchant composition for 

restoring damaged optical germanium elements, in 

particular lenses, before re-applying the anti-reflective 

coating. 

A series of experiments were carried out to remove 

remnants of anti-reflective coatings using known etchants 

based on hydrochloric and hydrofluoric acids [13]. The 

dissolution was carried out in a cuvette filled with an 

etching mixture H2O2 + HCl + H2O with a volume ratio 

of 1:1:4 [13] for 5 min at 100 °C, then the optical 

elements were washed in distilled water and dried in a 

centrifuge. The thickness of the removed germanium 

layer with the specified etchant was ~ 150 μm. After 

recrystallization and the electrical resistivity measuring, 

it was found that this treatment reduces the concentration 

of surface acceptor impurities to the level of 

(2…7)×10
14 

cm
–3

. Increasing the treatment duration led 

to excessive dissolution of germanium and did not 

significantly reduce the content of acceptor impurities 

(Fig. 2). 

Since the used etchant has a selective effect, its use 

for more than 5 min led to excessive etching of 

germanium and the formation of a pronounced relief on 

its surface. Figs 3a and 3b show micrographs of the 

surface of the etched samples after chemical treatment.  

 

 
 

Fig. 2. Dependence of the electrical resistivity on the duration 
of chemical treatment of control samples in a solution based on 

hydrochloric acid. 

 

 

 (а) 

 

 (b) 

 
Fig. 3. Morphology of the Ge surface after chemical dissolution 

in the 1 H2O2 + 1 HCl + 4 H2O etchant: (a) etching time up to 
5 min, (b) etching time 6 min (T = 100 °C); magnification 300×. 

 

 

If the dissolution occurred in less than 5 min, single 

pyramidal etching pits were visible on the germanium 

surface (Fig. 3a). When the dissolution time increased 

beyond 5 min, the surface began to be etched (Fig. 3b). 

Thus, the hydrochloric acid-based etchant does not 

allow removing the anti-reflective coating from the 

surface layer of germanium optical elements to the 

required residual concentration (≤ 5·10
13 

cm
–3

). 

Another disadvantage of this etchant is that it is 

very aggressive and characterized by a high dissolution 

rate, and its components are highly toxic. This causes 

certain difficulties in the preparation and control of the 

etchant composition and requires the use of specialized  

 



SPQEO, 2025. V. 28, No 2. P. 194-200. 

Malanych G.P., Pekar G.S., Synhaivs’kyi O.F. et al. Restoration of damaged germanium optical elements … 

196 

equipment. Similar results were ascertained using 

hydrofluoric acid-based etchant. 

Using the ammonia aqueous solution with hydrogen 

peroxide, in a molar ratio of NH4OH/H2O2 from 2:1 to 

6:1, given in [14], also did not achieve the required 

surface purity. Additionally, the etching rate of ZnSe is 

very low (0.2 μm·min
–1

), which also limits the use of this 

etchant. 

Thus, the above-mentioned etchants are unsuitable 

for deep cleaning of optical element surfaces, since they 

strongly etch the surface, making it impossible to reuse, 

and even with prolonged etching, they do not allow for 

reducing the concentration of impurities (remnants of the 

anti-reflective coating) below 10
14 

cm
–3

. 

To eliminate these shortcomings, we have proposed 

and tested a fundamentally new composition of etchants 

based on hydrobromic acid, namely H2O2 + HBr + H2O 

and H2O2 + HBr + C3H6O3 (lactic acid). 

At 100 °C, it is difficult to control the composition 

of the etching solution and the ratio of its components, so 

the study was performed at room temperature. 

Knowledge of the kinetic regularities, mechanism, and 

nature of the semiconductor dissolution process is an 

important condition and criterion for selecting 

appropriate compositions of etchant solutions for 

polishing as well as anisotropic or selective chemical 

etching [13]. To study the mechanism of semiconductor 

dissolution, we used the rotating disk technique and a 

suitable device for its practical implementation, which is 

a chemical-dynamic polishing (CDP) unit [15]. 

To determine the etching rate, the ZnSe samples 

were fixed onto quartz substrates using piceine. The 

thickness of the substrates was chosen so that the surface 

of the crystal to be dissolved and the surface of the 

fluoroplastic holder were in the same plane. To avoid 

edge turbulent flows, the substrates were held in the 

concavity by an outer ring with a width of 8 to 12 mm 

(Fig. 4a). The difference in thickness of the test sample 

before and after etching was determined as the arithmetic 

mean of three or four measurements taken at the same 

points samples. To ensure that measurements were taken 

at the same points on the surface, a special template was 

installed on the measuring table (Fig. 4b). The etching 

rate was determined using the decrease in the thickness 

of the sample before and after CDP per unit time 

(μm·min
–1

) by applying an electronic indicator TESA 

DIGICO 400 with an accuracy of ± 0.2 μm. The error of 

the measured thickness did not exceed 5%. The surface 

morphology of the ZnSe anti-reflective coating after che-

mical treatment was evaluated using electron microscopy. 

