
2 
 

 

 
 -i-

  

 

. 

-i-n 

-

-i-

 

p-i-n-

- SiO2, 

Si3N4, ZrO2

-i-

-6 -1, 

- -6 
-1

-

-  



3 
 

-i-

 

-i-n 

- -

-i-

 

-i-

-i-  

-i-

p-i-

max= 1,06 



4 
 

-i- 2

- 

2 

max  

-i-n 

 

Ge p-i-

-i-n 

  

Ge p-i-n 

-i-

-

 

 

 

 
10  

 
6 1 6 1 



5 
 

ZnSe  -

Si3N4  

 

 

-i- 316 K. 

 

-

-

-i-  

 

- - 

  

- 

 

- 

 

2 -

GeSe2 



6 
 

 

Ge p-i-  -i-n 

-8 

-4

 -4

 = 

Ge p-i-

 

-i-

-

 

  

  

 

 



7 
 

-i-

 

-i-

 

 

1. Ge 

 

- 

 

-  
10  

- 
6 1  

10 6 1 

 -

3N4 

 

2021. 

2. 

-i-  



8 
 

 

 

3. ZnSe/Ge 

ZnSe

 

 

 

1. -i-n 

-8 

-

2020  

 

2.  

p-i-

-4

E  

k -4



9 
 

 

3.  Ge p-i-n 

-i-

-1. 

 

-i-n 

 

 Ge 

p-i-

 

  



10 
 

SUMMARY 

Fodorenko AV. Advanced germanium p-i-n photodetector for a wavelength 

- Qualifying scientific work on the rights of the manuscript. 

The dissertation on competition of a scientific degree of the doctor of 

philosophy on a specialty 105 "Applied physics and nanomaterials". - Institute of 

Semiconductor Physics. V.Ye. Lashkareva National Academy of Sciences of 

Ukraine, Kyiv, 2021. 

The dissertation is devoted to the development of an advanced germanium p-

i-n photodetector for modern laser rangefinders and sensor-measuring devices at a 

in modern rangefinders. The design and technology of manufacturing a reliable, 

high-speed and highly sensitive Ge p-i-n photodiode, which is protected by a patent 

for the invention of Ukraine, has been developed and the prospects of its application 

have been experimentally shown. 

The current problem of existing germanium p-i-n photodiodes that needs to 

be solved is low reliability and their high degradation over time. This problem is 

associated with the use as passive layers - SiO2, Si3N4, ZrO2, or cubic zirconia, the 

constant lattice and the coefficient of thermal expansion of which differs 

significantly from Ge, resulting in a large number of dislocations and defects. The 

idea of increasing the reliability of Ge p-i-n photodiode was proposed due to the use 

of zinc selenide (ZnSe) as a passivating coating. This material has a coefficient of 

thermal expansion, which is 6.1x10-6 K-1, as close as possible to the corresponding 

figure for germanium - 7.1x10-6 K-1. The reduction of surface currents is achieved 

due to the large band gap of 2.7 eV ZnSe, compared with its own Ge 0.67 eV. ZnSe 

has a high transparency in the IR range of radiation, so it can be applied to both the 

front surface of the photodetector and the side surface to protect the p-n junction. 

The paper experimentally proves that the passivation of the Ge p-i-n photodiode with 

ZnSe allowed to achieve an improvement in its characteristics and reliability. 
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Section 1 analyzes the publications, of which Ge p-i-n photodiodes are most 

widely used and actively developed in fiber-optic communication lines, laser 

rangefinders and as optical sensors in devices operating in the near-infrared region 

of the spectrum. It is determined that the trend of development of photodiodes of 

pulsed laser rangefinders for military purposes is complexly associated with the 

creation of new sources of pulsed laser radiation at an eye-safe wavelength of 1.54 

measurements, reduces the reliability of the device. dimensions and energy 

consumption. The following areas of improvement have been identified for Ge p-i-

n photodiodes: reduction of intrinsic noise and surface recording currents due to the 

use of a new passivation coating, increase of reliability and sensitivity by finding a 

special narrowband filter and illuminating coatings for parts of the entire optical path 

of photodetectors. 

In addition, the literature search showed that one of the promising areas is the 

use of Ge p-i-n photodiodes for research, namely in devices based on the 

phenomenon of surface plasmon resonance in the near infrared region of the 

spectrum, the possibility of which is insufficiently studied in existing publications. 

