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A0 "HauyuoHanbHblll UeHMp Ad3epHbIX CUCMeM U KOM-
naekcos "Acmpodusura”, Mockaa, Poccus

[Ba okHa npo3payHocTu aTtmocdepbl B UK-06nactum,
3-5 MKM # 8-14 MKM, NpakTU4Yeckun nepekpbiBaloTCs
061aCcTbl0 MaKCMMAJIbHOIO NPONYCKaHUS

repmaHus (Ge). Ge npo3payeH B gnanasoHe

1,8-23 MKM (x0Ta B 06/1aCTH 11-23 MKM NpUCYTCTBYET
psaA GOHOHHbIX NOJIOC NOr/ioWeHus), Takxe

MMeeTCs OKHO MpO3pavHOCTU B Teparepuesom (Try)
cnekTpanbHoM guanasoHe (~100-300 MKM).
Kpuctannmnyeckui repmaHmia, 6narogaps CBoum
$U3UKO-XUMUYECKUM CBONCTBAM, ABNSIETCA OAHUM
M3 cucteMmoobpasytowmx matepuanos UK-poToHUKMU,
M ero npMMeHeHue cocTaBnseT A0 25-30% oT o6uen
CTPYKTYpbl NnOTpeb6aeHuns 3Toro matepmana. B ctatbe
npepacraBieH 0630p NpMMeHeHUN maTepuana

B $OTOHMKE B 3aBUCUMOCTU OT BO3SHUKAIOLWUX NPU
pocTe KpuUcTasia TEpMOYNPYrux Hanps>KeHun,
NpUMeCcHOW HEOAHOPOAHOCTU U CTPYKTYPHbIX
nedekToB.

BBEAEHWE

B HMK-obymacTu CyIecTBYIOT Ba Haubosee IIHPOKO
HCIIONb3yeMbIX OKHa IIPO3PaYHOCTH aTMoCOephl:
CIeKTpa/JIbHbIe AHaIlla30oHbl 3-5 U 8-14 MKM, KOTO-
pble COOTBETCTBYIOT 06/1aCTH MaKCHMAIBHOM IPO-
3pauHOCTH repmaHus (Ge). s 3TUX [HAIIa30HOB
paspaboraHo M ucmonab3yercs 6OosblIoe Komude-
CTBO OIITUYeCKUX IIpubopoB. Ecniu B 0671acTH AJIHH
BOIH (A) 3-5 MKM HCIIO/NB3YIOT IIpEHUMYIIeCTBEHHO
ONITUKY M3 KPHUCTANIOB KpeMHHUS (Si), KOTOPBIH
3HAa4YUTeNbHO Hojlee LOCTYIIEH, TO B [Halla30He 8-14
MKM (rme Si obiamaeT BBICOKHMM IIOTJIOIIEHUEM)
aKTHBHO IIPUMEHSAIOT 31eMeHTH u3 Ge.Kpucran-
JTUYeCKUM TepMaHUN (MOHO- W IIOJIMKPHCTAJIJIBI)
SIBJISIETCS OLHHUM M3 KJIACCHYeCKHX MaTepHasoB
Iig cpepHero u panbHero HMK-muamasoHOB IJIHH
BOJMIH. Jlons ero nmpuMeHeHUS B POTOHHKe COCTAB-
JsgeT okoJio 25-30% ot obuiero HOTpe6HEHI/IH 3TOTO
matepuana [1]. Ge mpo3paueH B guamasoxHe 1,8-23
MKM, OJHaKO B obnacTu 11-23 MKM HIPHUCYTCTBYyeT
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Two windows of atmospheric transparency in the
infrared (IR) region of 3-5 um and 8-14 um almost
overlap with the region of maximum transmission of
germanium (Ge). Ge is transparent in the 1.8-23 um
range (although a number of phonon absorption bands
are present in the 11-23 pm region), there is also a
transparency window in the terahertz (THz) spectral
range (~ 100-300 pum). Due to its physicochemical
properties, crystalline germanium is one of the
backbone materials of IR photonics and its use
amounts to 25-30% of the total consumption pattern
of this material.

INTRODUCTION

There are two of the most widely used atmospheric
transparency windows in the IR region: the spectral
ranges 3-5 and 8-14 pm, which correspond to the region
of maximum transparency of germanium (Ge). For
these ranges, a large number of optical devices have
been developed and used. If in the wavelength range (A)
of 3-5 pm, optics made of silicon (Si) crystals, which is
much more accessible, is used predominantly, then in
the range of 8-14 pm (where Si has a high absorption),
Ge elements are actively used. Crystalline germanium
(single and polycrystals) is one of the classical materials
for the middle and far infrared wavelength ranges. The
share of its use in photonics is about 25-30% of the total
consumption of this material [1]. Ce is transparent
in the range of 1.8-23 um, however, in the region of
11-23 pm, a number of phonon absorption bands are
present, which sharply limit the use of the material;
there is also a transparency window in the THz range
(~100-300 pm).

The optical elements made of germanium are
convenient to manufacture and operate. They do not
interact with atmospheric moisture, are not toxic,
durable, and have good thermophysical properties. Ge
has a high hardness, which allows you to form high-
precision optical parts that are well cleared up even with
single-layer ZnS or As,S; coatings (up to 98% of radiation
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PsA GOHOHHBIX I10JI0C IIOIJIOIEHH S, KOTOPBIE Pe3KO
OTPaHUYHMBAIT MNpPHMEHeHHe MaTepHalia; Takxke
MMeeTCs OKHO ITpo3payHocTu B Tliu-pguamasoHe
(~100-300 MKM).

OnrTuveckue 371eMEHTBl M3 TepMaHUs yLoOHBI
B M3TOTOBJIEHUH M 3KCIUIyaTaluu. OHU He B3aHMO-
JeHCTBYIOT C aTMOCOepHOM Bjarou, He TOKCUYHBI,
[IPOYHBI, UMEIT XOPOIIHe TeIlIopH3HYecKie CBOH-
cTBa. Ge MMeeT BBICOKYIO TBEPHOCTh, YTO IT03BOJISET
GopMHPOBAaTh BLICOKOTOYHBIE OINTHYeCKHe [eTalH,
KOTOpble XOpOILIO IIPOCBET/ISIOTCA Ha’ke OLHOC/IOM-
HBIMU IIOKPBITUSIMH ZnS WIu As,S; (mo 98% 1po-
IIyCKaHHUs H31ydeHHs). K3 Ge M3rOTaBIMBAIOT
IIOJIyIIpPO3pauHble 3epKajaa, paborampmue Kak b6e3
MHTepQepeHIIMOHHEIX ITOKPBITHM, TaK M C HHMH,
BBICOKOTOUHBIe 3TasoHbl Pabpu-Ilepo, aKyCTOOITH-
YecKHe 3JIeMEHTHl M [Jpyrue [eTalu [2-19]. Ha mog-
NnokKax U3 Ge OOBIYHO H3TOTABIMBAIOT Y3KOIOIOC-
Hble HHTepdepeHLIMOHHBIe cBeToUIbTPEL. Hanbosee
BakHasi 061acTe nprMeHeHHsT Ge - ONTHKA TeILIO-
BM3HMOHHBIX KaMep JHalla3oHa JIHH BOIH 8-14 MKM,
KCIIO/Ib3YeMBIX B CHMCTeMax IIaCCMBHOIO TeIlJIOBHUZe-
HHUSI, CUCTeMaX MHQPAKpaCHOro HaBeleHHs, NpH6o-
Pax HOYHOI'O BU/EHM S, IIPOTUBOIIOKAPHBIX CHCTeMaX
u ap. [20, 21]. Hanpumep, ONTHKO-3/IeKTPOHHAsI CTaH-
LIMSI KpyroBoro 063opa "®eHUKC" MMeeT BXOLHOE OKHO
u3 Ge faMeTpoM 274 MM [22]. Ge TaKoKe HCIIONIb3yeTCsl
[U1S. U3TOTOBJIeHUS ONTHUYECKUX 3/IeMEHTOB JJIsl CIIeK-
TPOCKOIIKMH, paboTaromux Ha 3dppeKTe MHOTOKPAT-
HOI'0 HapyIIeHHOTO IIOJIHOIO BHYTPEHHEro OTpaske-
Husg (MHIIBO) [23].

ITpuMecHble KpUCTaaabl Ge aKTUBHO MIPUMEHS-
IOTCA [JIs W3TOTOBJIEHHS QOTOIIPHEMHHUKOB, perv-
crpupyromux HMK-usnydenue [24]. Hx pabora ocHO-
BaHa Ha BO30YsKIeHUH KBAHTOM H3Ty4eHUs HOCUTeIs
Ha IIPHMEeCHOM ypOBHE, IePeXofsIliuM B 30HY IIPOBO-
AuMOCTH. [l1s pasHbiX MK-IHaIia3oHOB UCII0/Ib3YeTCs
COOTBETCTBYIOLIAs MpUMech. Kak mpaBU/IO, 3TH IIPH-
eMHHKH paboTaroT IPHU HU3KUX TeMIlepaTypax.
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transmission). Ge is used to make translucent mirrors
that work with and without interference coatings,
high-precision Fabry-Perot standards, acoustooptic
elements, and other details [2-19]. Ge substrates are
usually used to make narrow-band interference light
filters. The most important application area of GCe is
the optics of thermal imaging cameras of the 8-14 pm
wavelength range used in passive thermal imaging
systems, infrared guidance systems, night vision
devices, fire extinguishing systems, etc. [20, 21]. E.g.,
the opto-electronic circular station "Phoenix" has an
input window of 274 mm in diameter made of Ge [22].
Ge is also used for the manufacture of optical elements
for spectroscopy, working on the effect of multiple
attenuated total reflectance (MATR) [23].