The study was carried out within the following 

solution concentrations range expressed in vol. %: 

12…14 H2O2 + 65…70 HBr + 15…25 H2O (T = 25 °C, 

the disk rotation rate γ = 86 min
–1

). In these etchants,  

the dissolution rate of ZnSe varies within  

15.0…25.0 μm·min
–1

, and the etchants were selective. 

Solutions within the concentration range:  

9…12 H2O2 + 25…32 HBr + 55…65 H2O (T = 25 °C, γ = 

86 min
–1

) have non-polishing properties, and the ZnSe  
 

 (а) 
 

 (b) 

Fig. 4. Fluoroplastic disk for fixing the sample (а): 1 – stand, 

2 – outer ring, 3 – hollow for the sample, 4 – stand 

connection with outer ring, and (b) template for the plates 

thickness measurement: 1 – template, 2 – glass substrate,  
3 – investigated single crystal. 

 

 

surface is passivated (a brown film was formed). The 

dissolution rate of ZnSe varies within 10…15 μm·min
–1

. 

At the ratios 14…16 H2O2 + 65…85 HBr + 5…20 H2O, 

the etching rate was 20…25 μm·min
–1

, and a polished 

ZnSe surface with a characteristic shine was formed. 

With increasing the processing temperature to 

100 °C, the dissolution rate increases significantly, 

making controlling the composition of 

H2O2 + HBr + H2O etching solutions practically 

impossible. Therefore, the removal and evaporation of 

volatile components occur, which in turn can lead to a 

shift in the range of unpolished etchants, because the 

effect of the etching mixtures H2O2 + HBr + C3H6O3 on 

the ZnSe surface was investigated. 

During treatment of the ZnSe surface with 

H2O2 + HBr + C3H6O solutions, the composition with 

polishing and selective effects were found, and the 

etching rates were 7…20 μm·min
–1

 (T = 20 °C and 

γ = 86 min
-1

). Thus, the solutions H2O2 + HBr + C3H6O3 

are effective in removing the anti-reflective ZnSe coating 

from the surface of optical germanium at 100 °C. 

Based on the mentioned above, we have optimized 

the composition of the etchant. The criteria for evaluating 

the effectiveness of the developed etchant were the 

removal of residual anti-reflective coating to the level of 

≤ 5·10
13 

cm
–3

 and minimal germanium dissolution. 

Fig. 5 shows a micrograph of the germanium 

surface after treatment with the bromine-evolving etchant 

H2O2 + HBr + C3H6O3 of the optimized composition. 

One can see that the surface of germanium has no critical 

damage and is smoother than obtained using etching 

agents based on hydrochloric and hydrofluoric acids 

(Fig. 3). 
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Fig. 6 shows the dependence of the electrical 

resistivity of the recrystallized samples on the duration of 

etching in the solution H2O2 + HBr + C3H6O3 with 

indicating the type of conductivity. 

The obtained results show that after the proposed 

treatment the following effects occur: 

1) The remainder of the anti-reflective coating in 

the volume of germanium crystals are an acceptor  

 

 

 

impurity   with   a   concentration   equal   to 5·10
13

 cm
–3

. 

2) Removal of the anti-reflective material from the 

surface and from the subsurface layer occurs within 

5 minutes at each stage. 

3) The thickness of the removed germanium layer is 

~ 100 μm. 

4) After treatment with a hydrobromic acid etchant, 

a smooth surface relief is formed. 

Table. Technological scheme of optical germanium lens restoration. 

The view of a lens that has lost its transparency is shown in Fig. 1. 

↓ 

Lens processing in a magnetic catcher 

(cleaning the surface from metal contaminants) 

↓ 

Rinsing the lens in an ultrasonic bath and drying 

Rinsing with ethylene glycol and subsequent rinsing in distilled water (cleaning the surface from organic 

contaminants). Drying with air flow (obtaining a dry surface) 

↓ 

Dissolving the anti-reflective coating in the chrome mixture 

Etching compositions are based on the solutions of K2Cr2O7 + H2SO4 + H2O 

↓ 

Interoperation rinsing and drying 

Ultrasonic cleaning of the surface from etchant residues and products of their interaction with the anti-reflective 

coating. Drying with the air flow (obtaining a dry surface) 

↓ 

Removing anti-reflective coating remnants in a hydrobromic acid-based etching solution 
Etchant compositions are based on H2O2 + HBr + C3H6O3 solutions 

↓ 

Cleaning and washing the lens surface 

Ultrasonic cleaning of the surface from etchant remnants and products of their interaction with the anti-

reflective coating. Drying with the air flow (obtaining a dry surface) 

↓ 

Soft polishing of lens surfaces up to surface roughness Rz = 50 nm 

↓ 

Cleaning and washing the lens surface 

Ultrasonic cleaning of the surface in distilled water. Drying with an air stream 

(dry surface) 

↓ 

Applying an anti-reflective coating to the lens surface 

↓ 

The view of the restored lens 
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Fig. 5. Morphology of the Ge surface after chemical dissolution 

in the etchant of optimized hydrobromic acid-based 
composition (etching time 6 min, magnification 300×). 