These works should be carried out on the basis of the Institute of Semiconductor 

Physics named after V.Ye. Lashkaryova NAS of Ukraine using an improved Ge p-

i-n photodiode. 

Section 2 presents modeling of structural and spectral parameters of a high-

speed Ge p-i-n photodiode, describes the development of a photodiode housing with 

an input silicon window. The initial parameters of the overall dimensions of the Ge 

p-i-n photodiode were selected v

max 

enterprise Ukroboronprom NVK "Fotoprilad". This approach allowed to use the 

design documentation of the photodetector unit and technological preparation of the 

production of this enterprise. The entrance window of the developed Ge p-i-n 

photodetector, with an area of 0.5 cm2, was made of n-type single crystal of 
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phosphorus doped with silicon, resistivity 15 Ohm / cm. A single-layer translucent 

HfO2 coating was applied to the Arsenal Design Bureau on both sides of the silicon 

max 

to 96%. 

To optimize and verify the chosen technology of manufacturing Ge p-i-n 

photodiodes, the simulation of the spectral photosensitivity of Ge p-i-n photodiodes 

was performed. The simulation results were confirmed by measurements of 

experimental samples of improved Ge p-i-n photodiodes with a measurement error 

 

Section 3 presents the technology of manufacturing an advanced Ge p-i-n 

photodetector and the results of measuring its characteristics. Technological modes 

of manufacturing high-speed Ge p-i-n transitions by simultaneous diffusion of 

acceptor impurities Zn and In by two-temperature method into n-Ge substrates with 

protection of the mesostructure of transitions by the polycrystalline ZnSe layer is 

proposed, which had the following advantages: 

 parameter of inconsistency of the crystal lattice of contacting materials 

does not exceed 0.2%; 

material is greater than 1010  

rmal expansion at T = 300 K are close in value and 
6 deg  1 6 deg  1 for Ge, which helps to reduce the 

- active region of the pn 

junction "in comparison with the widely used Si3N4 and makes it possible to form 

 

Reducing the level of mechanical stresses of the surface layer and the 

associated concentration of dislocations and defects that cause surface currents in 

the photodiode, and photodiodes with such a layer showed no degradation of their 
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operating parameters for 3 years (from the date of manufacture in 2018 to the 

present). 

The transport of charge carriers at direct and inverse displacements of p-i-n 

junctions in the temperature range 227 316 K was experimentally investigated. It is 

established that the I  V characteristics of the transitions determine the diffusion 

and generation-recombination current, and the contribution of the diffusion 

component is the main one, which indicates the high quality of the p-i-n junction. 

A method for measuring the electrical resistance of thin passivating films 

using elastic contacts has been developed, which has the following advantages over 

the four-probe method: 

- large area of the contact zone and, as a consequence, - low current density 

and lack of heating due to the release of Joule heat; 

- low pressure on the surface of the semiconductor, which minimizes surface 

damage; 

- the use of contacts with a maximum area overlapping the entire sample 

avoids the influence of geometric errors. 

The properties of the passivating layer were studied on model samples with 

an area of 1 cm2 and a film thickness of ZnSe and Se of 0.5-

and control samples of films of the same thickness on glass. X-ray studies showed 

the presence of textured phases of GeSe and GeSe2 in samples with both ZnSe films 

and Se films. The electrical resistance of ZnSe samples on Ge substrate, compared 

with the resistance of Se samples on Ge substrate more than 30%. Given these results 

on the electrical resistance, combined with the fact that due to the small difference 

between the constant lattice and the coefficients of thermal expansion of the ZnSe 

film with Ge and the better transmittance of 0.64 compared to Se 0.48 (on glass of 

the same thickness) passivation layer ZnSe Ge photodiodes are optimal. 
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Section 4 shows the prospects and directions of application of the improved 

Ge p-i-n photodiode. The results of the study of the Ge p-i-n photodiode in the model 

of the pulsed laser rangefinder showed that such a photodiode has sufficient speed 

10-8 s). As a result of the experiment, the threshold sensitivity of the photodetector 

was set to Ef1-4 = 253 nJ, and the total transmittance in this case was k f1-4 = 0.000437, 

which is an order of magnitude greater than the transmittance of the atmosphere at a 

distance of 5 km kATM = 0, 0038. The research allows us to conclude that the 

developed high-speed Ge p-i-n photodiode can be successfully used as a 

photodetector for a pulsed laser rangefinder for military purposes. 