Ge impurity crystals are actively used for the
manufacture of photodetectors that record infrared
radiation [24]. Their work is based on the excitation by
a quantum of carrier radiation at the impurity level,
which passes into the conduction band. For different
IR ranges, the appropriate impurity is used. As a rule,
these receivers operate at low temperatures.

Among the operational features of Ge that must
be taken into account in the process of application
are the lack of transparency in the visible region and
the presence of an exponential dependence of the
absorption coefficient on temperature.

Optical Ge single crystals are usually grown from
the melt by the methods of Czochralski, Stepanov,
directional solidification, etc. [7, 25, 26]. In the
case when the losses on absorption and scattering
in the optical system can be neglected, use cheaper
polycrystalline Ge.

Creating a modern elemental base of photonics is
impossible without the use of single crystals with low
and ultralow content of impurities, in particular, crystals
for ionizing radiation detectors require a concentration
of electroactive impurities of no more than 10 cm?.
In this case, germanium always contains background
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K 4mony 3KCIyaTalMoHHBIX ocobeHHOCTeH Ce,
KOTOpble HeobXOIHMO YUYHTBIBaTh B IIpollecce IIpH-
MeHeHHs, MOXKHO OTHeCTH OTCYTCTBHE IIPO3payHO-
CTH B BHUAMMOK OOJACTH M HaJTHU4YHe SKCIIOHEHIH-
QUIBHOU 3aBUCHUMOCTU KO3PPUIIMEHTA IIOTJIOIIeHUS
OT TeMIIepPaTypHI.

OnThyecKre MOHOKPHUCTA/UIBI Ge OOBIMHO BBIpa-
IIMBAIOTCS M3 pacIlaBa MeTofaMH YoXpasbCKOTo,
CTenaHoBa, HaIlpaBJIeHHOM KPUCTUUIM3aLHMU K Jp.
(7, 25, 26]. B cny4dae, Korja IOTePSIMU Ha IIOIJIOIeHHe
M paccessHHe B ONTHYECKOM CHUCTeMe MOXKHO IIpeHe-
6peub, HCIIONB3YIOT 6oJee eIIeBbI MOTUKPHUCTAIIH-
4yeckuu Ge.

Co3maHHe COBPeMeHHOK 37eMeHTHOM 6a3sl ¢oTo-
HUKH HeBO3MOXKHO 6e3 MCII0/b30BaHHSI MOHOKPH-
CTAIJIOB C HHU3KHUM H CBEPXHHU3KHM COJep>KaHHeM
[IOCTOPOHHUX IIpHMecei, B YaCTHOCTH, KPHUCTAJUIBL
IJ1s1 1eTeKTOPOB HOHH3UPYIOIIMX H31y4eHUMH Tpe-
OyI0T KOHLIEHTPAI[UIO0 3/IeKTPOAKTUBHBIX IMIpHUMecer
He 6omee 101 cm?3. IIpu 3TOM B repMaHHM Bcerja
cozepskaTcs pOHOBbIe IIPHMECH, TaKHe KaK KHUCI0POo[,
(KOHLIEHTPALIUsI KOTOPOr0 MOXKET AOCTUTaTh 107 cm3),
yIjlepof, a3oT U Ap. Hanuuure KUCI0poAa IPUBOJUT
K 00pa3oBaHUIO OUCIOKALUN, MHUKpPOAedeKTOB, Tep-
MOZIOHOPOB, 4YTO, B CBOIO O4Yepelb, BIHSET Ha BpeMs
SKU3HH HepPaBHOBECHBIX HOCHTesIel 3apsJa U BBI3BI-
BaeT pacCessHUE U3JTy4eHHUs .

JNeKTpPoQU3MUECKHE U OINTHYEeCKHEe MapaMeTphl
Ge B3aMMOCBSI3aHBI. 3HAUHTEIbHBIN 00BEM HCCIENO-
BaHUU Ge, B TOM 4HCJ/Ie U ONTHUYECKUX CBOMCTB, IIPO-
BOOUTCSL 371eKTpodHU3UYeCKMMH MeTOJaMH, [JOCTHUT-
IIMMH 3Ha4HUTeIbHOIO COBEPLIEHCTBA B IPUMeHeHHH
B IIOJIYIIPOBOJHUKOBOM 3/IeKTPOHUKE. ITO I103BOJISIET
IIpOBOOUTh TecTUpoBaHUe Ge misg MK-GOTOHHMKU Ha
OCHOBe M3MepeHUH 3/1eKTPOPHU3UUeCKUX I1apaMeTPoB
(27, 28].

ITornomenue UK-usnyyeHus B Ge U3y4asoch MHO-
THMMHM aBTOpaMH, Hampumep, (29, 30], onHako uccie-
DOBaHHUS IIPOBOJU/IKCh B OCHOBHOM B 00/1acTH QyH/a-
MEHTAJIBHOTO IIOIVIONeHHUs 1160 Ha JIETMPOBAHHBIX
obpasuax. Ps MccieoBaHUMN 6BUI IIPOBeieH KalopH-
MeTpHUYeCcKUM criocobom Ha A=10,6 MKM [31-33]; mpen-
CTaB/IeHbl pe3yJbTaThl HCCAefOBAaHHUS IOIIOLIeHUS
HK-u31ydyeHHs B MOHOKpHCTa/UIaX Ge N-THIIA B 3aBH-
CHMOCTH OT BeJIHYHHBI YeIbHOIO COIIPOTHBJIEHHS
p, Temmepatypsl T u JyIMHBI BOTHBI A [34]. Ha puc. 1
IIpUBeAeHbl YACTOTHBIE 3aBUCHMMOCTHU KO3GUIIMEeHTa
norynomeHus () B 061acTH MaKCUMaJIbHOM ITpo3pay-
HoCTH 2,5-11 MKM, 3aBucuMoct# B=f(\), a TakKke BIU-
SIHHe YIeJIbHOTO COITPOTHBIIEHHUS p Ha BeTUYHHY .

B obracTy MacHMaJIbHOH Mpo3padyHOCcTH Ge OMNTH-
MH3alller YAeIbHOIO COIPOTHBJIEHHUS YAAIOCh CHH-
3UTb 3HaveHue Py, ; 3mepeHHOe 3Ha4YeHHe [, CTPOTro
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Puc. 1. 3asucumocmb K03¢puUUEHMAa no2AoLLeHUSs 2epMaHus
n-muna e 06Aacmu MakcumanbHoLl NPo3paYHOCMU:

a) om dnuHbl 80AHbI A (MKm): 1. p=0,03 Om-cm; 2. p=1,0 Om - cm;
3.p=2,00m-cm; 4. p=2,50Mm-cm; 5. p=3,0 Om - cm;

6. p=5,50m-cm; b) om ydenbHo20 conpomusneHus, A=10,6 MKm,
T,=297 K, T,=220 K; c) om memnepamypsi (A=10,6 MKm):
p,=0,030Mm-cm; p,=2,5Om - cm [34]

Fig. 1. Dependence of the absorption coefficient of n-type
germanium in the region of maximum transparency: a) on the
wavelength A (um):1. p=0.03 Ohm-cm; 2. p=1.0 Ohm-cm;
3.p=2.00hm-cm; 4. p=2.50hm-cm;5. p=3.0 Ohm-cm;

6. p=5.50hm-cm; b) on the resistivity, A=10.6 pm,

T,=297 K, T,=220 K; c) on the temperature (A=10.6 pm):
p;=0.030hm-cm; p,=2.50hm-cm [34]
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rOBOPsi, SIBJISETCS BeIMUMHOM KO3QHUIMEHTa oca-
6neHus: B obpasuax. B HacTosiliee BpeMsi I1OTy4YeHBI
KpUCTA/LIBL ¢ f=0,015 cM! Ipy peIeToYHOM IIOIJIO-
WeHUH Pyey,=0,01 cM™. TIOBEpXHOCTHOE IOIVIOLIEHHE
2B,05=0,0009 cm'. OTu 3HaueHHUS O6IU3KU K TEXHO-
JIOTUYeCcKOMY IIpefle/ly BO3MOXKHOCTEM MaTepHasia
[31-34]. 3aBucumoctb P=f(A) momUMHSETCS 3KCIIEPHU-
MeHTaJIbHOMY BBIpakeHHI0 B~AL2, BenruuHa B 3KcIio-
HEeHIIMa/IbHO 3aBHUCHUT OT TeMII€PATyphbl, U OCHOBHBIM
MeXaHHU3MOM OOBeMHBIX II0Tepbh SIBJISETCS IIOIJIONIe-
HHe Ha CBOOOJHBIX HOCUTeISIX 3apsaa. OnpeneneHHOe
BO3pacTaHHe [} NP pocTe BeIHYHHBL p B 0061aCTH
5-50 OMm-'cMm sBiseTCd C1eACTBHUEM YBeIHYHBalolle-
rocs BKJIaJa IOIVIOMIEHHS CBOOOAHBIMU [BIPKAMH,
Yype ceuyeHue MMOIVIoeHus B obiacty 10 MKM B ~16-100
pas bomblIe, 4eM y 371eKTPOHOB [31-33].