 

 

 

Fig. 6. Dependence of the electrical resistivity of control 

samples on the duration of chemical treatment in the bromine-

releasing etching solution H2O2 + HBr + C3H6O3. 

 

 

The germanium optical elements purified from the 

anti-reflective coating using the developed method were 

used for the re-application of new anti-reflective coatings 

with subsequent use in infrared devices. 

The technological scheme of optical germanium 

lens recovery is shown in Table. 

 

3. Discussion of the main research results 
 

When manufacturing anti-reflective coatings on the 

polished surface of optical germanium parts, the coating 

material can penetrate the near-surface damaged layer up 

to 100 μm thick, as well as diffuse depth into the 

germanium crystals along dislocations, microcracks, and 

micropores. This material can remain in an electrically 

inactive state until germanium optical elements and the 

remnants of coatings are heated to temperatures above 

350 °C. 

It was not possible to determine accurately the 

mechanism of incorporation of the remnants of the anti-

reflective coating into the Ge crystalline lattice due to 

their very low concentration. There are methods for 

direct measurement of such concentrations, namely 

neutron activation analysis and glow discharge spectro-

scopy [1], but these methods, even using calibrated 

standards, do not allow measuring concentrations at the 

detection limit and with significant error. 

Therefore, to determine the impurity concentrations, 

we used the fact that for germanium, there is a unique 

relationship between the impurity concentration and the 

electrical resistivity [16]. Based on the obtained results 

(Figs. 2 and 6), it can be assumed that the heating to 

temperatures above 350 °C or recrystallization cause the 

incorporation of remnants of the anti-reflective coating, 

into the Ge crystalline lattice and formation of an 

electrically active acceptor impurity with concentrations 

above (5…7)×10
14 

cm
–3

. This makes germanium opaque 

within the infrared range. The results of etching damaged 

optical elements in etchants based on hydrochloric and 

hydrofluoric acids show (Figs. 2 and 3) that it is 

impossible to achieve the required level of removal of 

anti-reflective coating. Therefore, the damaged optical 

elements can be used exclusively as a secondary raw 

material for recycling. 

Based on the results presented in Fig. 6, we can 

conclude that we have developed a hydrobromic acid-

based etchant and ascertained the etching modes that 

allow removing remnants of anti-reflective coating to 

concentrations ≤ 5×10
13 

cm
–3

 without significant damage 

to the surface of the optical element (Fig. 5). 

The advantages of the newly developed hydro-

bromic acid-based etchants compared to the traditional 

peroxide solutions with hydrochloric and hydrofluoric 

acid or ammonium hydroxide are the following: 

- effective removal of anti-reflective coating 

remnants; 

- minimal dissolution of the germanium surface; 

- avoidance of the use toxic components (Cl2, NH3, 

etc.); 

- simplification of the process of preparation and 

use of etching mixtures; 

- the ability to control the dissolution rate of the 

semiconductor by introducing different amounts of 

organic solvent; 

- the ability to control the removal of thin layers 

from germanium surfaces in a controlled manner; 

- no need for complex technological equipment. 

The obtained results indicate that after cleaning 

damaged Ge optical elements, it is possible to completely 

restore optical elements that have lost transparency due 

to degradation of the anti-reflective coating, but were not 

mechanically damaged. 

4. Conclusions 

It has been experimentally proven that the developed 

cleaning technology allows completely restoring the Ge 

optical elements that have lost their transparency during 

operation, but have not been mechanically damaged. 

The developed cleaning methods allow removing 

the remnants of the anti-reflective coating to the level of 

uncontrolled impurities, i.e. eliminating their influence 

on the optical properties of germanium. Additionally, the 

use of these methods minimally affects the geometric 

parameters of optical elements and, therefore, the optical 

parameters of the restored optical elements are identical 

to the parameters of undamaged ones. 
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Відновлення пошкоджених германієвих оптичних елементів приладів інфрачервоної техніки 

Г.П. Маланич, Г.С. Пекар, О.Ф. Сингаївський, В.М. Томашик, M.M. Локшин 

Анотація. У роботі наведено результати досліджень з відновлення германієвих оптичних елементів, які 

втратили прозорість у результаті експлуатації в екстремальних умовах. Зазвичай такі оптичні елементи 

підлягали переробці виключно як вторинна сировина. Розроблені методики очистки дозволяють видалити 

залишки антивідбиваючих покриттів до рівня неконтрольованих домішок, тобто усунути їх вплив на оптичні 

властивості германію. Експериментально доведено, що розроблена методика очищення дає можливість 

повністю відновити параметри таких оптичних елементів. 
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