For scientific instrumentation, one of the promising areas of application of the 

developed Ge p-i-n photodiode was its use to create a measuring sensor based on the 

phenomenon of surface plasmon resonance in the infrared region of the spectrum. 

In comparison with the mass-produced Ge p-n photodiode in the transition from a 

wavelength of 1310 nm to 1550 nm, it has the following advantages: 

 

 

to enter the information channel. 

Thermal stabilization of the developed Ge p-i-n photodiode due to an 

aluminum radiator with a Peltier element and optimization of the laser operation 

mode allowed to minimize the temperature drift. 

Experimental studies have thus proved the prospects of using the developed 

Ge p-i-n photodiode as part of a sensor based on the phenomenon of surface plasmon 

resonance in the infrared region of the spectrum. 

The scientific novelty of the obtained results is as follows: 
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1. New method of passivation and protection of Ge mesostructure by a 

polycrystalline ZnSe layer is proposed, which has the following advantages: 

- the mismatch parameter of the crystal lattice of the contacting materials does 

not exceed 0.2%; 

- the resistivity of the polycrystalline layer grown from a specially undoped 

material is greater than 1010 Ohm*cm at T = 300 K; 

- the coefficients of linear thermal expansion at T = 300 K are close in value 

and are ~ 7 10 6 deg  1 for ZnSe and ~ 6 10 6 deg  1 for Ge, which helps to reduce 

- active region of the 

p- 3N4 and makes it possible to 

 

These advantages reduce the level of mechanical stresses of the surface layer 

and the associated concentration of dislocations and defects that are the main cause 

of surface currents in the photodiode, which ensures no degradation for 3 years from 

the date of production in 2018 to 2021. 

2. Simulation and theoretical calculations of the energy structure of the Ge p-

i-n photodiode and its spectral sensitivity were performed. The simulation results 

were confirmed by measurements on experimental samples with a measurement 

model to achieve the required band structure of the photodiode and optimize its 

design. 

3. The influence of the ZnSe / Ge phase composition on the electrical 

resistance of the ZnSe passivation layer was established for the first time. To do this, 

a method of measuring the electrical resistance of high-impedance thin films using 

elastic contacts was developed, which has the following advantages over the four-

probe method: low pressure on the semiconductor surface, large contact area and as 

a result when measuring high-impedance surface layers heating. 
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 The practical significance of the obtained results is as follows: 

1. For the first time, an improved highly reliable Ge p-i-n photodiode has been 

developed, which has the parameters required for photodetectors as part of a pulsed 

laser rangefinder and has a relaxation time of 5.8 10-8 s and a threshold sensitivity 

Ef = 253 nJ. The scientific and technical solution is protected by the patent of 

Ukraine for the invention: "Germanium photodetector and method of its 

2020 - 

Voroshchenko AT, Lutsyshyn IG, Wenger EF, Maslov VP, Kachur NV, Fedorenko 

AV 

2. The prospects of the improved Ge p-i-n photodiode as a part of a pulsed 

laser rangefinder are experimentally proved. This photodiode has sufficient speed 

for reliable recording of short pulses (about 20 ns). As a result of the experiment, the 

threshold sensitivity of the photodetector was set to Ef1-4 = 253 nJ. The total 

transmittance of the filters that attenuated the laser pulse (Eout f1-4 = 

0.000437, which is an order of magnitude higher than the theoretically calculated 

transmittance at a measured distance of 5 km (katm = 0.0038) and meets the technical 

requirements to the photodiode as part of a pulsed laser rangefinder. 

3. The prospects of application of the developed Ge p-i-n photodiode as a part 

of the model of the device on the basis of the phenomenon of surface plasmon 

resonance working in the near infrared range of a spectrum are shown. The results 

of the study confirmed the prospects of using the developed Ge p-i-n photodiode as 

part of a measuring device based on the phenomenon of surface plasmon resonance 

with sens -1. 

The results of research conducted in the work are promising for use in industry 

and research. The practical application of the developed improved high-speed Ge p-

i-n photodiode is considered. The research results are confirmed by the relevant acts 

of implementation of the Institute of Single Crystals of the National Academy of 
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Sciences of Ukraine and the Institute of Semiconductor Physics. V.Ye. Lashkareva 

National Academy of Sciences of Ukraine. 

Keywords: wavelength, infrared region, photodetector, Ge p-i-n photodiode, 

passive layer ZnSe, pulsed laser rangefinder, sensor based on the phenomenon of 

surface plasmon resonance.  