UccnemoBanust HK-mornomenuss GCe B obna-
CTH IPO3PAavHOCTH ITOKA3aJM, YTO ONTHMH3aIlHeH
KOHLIEHTPALIUKM 3/1eKTPOAKTUBHBIX IIpHMecer yra-
eTCsl CHU3UTb BeJIMYHHY KO3QHUIIMeHTa IIOrJIolie-
HHS IPaKTHYeCcKU 10 POHOHHOro mpefena. OmHaKO
II0OTEPU MOTYT OBITh BBI3BAHBI HE TOJIBKO OOBEMHBIM
IIOIJIOLIeHHEeM, HO U ITI0BEPXHOCTHBIM IIOIJIOIIeHHEeM
U paccestHHeM H3JTy4eHUs Ha CTPYKTYyPHBIX AedeKTax.
9TUM, BUIUMO, MOKHO 0OBSICHUTh HEKOTOPOE ITPeBhI-
IIeHHe M3MePeHHOTro 3HaueHHs [, Hajl JaHHBIMU
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impurities, such as oxygen (the concentration of which
can reach 10V cm™), carbon, nitrogen, etc. The presence
of oxygen leads to the formation of dislocations,
microdefects, and thermal donors, which, in turn,
affects the lifetime of non-equilibrium charge carriers
and causes radiation scattering.

Electrophysical and optical parameters of Ge are
interrelated. A significant amount of research on
Ge, including optical properties, is carried out by
electrophysical methods, which have achieved
considerable perfection in semiconductor electronics.
This allows testing of Ge for IR photonics based on
measurements of electrophysical parameters [27, 28].

Absorption of IR radiation in Ge has been studied
by many authors, e.g. [29, 30]; however, the studies
were carried out mainly in the region of fundamental
absorption, or on doped samples. A number of
studies were carried out calorimetrically at A=10.6
pm [31-33]; the results of the study of the absorption
of infrared radiation in n-type Ge single crystals are
presented, depending on the resistivity p, temperature
T and wavelength A [34]. Figure 1 shows the frequency
dependences of the absorption coefficient (B) in the
region of maximum transparency 2.5-11 pm, the
dependence P=f(A), and the effect of resistivity

ponP.

PHOTONICSs VOL. 13N212019 a1



i1

KaJIOpUMeTPUYeCKUX U3MepeHHUH [31-33], rae dUKCH-
poBanoCch TOIBKO o6beMHoOe IIorjoleHre Ha A=10,6
MKM. ITH Ke 3¢ eKThl IIPUBEIH, BEPOITHO, K YMEHb"
MIeHHUIO 3Ha4eHHd K03QPHIMeHTa Y B M3MepPeHHOH
YaCTOTHOM 3aBHUCHMOCTH P~AY. [34]. Kak mokasaHo
B pabote [29], B obnacT Manblx 3HaueHUN [ masa Ge
Be/IMYMHA Y ~2.

C mosBleHHeM TeXHOJOTMH (GOPMHPOBAHUS
ONTHYECKUX JeTa/leld IyTeM BBICOKOTeMIIepaTypHOM
nedopmanuu 6bUIa NpeANPUHSTA IOIBITKA ITPOBe-
CTH 3TOT MPOLleCC INPH HM3rOTOBJIeHHH TepMaHHeBOHU
onTukU. O6HapyskeHo [35], 4To IIacTUdecKas gedop-
Mallts BhI3bIBaeT yBe/IMYeHMe KO3QPHIMeHTa I10IJI0-
IIeHKsI KPHCTAJUIOB FePMaHHs, TaK KaK H3MeHeHHs
CIIeKTpa IIOIJIOWEHMS K IIPOBOAMMOCTH YKa3bIBAIOT
Ha TO, YTO BO3HHUKILHE B pe3yJbTaTe 3TOr0 JUC/IOKA-
MU IpU Temmeparype 300 K ob1amaroT akiemnTop-
HBIMH CBOHMCTBaMH.

IIpy HanW4YMKM paccessHHsI 3aKOH byrepa-Jlam-
bepra mas ocnabneHHsI CBeTa BBHIIIOJHSIETCS He
CTPOro, a M3BeCcTHbIe GOPMYJIbI, CBSA3BIBAIOIIHE KO3(-
GULIMEeHTH! IIPOIYCKAHUS U OCTabneHus, B Caydae
3aMeTHOI'0 PaCcCesHHUsl CTAHOBATCS HEKOPPEKTHBIMH.
Pasmuuus TeM Bbllle, YeM OoJibllle OTHOIIEHHe Bepo-
SITHOCTeH paccesiHUs POTOHA U IIOIJIOIIEHMS B Clloe
eIMHUYHOM JJIMHBI, a TAKKe TeM Bblllle, yeM bosblile
OTHOILIeHHe JJIMHBI KPUCTA/IIA K ero AUaMeTpy [25].

15 psija IpUMeHeHUH, IIPeXKAe BCero B TeIVIOBH-
neHuu (monydeHue, obpaboTKa U Iepemada HU306pa-
>KeHUH), paccessHHe SIBSIeTCS IMPUYMHOMN CHIKeHHS
KOHTpacTa H306pakeHHs K paspellaloller CIocod-
HocTH [20]. B 3TOM [OHamasoHe HMeeT MeCTO MaJo-
yIJIOBOe paccesHHe MU U [0Jis PAacCesHHOIO M3jy4e-
HUS MOXKeT mocTurath 20% u 6ojee, B 3aBUCUMOCTHU
OT XapaKTepPUCTUK TepmaHus. Ilonmukpucramibl Ge
pacceMBalOT CBeT B HECKOJIbKO pa3 HHTEHCHBHee
MOHOKPHUCTa/JIOB. COOTBETCTBYIOIIHE IIOTEPAM KO3~
bUIIMEeHTHl paccesHUs Bp Ge - (1031071 cm™), BxOmS-
muye B KO3OUIIUMEHTHl ocaabmeHUsT (3KCTUHKIIHH)
CBeTa, BO MHOTHX 00pa3ljaXx COM3MEPHUMBI C CAMHUMHU
KO3QOUILIMeHTaAMU 3KCTHHKIHHK W 3a4acTyi0 IIPeBOC-
xomsat B [9, 12, 13].

PaccedHue u3nydyeHHs B Ge CBSI3aHO C BO3HHK-
HOBEHHEM POCTOBBIX TePMOYIPYIHX HaIlpsDKeHHH,
[IPUMECHOM HeOJHOPOLHOCTBI0O M CTPYKTYPHBIMH
nedpekTaMu. MaKCHUMyM paccesHUsI HabnromaeTcs
B JIETHPOBAHHBIX MOHO- U ITOTUKPUCTA/UIAX IIPH 60/IB-
IIOM KOJIHUecTBe JedeKToB (Ma/loyIJOBble TPaHHUIIHI,
BK/IIOYEHHUS, GiouHas cTpyKrypa) [5]. BricoKoTeMIle-
PaTypHBIK OTKUT Ge IIPUBOOUT K CHHDKeHHIO HHTeH-
CHBHOCTH pacCesgHHs CBeTa B HECKOJbKO pa3, 4To
CBHU/IETENIBCTBYeT 00 M3MeHEeHUH pa3MepoB U GpOpPMEI
pacCceMBAOIIUX HEOLHOPOLHOCTeHM M, BO3MOXKHO,
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In the region of maximum transparency of Ge, the
optimization of resistivity helped to reduce the value
of By ¢. The measured value of f, strictly speaking, is
the value of the attenuation coefficient in the samples.
At present, the crystals with f=0.015 cm™ have been
obtained, with grating absorption, Bg,,=0.01cm™. The
surface absorption is 2B, ;=0.0009 cm™. These values
are close to the process limit of the material [31-34]. The
dependence f=f(A) obeys the experimental expression
B ~ AL2, The value of B depends exponentially on
temperature and the main mechanism of volume loss
is absorption on free charge carriers. A certain increase
in B with an increase in p in the region of 5-50 Ohm-cm
is a consequence of the increasing contribution of
absorption by free holes, whose absorption cross-
section in the region of 10 pm is ~16-100 times larger
than that of electrons [31-33].

The studies of Ge IR absorption in the transparency
region showed that by optimizing the concentration
of electroactive impurities it is possible to reduce the
absorption coefficient almost to the phonon limit.
However, the losses can be caused not only by volume
absorption, butalso by surface absorption and scattering
of radiation by structural defects. This, apparently, can
explain a certain excess of the measured value of B, ¢
over the calorimetric measurements [31-33], where
only the volume absorption was recorded at A=10.6
pm. The same effects probably led to a decrease in the
value of the coefficient y in the measured frequency
dependence B ~ \v. [34]. As shown in [29], in the region
of small p values for Ge, the value y~2.

With the advent of the technology of forming
optical components by high-temperature deformation,
an attempt was made to carry out this process in the
manufacture of germanium optics. It was found [35]
that plastic deformation causes an increase in the
absorption coefficient of germanium crystals, since
changes in the absorption spectrum and conductivity
indicate that the dislocations resulting from this at a
temperature of 300 K have acceptor properties.

In the presence of scattering, the Bouguer-Lambert
law for weakening light is followed not strictly, and
the known formulas relating transmittance and
attenuation in the case of noticeable scattering become
incorrect. The differences are the higher, the higher
the ratio of the probabilities of photon scattering and
absorption in a unit-length layer, and the higher the
ratio of crystal length to its diameter [25].

For a number of applications, primarily in thermal
imaging (receiving, processing and transmitting
images), scattering causes a decrease in image
contrast and resolution [20]. In this range, small-
angle Mie scattering takes place and the fraction of
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0 YaCTUYHOM HX paciiazie. Bo BpeMs TepmoobpaboTku
repMaHus IIPOTeKAT [Ba IIpoLiecca — AUCCOLHMALHS
KOMIUIEKCOB KHCIOPOAA C CYpbMOM IIpH TepmMoobpa-
boTke (c yoaneHHeM CypbMBI U3 IIPUMeCHOT0 obaxa)
U yBeJHYeHHe KHUCIOPOAHBIX 00/akoB M3-3a AU-
¢ysuu KUCIoposa. OTH pesynbTaThl YKasblBalOT Ha
BO3MO>KHBIE IIyTH CHH’KEHHUSI CBETOBBIX IIOTEPb, CBS-
3aHHBIX C paccesHHeM. JTO - AJIMTENbHBIH BBICOKO-
TeMIIepaTypHBIH OTXKUTI, IIPHMeHeHHe CBEPXYHCTOro
KMCXOLHOIO CHIPbs, W, B IIEPBYI O4Yepesb, COBepIlIeH-
CTBOBaHME TeXHOJIOTHH BeIpamuBanus Ge [4, 9].
Hanuuue peskor TeMIepaTypHOM 3aBHCHMOCTH
B orpanmuuBaerT mpuMeHeHHe Ge B HeITPepBIBHBIX
naszepax. OkHa U3 Ge yIOBIETBOPHUTENBHO PaboTaioT
IIpU IUIOTHOCTSIX MoIHOCTH 100-250 BT/cMm2, ecnu
obecrieyrBaeTcs UX 3PPeKTUBHOE OXJIKAEHHEe [2].
OpgHako wucmonb3oBaHHe Ge B HeIpPepPBIBHBIX Jiase-
pPax OrpaHHYeHO M3-3a MOSBJIEHHS OINTHYeCKHX 3JIe-
MEHTOB U3 IIOJIMKPUCTA/IJINYECKOI0 CeJIeHUAa LIMHKA,
obamaromero yqIe OTHYeCKOk IIPOYHOCTHIO.
BrIsiB/IeHa B3aMMOCBSI3b CTPO€HHS U 3JIEKTPOIIPO-
BOOHOCTH (a c/eZoBaTelbHO, U IIOIJIOLIEHHS) He
TOJIBKO MOHOKPHCTA/UIOB, HO M OIITHUYeCKHX IIO0JIH-
KpucrtauioB Ge (TTIO) u ocobo YUCTOro repMmaHus
(O4r). YoenpHas 37IeKTprYecKas IIpoBoguMocTs I'TIO
CHHM>KAeTCs IIPU YMeHBIIeHUU pa3Mepa KpPHUCTAJIN-
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scattered radiation can reach 20% or more, depending
on the characteristics of germanium. Ge polycrystals
scatter light several times more intensely than single
crystals. The corresponding loss coefficients B, Ge -
(103-10! cm™) are included in the light attenuation
(extinction) coefficients, in many samples they are
comparable with the extinction coefficients themselves
and often exceed B [9, 12, 13].

The scattering of radiation in Ge is associated with
the appearance of growth thermoelastic stresses,
impurity inhomogeneity, and structural defects. The
scattering maximum is observed in doped single and
polycrystals with a large number of defects (low-angle
boundaries, inclusions, block structure) [5]. High-
temperature annealing of Ge leads to a decrease in
the intensity of light scattering several times, which
indicates a change in the size and shape of scattering
inhomogeneities, and, possibly, their partial decay.
During heat treatment of germanium, two processes
take place: dissociation of oxygen complexes with
antimony during heat treatment (with removal of
antimony from an impurity cloud) and an increase in
oxygen clouds due to oxygen diffusion. These results
indicate possible ways to reduce the light loss associated
with scattering. This is a long-term high-temperature
annealing, the use of ultrapure raw materials, and,

PHOTONICs vOL. 13N212019 g3



i

TOB, YTO CBSI3aHO C YMEHbIIEHHEeM IIOJBMKHOCTH
HOCHTe/er 3aps/a, BhI3BAHHBIM HX paccesHHEM Ha
rpaHUIaX KpUCTA/LIUTOB. B OUI 371eKTPOIpOBOA-
HOCTb pacCTeT C yMeHBbIIeHHeM pa3Mepa KpHCTaJl-
JIUTOB, a BpeMs JKHU3HH HePaBHOBECHBIX HOCHTeNeH
3apsafa B HeM CHHJKAeTCs, BC/IeACTBHE POCTa KOH-
LIeHTPalluH IIOBEPXHOCTHBIX 3JIeKTPOHHBIX COCTOS-
HUH [36, 37].

Be3guCIoKalMOHHBIM M MaJlogUCI0KAllMOHHBIH
OUI' BBIpalIMBAIOT )il IPOHM3BOACTBA PagUALIMIOHHO-
HOCTOMKHX (OTO3TeKTPHUYEeCKUX HeTeKTOPOB HOHH-
3UPYIOIIHUX H3/1yuyeHUM, Ife TpebyloTcs KPHCTAJLIBL
C cofepkaHHeM JIHHeHHBIX OedeKToB (IOpSIAKa
100 cM™?) ¥ KOHLeHTpalHel 371eKTPOAKTUBHBIX IIpH-
Mecel Ha ypoBHe 109-10° cm3. OmHOM M3 BpeSHBIX
IIpHUMecel, OKa3blBAOIIUX BIHAHHe Ha JedeKT-
HYIO CTPYKTYpPy M CBOMCTBa KpHUCTII0B Ge, ABIIS-
erca kuciaopog [O] [38-41]. Kucnopon B repMaHHH,
KaK IIPaBH/IO, SIBJISIETCS aTOMAapHOH MeXXA0Y3e/lbHOH,
ONTHYeCKH aKTUBHOM NpHMechlo. KoMIlieKcsl, obpa-
3yemble [O] B repmaHuH, 00yCI0B/IeHB HaJH4YHEM
KBasuMosiekyn Ge-O-Ge, a TakoKe Pas3IMYHBIX IIpe-
nunuTatoB GeOx, pasmepsl, KOHLIEHTpaLHsa, dopMa
KOTOPBIX 3aBUCAT OT 0bIell KoHLeHTpanuu [O], yco-
BUM BBIPAlIUBAaHUS, TepMooOpaboTKU. ABTOpaMU
pabot [38--41] BBISIBIEHA B3aMMOCBSI3b KOHILIEHTpa-
uun [O] M IJIOTHOCTH AHUCIOKALMH, OINpeferneHo
coJlepskaHHue ONTHYecKH akKTUBHOro [O] B KpUCTalIax
Ge pasIHMYHBIX MapoOK, YCTaHOBJIEHO, YTO COJepsKa-
HUe [O] 3aMeTHoO B/IMsIeT Ha CTPYKTYpPHOe COBeplIeH-
ctBo OUYl W mmapameTpsl IpUOOPOB, H3TOTOBIEHHBIX
Ha ero oCHOBe, HaIlpUMep JeTeKTOPOB.

ComepskaHHe ONTHYeCKH akTHBHOro [O] B Ge pas-
JUYHBIX MapoK oIpenensioT MetonaoM HMK-®ypbe-
CIIEKTPOCKOIIMHY I10 ITOJIOSKEHHIO II0JI0C IIOTJIOIIeHMS
B QOHOHHOM 30He (pHuc. 2). PeryaupoBaHHe CofepsKa-
Hus (O] B MaTpulie Ge 3a4acTyI0 LOCTUIAETCS JIETHPO-
BaHHEeM pelKo3eMelbHEIMU 37leMeHTaMHu [42]. IToka-
3aHO, 4TO B Ge, TerupOBaHHOM PSAOM JIAaHTAHOM/IOB,
OHM AKTHBHO CBSI3bIBaIOT [O] B 3/IeKTpPHYECKH HeH-
TpaJIbHbIe KOMIIJIEKCEI, POPMaIbHO CHU KA IIPU 3TOM
KOHLIEHTPALIMIO ONITHYeCKH aKTUBHOro [O] B MaTpHULie
[IOYTH Ha IIOPSIOK.

CoBpeMeHHBIe TeXHOJIOTHH BbIpAIIMBaHUS TIep-
MaHHs C HHU3KMM COIepkaHHeM KHCI0poJa B KpHU-
CTa/lzax JO/DKHBL obecrieunBaTh KOHII@HTPAILIHIO
KUCIOpoAa Ha ypoBHe 10 c¢M?3, 4To mpearonaraer
BBIpallliBaHHe B aTMocdepe, B KOTOPOM IMapLHa/ib-
Hoe faBneHue [O] B ra3oBoil dase He JOIKHO IIPEBBI-
marth 1,53-103aTtm (~1,50-10718 I1a) [26]. IIpu pocte Ge
M3 PacIiaBa U HaJIM4YHK KUCIOPOJa B ra3oBou dase
IIpOTeKaeT peaklys okucaeHUs Ge ¢ obpasoBaHHEM
B pacIllaBe reTepOreHHBIX BKIIOYeHUH GeO,, SIBISIO-
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above all, the improvement of Ge growing technologies
(4, 9].

The presence of a sharp temperature dependence
B limits the use of Ce in continuous lasers. Ce
windows perform satisfactorily at power densities of
100-250 W/cm? if their effective cooling is ensured [2].
However, the use of Ge in continuous lasers is limited
because of the appearance of optical elements from
polycrystalline zinc selenide, which has better optical
strength.

The relationship between the structure and
electrical conductivity (and, consequently, absorption)
of not only single crystals, but also optical polycrystals
of Ge (CPO) and highly pure germanium (HPG) has
been revealed. The electrical conductivity of GPO
decreases with a decrease in the size of crystallites,
which is associated with a decrease in the mobility
of charge carriers caused by their scattering at the
boundaries of crystallites. In HPG, the electrical
conductivity increases with decreasing crystallite size,
and the lifetime of non-equilibrium charge carriers in
it decreases due to an increase in the concentration of
surface electronic states [36, 37].

Dislocation free and low dislocation HPGC is grown
for the production of radiation-resistant photoelectric
detectors of ionizing radiation, where crystals with
a content of linear defects (of the order of 100 cm™)
and a concentration of electroactive impurities at the
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Puc. 2. MNonoskeHue KUcA0pOOHbIX GOHOHHbBIX NOAOC nozAoLe-
HUs dag uzomona Ge M =74, h=12 mm, (cmpeAKamu noKa3aHsl
MAKCUMyMbl GOHOHHBIX NOAOC NO2NOWEHUSI C YKA3aHUEM
CO0maemcmaytousux 80AHO8bIX Hucen) [45]

Fig. 2. Position of oxygen phonon absorption bands for the Ge
isotope M =74, h=12 mm, (the arrows indicate the maxima of
the phonon absorption bands with an indication of the cor-
responding wave numbers) [45]
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IIMXCSI UCTOYHHUKOM He TOJBKO 00pa3oBaHUS IHCIIO-
KaIl[H, HO U POCTa II0Teph U3JIyUeHus.

HHTepec Kk Ge yCHJIMJICS B CBSI3U C Pa3BUTHEM
r7106a7IBHBIX CIIYyTHHUKOBBIX CeTeM, a TaKKe IPYrux
TeJIeKOMMYHHKALIMOHHBIX IIPoeKToB [1]. st 6opTo-
BOrO0 IHUTaHUS CIYTHUKOB, SIB/SIOIIMXCSI OCHOBOM
IOoAOOHBIX IPOEKTOB, TPebyITCs pagHalliOHHOCTOM-
Kkue doTosnekTpuyeckue IpeobpasosBarenu (PIII)
C BBICOKHM K. II. . Takye 3JIeMeHThl 3aMeTHO 10pOsKe
IIHPOKO HCIIOIb3YeMbIX KDeMHHEBBIX, HO B 3TOM CIIy-
Yyae OHM HCIONB3YIOTCSA 6rmaromapst bonbiuen s¢pdek-
TUBHOCTH. ®III c K.1.[. bonmee 39% mpou3BoOOAT Ha
OCHOBe 3MHUTakchaibHBIX AIII-BV GalnP/GalnAs/Ge
Ha nomiokkax Ge.Heobxogumele TpeGOBaHI/IH K Ge -
3TO HU3Kasl IUIOTHOCTh IHUCJIOKAIHUM (Ha YpOBHE
~200-250 cMm?), OTCYTCTBHE IHCIOKALIMOHHBIX Hedex-
TOB THIIA MaJIOyIJIOBBIX TPaHHUIL], AUAMeTp KpPHCTaJI-
710B 100 MM | BeIIme [40, 41].

B HacTosilee BpeMsi aKTHBHO HCIIOJB3YIOTCS pas-
HooOpa3Hble yCTPOMCTBA, HCIIONB3YIOIIHe peHTre-
HOBCKOe M3/yueHHe. B KauecTBe MOHOXPOMATOPOB
PEHTIeHOBCKOTO U3/y4YeHUsl HKCIIOIb3yI0T BBICOKO-
KayeCTBeHHble MOHOKPHUCTA/UIBL C OTHOCHUTEIBHO
OOBIION OTpasKATeNbHOM CIIOCOOHOCTHIO. X packa-
JIBIBAIOT TaKUM 06pa3oM, 4TOOBI IIOBEPXHOCTH ObLIa
IapajuiesbHa AUGPAKLHOHHBIM IIJIOCKOCTSIM. MOHO-
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level of 10°-10'° cm™3 are required. One of the harmful
impurities that influence the defect structure and
properties of Ge crystals is oxygen [O] [38-41]. Oxygen
in germanium, as a rule, is an atomic interstitial,
optically active impurity. The complexes formed by
[O] in germanium are due to the presence of Ge-O-Ge
quasimolecules, as well as various GeOx precipitates,
the sizes, concentrations, shape of which depend on
the total concentration of [O], growing conditions,
heat treatment. The authors of [38—41] identified a
relationship between concentration [O] and dislocation
density, determined the content of optically active [O]
in Ge crystals of various grades, and found that the
content of [O] has a noticeable effect on the structural
perfection of HPG and the parameters of devices
manufactured on based on, e. g., detectors.

The content of optically active [O] in Ge of various
grades is determined by the method of IR-Fourier
transform spectroscopy based on the position of the
absorption bandsin the phononzone (Fig. 2). Regulation
of the content of [O] in the Ge matrix is often achieved
by doping with rare earth elements [42]. It was shown
that in Ge doped with a series of lanthanides, they
actively bind [O] into electrically neutral complexes,
formally reducing the concentration of optically active
[O] in the matrix by almost an order.
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XpoMaTH4yecKoe H3/lydyeHHe, IIolydaeMoe TaKHM
06pasoM, Bcersa B KaKOM-TO CTeMeHU I0JISIPH30BaHO.
CTeneHb MOMAPHU3ALHUY U3/Iy4eHHs 3aBHUCUT OT COBEP-
IIeHCTBAa KpPHCTA//Ia MOHOXpoMaTopa. Heneruposas-
HbII Ge [/ 3TUX Lielel IpUMeHseTcss 6naromaps
OOCTUTHYTOMY BBICOKOMY YPOBHIO COBepIIeHCTBa
KpHCTa1I0B [1].

Ge obnmazaerT BBICOKOM PaJHAIIMOHHOM CTOMKO-
cThio [43]. Obpasuel Ge obnyyanu y-nmydamu *°Co mpu
3800 pax-c! (mo3a 108 pazn), GBICTPBIME 3JIeKTPOHAMH
C SHepruer 1 M»sB, B s[epHOM peaKkTOpe IOTOKOM
MeJJIeHHBIX U OBICTPBIX (O 30%) HEHTPOHOB IpHU
T=200 °C. IIpommycKaHKMEe M3MEHMIOCH TOJIBKO IIOC/IE
obpaborku B peakTope. IIpu 06/1yueHUH TeILIO-
BBIMU HeHTpoHaMH B Ge obpasyrorcs aToMmsl Ga U As,
SIBJISIIOINMECS TIOIVIOIAIOUIMMHU 3/1eKTPOAaKTUBHBIMHU
[IPUMECSIMH.

AbconmoTHO 6onblias 4acTh JAHHBIX 0 Ge IIONy-
YeHa Ha MaTepHaje INPHUPOLHOLO H30TOMHUYECKOro
coctaBa: Ge - aTOMHBIF HOMeP - 32, aTOMHas Macca -
72,59; COCTOUT M3 CMeCH CTabM/IBHBIX H30TOIIOB
C MAaCCOBBIMH uuciaamu 70, 72, 73, 74, 76. Pa3gene-
HHUe H30TOIIOB - TeXHHUeCKH CA0KHBIHM U JOPOro-
CTOSIIIMHU IIpoLiecc, U M03TOMY MaJIo JaHHBIX O BJIM-
SSHUM M30TOIIMYeCcKOro cocTaBa Ha OQH3HYecKHue
cBorcTBa Ge. B pabote [44] 3dpdeKT ncciemoBaH Ha
usoronax °Ge u 7*Ge M II0Ka3aHO, YTO HM30TOIIMYe-
CKHU YUCTBIN Ge IIpH HU3KUX TeMIlepaTypax MMeeT
TeIIOIIPOBOAHOCTD B 8,5 pa3a Bhliie Ge IIPUPOAHOIO
COCTaBa.

doHOHHOe IOINoIeHHe 3aMeTHO OrpaHHYHBaeT
npuMmeHeHHe Ge (20, 34]. OHO XOpoIIO M3y4eHO, I10JI0-
>KeHHe II0JI0C IIOIJIOIeHMsI B cIeKTpax Ge IpHpo.-
HOTO COCTaBa IPaKTHYeCKH SIBJsSeTCS KOHCTAaHTOH
MaTtepuasna. OgHako Ha obpasnax °Ce u 7“Ge obHa-
Py’kKeH M30TONMYeCKUH CABUT 3THUX II0JIOC B 061acTH
12-14 MM [45] (puc. 2) (3KCLIEpUMEHTHl IIPOBefeHbl
Ha Tex ke obpaslax, uTo U B pabote [44]). BausHue
KPUCTaJJIOTPAadUIeCcKOr OpHeHTAllMH M TeXHOJIOTHH
BBIPAIIMBAHUS Ha IOJIOKEHHEe MaKCHMYMOB QOHOH-
HBIX I10JI0C IIOIVIOIIEHMS He BbISIBJIeHO. PellleTOuHbIe
IIMKH IIOIJIONIeHW Ha JacToTax v - 850, 755, 650 cm1,
HabnogaeMble B Ge IIPUPOLHOIO COCTaBa, B MOHO-
HM30TOMHBIX KPHUCTa/I/IaX CABUTAOTCA. [IpuyeM B KpH-
craiax ’°CGe HabmofmaeTcsi PocT YacTOTHI ITOTIOCHI
IIOIVIOIIEeHHS ~ V, a B 7*Ce V YMeHbIIIaeTCsl I10 CPaBHe-
HHUIO C KPUCTA/UIAMH IIPUPOJHOIO K30TOIIHMYeCKOIro
cocTaBa. COBHUT IIPeBhIIIAeT 10T PEIHOCTh H3MepeH I
1 MOXeT OBITh MCIIONIB30BaH AJISL 3KCIIPecC -OLleHKH
HM30TOMHYeCcKoro cocTasa Ge.

Ge - K/IACCHMYeCKHH IT0JYIIPOBOJHHMK C IIHMPHHOU
3ampemeHHON 30HBI 0.67 3B [29] 9To cmocobcTByer
BO3HUKHOBEHMIO Pa3/IMUHBIX HeJINHeHHBIX 3¢dek-
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Modern technologies for growing germanium with
low oxygen content in crystals should provide oxygen
concentration at a level of 10 cm™, which implies
growing in the atmosphere with the partial pressure
of [O] in the gas phase not exceeding 1.53:10% atm
(~1.50-10718 Pa) [26]. With the growth of Ge from the
melt and the presence of oxygen in the gas phase,
Ge oxidation reaction occurs with the formation of
heterogeneous GeO, inclusions in the melt, which are
not only a source of dislocations, but also an increase in
radiation losses.

Interest to Ge has increased due to the development
of global satellite networks, as well as other
telecommunication projects [1]. For the on-board
power supply of satellites, which are the basis of such
projects, radiation-resistant photoelectric converters
(PEC) with high efficiency are required. Such elements
are noticeably more expensive than widely used silicon,
but, in this case, they are used due to greater efficiency.
PEC with efficiency more than 39% are based on
epitaxial AIIl - BV GaInP/GalnAs/Ge on Ce substrates.
The necessary requirements for Ge are low dislocation
density (at the level of ~200-250 cm™), the absence of
dislocation defects such as low-angle boundaries, and a
crystal diameter of 100 mm and above [40, 41].

Currently, various devices using X-ray radiation
are widely applied. High-quality single crystals
with relatively high reflectivity are used as X-ray
monochromators. They are split in such a way that
the surface is parallel to the diffraction planes. The
monochromatic radiation received in this way is
always to a certain extent polarized. The degree of
polarization of the radiation depends on the perfection
of the monochromator crystal. Undoped Ce is used for
these purposes due to the high level of perfection of the
crystals achieved [1].

Ge has a high radiation resistance [43]. Ge samples
were irradiated with y rays of ®Co at 3800 rad-s'
(108 rad dose), fast electrons with an energy of 1 MeV, in
a nuclear reactor with a stream of slow and fast (up to
30%) neutrons at T=200 °C. The transmittance changed
only after treatment in the reactor. Irradiation with
thermal neutrons in Ge gives rise to Ga and As atoms,
which are absorbing electroactive impurities.

Most of the data on Ce is obtained on the material
of natural isotopic composition: Ge’s atomic number
is 32, its atomic mass is 72.59; it consists of a mixture
of stable isotopes with mass numbers of 70, 72, 73,
74, 76. Isotope separation is a technically complex
and expensive process, and therefore there is little
data on the effect of the isotopic composition on the
physical properties of Ge.In [44], the effect was studied
on 7°Ge and 7*Ge isotopes and it was shown that at low
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TOB ITPX B3aKMOJEHNCTBUH WHTEHCHUBHOIO U3/yYeHHUSs
c Ge.

B  pawmama3oHe  IUIOTHOCTEHM  MOIIHOCTH
1=107-4-10% Bt/cM? HCCIefoBaHA AUHAMHKA MIPOXOK-
noeHus uminynbca CO,-nasepa [46], onpeneneHbl HelK-
HeMHble IIOTEPU IIPU IIPOXOKOEHUHU ITHKOBOM YaCTH
nasepHoro ummysnsca. IIpu I=20-50 MBT/cm? BOIU3U
[IOBEPXHOCTH KPHCTAI/IAa BO3HHKAeT ONTHYEeCKHUH
npoboil Bo3nyxa. BosgericTBue IlepenHero QpoHTa
MMIIyJIbCA TeHepHUpyeT IIOSBJIeHHe B KpHCTalle
TOPSIYMX HEpPAaBHOBECHBIX HOCHTENEH 3apsaad, IOIJo-
IMAOMUX H3TydeHHe. HelHHeHHble IOTepHU H3JY-
YeHHUs Ha HUX SKCIIOHEHIIUAJIBHO PACTyT C YMeHb-
IIeHHeM IIMPHUHBI 3allpelleHHON 30HBl KpHCTa/LIA.
DKCIIepUMEHTAIbHAsI 3aBHCHMOCTh IIpeobpasyercs
B BEIPaKEHHeE:

(1_R)11
1 AL, ’
exp( _Zij
roe T~2,5-10% K; AEg - IIMPHHA 3allpellleHHON 30HBI;
R - k03ddUIIMEeHT oTpaskeHUs; k - mocTostHHAs Bosb-
IIMaHa; I} - IMMKOBas IJIOTHOCTb MOILHOCTH Jlasep-

HOI'O UMIIYJIbCa; 12 ~ INIOTHOCTb MOIIIHOCTH JIa3€PHOI'0
HMIIYyJibCa, BhIIIEAIIEro U3 KpHUCTAJlJId.

I,=
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temperatures the heat conduction of isotopically pure
Ge is by 8.5 times higher than that of Ge of natural
composition.

Phonon absorption significantly limits the use of
Ge [20, 34]. It is well studied, the position of the
absorption bands in the natural spectra of the Ce
composition is practically the constant of the material.
However, on the °Ge and 7“Ge samples, an isotopic shift
of these bands was observed in the 12-14 pm region [45]
(Fig. 2) (the experiments were performed on the same
samples as in [44]). The influence of crystallographic
orientation and growing technology on the position of
the maxima of the phonon absorption bands was not
revealed. Absorption grating peaks at frequencies v -
850, 755, 650 cm, observed in natural Ge composition,
are shifted in monoisotopic crystals. Moreover, in
the 7°Ce crystals, an increase in the frequency of
the absorption band, v, is observed, and in”Ge, v
decreases as compared to crystals of natural isotopic
composition. The shift exceeds the measurement error
and can be used for rapid assessment of the Ge isotopic
composition.

Ge is a classical semiconductor with a band gap of
0.67eV [29]. This contributes to various nonlinear effects
in the interaction of intense radiation with Ge.
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HMHTeHCMBHOCTb IIpolleAniero d4epes Ge CHI-
Ha/la CHMJKAeTCS TOJIBKO BJBOe I1ocie 5-10 MMIIy/Ib-
COB, a MOBPEXEHHUS JIOKA/IM30BaHbl UCKIIOYHUTEIBHO
B [IPUIIOBEPXHOCTHOM CJIO€, TO eCTh Ge KaK MaTepHal,
CrIoco6HBIN 6e3 KaTacTpoHUUeCKOro paspylleHHUs
BBLIEepP>KHMBAaTh 3HA4YMTe/IbHbIe JIy4eBhle IeperpysKH,
[IpelCTaB/IsieT 3HAUYUTe/lbHBIM HHTepec IJIsI ONTHKH
UMITYIbCHBIX CO,-/1a3epoB.

MeTogaMH CBETOBOM M 3JIeKTPOHHOM MHKPOCKO-
MK K PeHTTeHOBCKOM Tomorpaduu HCCIefoBaHa
mopdosiorust noepexxAeHUI Ge IIoC/ie BO3[EHCTBUS
H3/ydeHHs] MOLIHOTO MMIynbcHoro CO,-masepa [47].
HccenmoBaHUsl MpoBelleHbl Ha CepHUIHO BBIIIyCKae-
MoM Ge Mapku MO, 06paboTaHHOTO I10 OIITHYeCKON
TeXHOJIOTHM, M Ha 0e3[MCIOKALMOHHBIX KPHCTAN-
7ax, IOJMPOBAaHHBIX XHMHYECKH, 10 TEXHOJIOTHUH,
HCII0JIb3yeMOH B MHKPO3JIeKTPOHHKe. YCTaHOB-
JeHO, YTO B AHalla3oHe aMIUIMTYJHBIX 3HaueHHUU
IIJIOTHOCTH MOIIHOCTH H3/My4deHus 2-106-4-108 Bt/cm?
peanu3yoTCcs [IBa OCHOBHEIX THIIA IIOBPeXIeHHMU.
[Ipu I<4-107 BT/cM? HabMIOJAIOTCS OYark JIOKaIb-
HBIX MHKpOpa3pylleHHUH IPHUIIOBEPXHOCTHOIO CJIOS.
JlokaJIbHBIE MHKPOPa3pyLIeHHs, BO3HUKAIOUIHE IPH
I<4-107 Bt/cm? BeenctBue mpobost nubo Ha IOIJIO-
IIAOIIUX MHKPOHEOAHOPOLHOCTSAX KpHUCTaIa, Mubo
Ha JedeKTax ONTHUUeCKOM 06paboTKu, SBISIOTCS
Pe3y/IbTaTOM MHUKPOB3PBIBOB, 0OPa3yOIIHUX KpaTepsl.
Bo3gericTBue u3nydeHus npu [=4-107 Br/cm? mpu-
BOJUT K OIUIABJIEHHIO CJIOSl INIyOMHOM 1-3 MKM, UTO
0OBSICHSIETCS JIABUHHBIM IpoboeM HepaBHOBECHBIX
HOCHTeJIeH 3apsa IIPUIIOBEPXHOCTHOro cost Ge, 4YTo
IpefoxpaHsieT 06beM KPHUCTalaa OT IOPaskeHUSs U3y~
YeHHeM CBePXIIOPOrOBOM MHTEHCHBHOCTH. XapaKTep
BO3/IEHCTBHUS, IPHUBOASAMIUI K Pa3pyLIEHHIO TOJBKO
[IOBEPXHOCTHOIO CJIOSI OITHYeCKOM [JeT/IalH, II03BO-
7seT IOJIHOCTBIO BOCCTaHABAMBATh JeTanu U3 Ge
I[1epeIrIoIHPOBKOM.

B puamasoHe 2,6-5 MKM Ha MpoOLlecC HeJlHHeH-
HOTO IIOIVIOIEHH S HaK/IaJbIBAIOTCSA 3QPeKTHl ABYX(O-
TOHHOTO [48, 49] 1 TpexdoTOHHOTrO TornoumeHus [(49].
HenuHeliHOe MOI/JOIIeHHEe M37y4eHHUS MOIIHOIO
HeLIeITHOro MMIyabcHoro HF-nmasepa wucciemoBamoch
Ha Ge pasJIMYHOM TO/LIMHBI K YAeIbHOIO COIIPO-
TUB/IeHUs [50]. B 3aBHCHMOCTH OT COCTaBa CMeCH
(SFg: CHg mnm SE;: CyDyy), 7a3ep reHepUpOBAI HU3TY-
YyeHUe B OuamnaszoHe 2,7-3 MkMm (HF-mazep), nubo
B 3,7-4,1 mxmMm (DF-nasep). CroekTp TeHepaLUU
HF-nasepa mpexacrasisin cobort Habop u3 18 pasznuy-
HBIX JIMHUHU B [Hala3oHe A=2,6-3 MKM (cpeanm
nuHusg hw=0,4397 3B, cooTBeTCTBYeT A=2,82 MKM).
JIATeNIbHOCTh MMITyJIbCa IO IOJYyBBICOTE ~150 HC;
MaKCHMMajibHas 3Heprus E=5 [DK; pacmpeneseHue
SHepryuu 67113K0 K pABHOMEPHOMY.
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Puc. 3. MponyckaHue Ge (p=20 Om - cm) moawuHol h=1mm
om naomHocmu nadarouieli 3Hepauu HF u DF aazepos [50]
Fig. 3. Transmittance of Ge (p =20 Ohm-cm) with a thickness
h=1mm from the density of the incident energy of HF and DF
lasers [50]

In the power density range, I=10"-4-108 W/cm?, the
pulse propagation dynamics of a CO, laser was studied
[46], nonlinear losses were determined during the
passage of the peak part of the laser pulse. AtI1=20-50
MW /cm?, optical breakdown of air occurs near the
crystal surface. The action of the leading edge of a
pulse generates the appearance of hot non-equilibrium
charge carriers in the crystal that absorb radiation.
Nonlinear radiation losses on them grow exponentially
with decreasing width of the forbidden band of the
crystal. Experimental dependence is transformed into
the expression:

(I_R)Il

1 AE, '
ol 3
where T~2,5-10* K; AE, is the width of the forbidden
zone; Ris the reflection coefficient; k is the Boltzmann
constant; [, is the peak power density of the laser pulse;
L, is the power density of a laser pulse emitted from a
crystal.

The intensity of the signal passing through the Ce
decreases only twice after 5-10 pulses, and the damage
is localized exclusively in the surface layer, i.e., Ge, asa
material capable of withstanding significant radiation
overload without catastrophic destruction, represents
considerable interest for the pulsed CO, laser optics.

The methods of light and electron microscopy and
X-ray tomography investigated the morphology of Ce
damage after exposure to radiation of the high-power
pulsed CO, laser [47]. The studies were carried out on
commercially available Ge of GMO brand, processed

I,=



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN NRARRN
I MATERIALS & COATINGS

[Ipy HU3KUX MHTEHCHBHOCTSX 0O1ydeHUs
HF-nasepom (I=0,3 MBT/cM?) B OTCyTCTBHe IIOBPEeX-

OeHUHN o06pa3snoB 3apUKCHPOBAH CYIIeCTBEHHO 3010%
HeJIMHEeMHBIN XapaKTep MPOXOXKIeHHUS H3ydYeHHS
yepe3 Ge.Ha pwuc. 3 mokasaHbl 3aBHCHMOCTH IIPO- 2,5:107 1
nyckaHus Ge (h=1 MM) OT IIOTHOCTH H3/Iy4YeHMUS
HF- u DF-ja3epoB COOTBETCTBEHHO, a Ha puc. 4.- 2:10%
3aBHCHUMOCTh KOHIIEHTPALIMKM HEPaBHOBECHBIX CBO-
6omHBIX HOCHTeNeH, IeHepPHUPOBAaHHBIX B IIpoliecce 2 1,5-10%
nBYyXx$OTOHHOIO IIOI/IOMIeHHUs Mo rnybune (pacuer - | <~
B MOMEHT BpeMeHH t~200 HC). HeluHeNHOe MOrio- 10 -
meHKe u3nydeHus: DF-nasepa B Ge Habmomanoch nNpu
CyILlecTBeHHO 6o0sbIlell MHTeHCHUBHOCTH H3/Iy4eHHS 5-1017 |-
I>10 MBT/cM?.

0 L L L L 1

[Ipornyckanue Ge B 06/acTH HEIHMHEHHOCTH 0 0,005 0,00 0,015 002 0025 0,03
3aMeTHO I1aJlaeT P YBeJIHYeHUH TONIHUHBI 06pasia
U yIe/lbHOTO CONPOTHBIEHHS KpHUCTaaia. Mo-
HOCTh IIpomenmero HMMIIY/JIbCd 3aMETHO yMeHbIla- Puc. 4. 3asucumocmb KOHUeHmMpauuu HepasHoB8ecHbIX
ercss, dopmMa CHIBHO IebopMHUpyeTcs, HabnromaeTcs €80600HbIX HOCuMenell, 2eHepUpPOBAHHbIX 8 Npouecce 08yX-
3aMeTHOe yKOpo4deHHe IIepefHero q)pOHTa. Hony— q)OmOHHOZOﬂOZ/IOU,{EHUﬂ n02/|y6UHe(paC'-l€m6MOMEHm
4eH KO3QOUIIMEHT ABYXPOTOHHOIO IIOTJIOMIEHHUS spemenu t~200 Hc) [50]

Ge K,=55+10 cm/I'BT. IIpoaHa/M3UpPOBAHO BIHSHHE Fig. 4. Dependence of the concentration of nonequilib-
rium free carriers generated in the process of two-photon

T1apaMeTpoB HMMIIy/bCa Ha AUHAMHRY IPOXOXRIACHUS | g 50rption over the depth (calculated at the time t~200
MMITy/bca u3nydeHns HF-1asepa depes Ge TOMIMHOK | ps) [50]

h=0,03-0,55 cM.

z,cM/z, cm
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PacripefieneHre MHTEHCUBHOCTH I(z) Mo ToMNIIMHe
Ge CH/IBHO MeHSeTCs B TeueHHe JAJIUTeTbHOCTH J1a3ep-
HOTO HUMIIy/Ibca. CreHepHpOBaHHBIE HOCHUTEIH COCpe-
NOTOYEHBI B TOHKOM CJI0e BOJIM3U BXOLHOM MOBEPXHO-
CTH KpHUCTalia (CM. pUc. 4.), T. e. OCHOBHBIE [TPOLIeCCHI
HeJIMHEeNHOIo IIOIVIOIIeHUS IIPOMCXOAAT B CJIoe TOJI-
IIMHOM MeHee 50 MKM. BO3HHMKIIMI CBoeobpasHbII
HeJlHHeNHBIN QUIBTP, KaK U Ha A=10,6 MKM, IIpensT-
CTByeT pa3pylleHHIO obbeMa Marepuasna Jaxke IIpU
IIOIIBITKE KeCTKO CPOKYCHPOBATH Ja3epHYIO 3HEPIHI0
B IIy6HHY KpUCTA/UIA. [laHHOe OBCTOSITENIBCTBO CBH-
IeTeIbCTBYET O GOJIBIION BasKHOCTH IIPOLIECCOB HeJH-
HeLHOIo IIOIVIOIIeHHs, UAYIIUX B IIPUIIOBEPXHOCT-
HOM CJI0e, HaIpHMep, BelH4YMHa KO3QPHUIIHEeHTa
pekoMOUHALIMK CBOOOAHBIX HOCHTeTIEH Ha IIOBEpPXHO-
CTH MOXKET Ha HECKOJIbKO IIOPSIAKOB IIPeBBIIIATH 00B-
eMHYyI0. CIleliMa/lbHOe JIerHPOBaHHe [T0BEPXHOCTHOIO
CJI0S1 MOXKeT 3aMeTHO M3MeHUTh BeJTMUHUHY HelHHeH-
HOTO IIPOITyCKaHHUs Bcero obpasua Ge.

B Ce HabniomamoTcs U Jpyrue HeIHHeHHBIe
3ddekTsl [29]. OnTHYecKHe KOHCTAHTBl MaTepHaJIOB
OIIpefeNsIIOTCS ypaBHeHHEM:

P=¢g,(\VE+YPE+YPE+...),

rae P - 3jekTpuYecKas MOJsSpyU3alis, UHAYLKPOBaH-
Hasl JIeKTPOMarHUTHOU BOJIHOMU, E - HaNIpsoKeHHOCTh
I10JI51, X — TeH30p BOCIIPUMMYUBOCTH CpPeibl.

B JIMHENHOM OITHKE YYHUTHIBATCS TOJIBKO IIEpP-
BB WIeH ypaBHEHHUsI, HO IpU paboTe ¢ MOUIHBIM
Ja3epHBIM H3Jy4eHHEeM YsKe Hejb3sl IIpeHebpeub
HeJIMHeHHBIMHU 3(deKTaMHU, oOIpefenseMbMH
APyTMMH 4WieHaMH ypaBHeHMs. B Kpucramiax
CO CTpPYKTypo# anmMasa (B yacTHoctu Ge) Beerza @ =0.
Jlst Ge x®=1,5-10"1 exr. CGSE. JTO [103BOJISIET HCIIONb-
30BaTh Ge 17151 3¢ eKTHBHOro obpalleHus BOTHOBOIO
dponTa [51]. B mnactuHe Ge, yCTaHOBJIIEHHOH B pe30-
HaTope CO,asepa, IIONy4eHO ¢a30COIPSIKeHHOe
oTpakeHHe Ha 10,6 MKM OT $a30BBIX peIIeTOK, BO3-
HHUKAIOIIMX BO BCTPEYHO PACIIPOCTPAHSIOUIUXCS BOJI-
Hax. KosppuineHT oTpaskeHus Jocturan 20%. Jlyd,
OTpPa’KeHHBIM TaKHUM 3epKaJIoM, BO3BpalllaeTcsi Hasal
II0 TOMYy >ke OITHUYeCKOMy HyTH. Mcronbp3oBaHHe
3TOro 3¢gdeKTa 1103BoJIseT [01ydaTh JUPPAKIIKOHHYIO
PacxoguMOCTh M3/IyYeHHs MOIIHOTO Jia3epa C Heof-
HOPOJHOCTSIMH B aKTHBHOI Cpelle U B ONTHYECKHUX
3/IeMeHTax.

9dPerT POTOHHOIO yBJIEUeHHSI HOCHTENIer TOKa
B IIOJIYIIPOBOAHMKAX HAXOJWUT IIpUMeHeHHe B $OTO-
npueMHUKax (PII) 41 perucTpaliii MOILIHOIO a3ep-
HOTO HMITYJIbCHOTO H3/1ydeHHs [54]. Ilpu morsoie-
HHUM MOIIHOIO 3JIeKTPOMAarHUTHOIO M3JIy4YeHHUs
cBOBOIHOMY HOCHTENIIO IepelaeTcsi He TOJBKO 3Hep-
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according to optical technology, and on dislocation-
free crystals, chemically polished, according to the
technology used in microelectronics. It was established
that in the range of amplitude values of the radiation
power density of 2:10°-4-10% W/cm? two main types
of damage are realized. AtI<4:107 W/cm?, foci of
local microfracture of the surface layer are observed.
Local microfractures arising at 1<4-107 W/cm? due to
breakdown on either absorbing micro-inhomogeneities
of a crystal or on defects in optical processing are the
result of microexplosions forming craters. The effect
of radiation at I=4-10" W/cm? leads to the melting
of a layer with a depth of 1-3 pm, which is explained
by the avalanche breakdown of non-equilibrium
charge carriers of the near-surface Ge layer, which
prevents the crystal volume from being affected by
ultra-threshold intensity. The nature of the impact,
leading to the destruction of only the surface layer of
the optical element, allows you to completely restore
the elements made of Ge by repolishing.

In the range of 2.6-5 pm, the effects of two-
photon [48, 49] and three-photon absorption [49] are
superimposed on the nonlinear absorption process.
Nonlinear absorption of radiation from a high-power
non-chain pulsed HF laser was studied on Ge of various
thickness and specific resistance [50]. Depending on
the composition of the mixture (SF,: C,H, or SF,: CcDy,),
the laser generated radiation in the range of 2.7-3 pm
(HF laser), or 3.7-4.1 pm (DF laser). The generation
spectrum of the HF laser was a set of 18 different lines
in the range of A=2,6-3 pm (average hw=0.4397 eV,
corresponding to A=2.82 pum). Pulse width at half-
height ~150 ns; maximum energy E~5 J; the energy
distribution is close to uniform.

In the case of low intensities of irradiation with a
HF laser (I=0.3 MW/cm?), in the absence of damage
to the samples, a substantially nonlinear character of
the transmission of radiation through Ge is observed.
Figure 3 shows the dependences of the transmission
of Ge (h=1 mm) on the radiation density of HF and DF
lasers, respectively, and Fig. 4. shows dependence
of the concentration of nonequilibrium free carriers
generated in the process of two-photon absorption
over depth (calculated at time t~200 ns). Nonlinear
absorption of the DF laser radiation in Ge was
observed at a significantly higher radiation intensity
I>10 MW/cm?.

The transmittance of Ce in the nonlinearity region
decreases noticeably with increasing sample thickness
and crystal specific resistance. The power of the
transmitted pulse noticeably decreases, the shape is
strongly deformed, there is a noticeable shortening of
the front edge. The two-photon absorption coefficient
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rusi, HO U HMIYIbC QOTOHA, Ilepepaclpefie/ieHHe
KOTOPOI0 IIPHBOJUT K BOSHUKHOBEHHIO B KPHCTa/lIe
HaIIpaBJIeHHOIO IIOTOKa HOCHTesel 3apsanoB. Takue
MpUEeMHHKH 111 A=10,6 MKM 06BIYHO fenaroT U3 Ce
p-Tumna. KeaHT usnydenus CO,nasepa hv=0,117 3B
norsomaercst B Ge IVIaBHBIM 00pa3oM 3a CUeT BHY-
TPHU30HHOTO Ilepexofa MeXAY IO0J30HaMH [bIPOK
C TSDKeJIOM U JIeTKOM MaccaMH. IIpu 3TOM ABIpKa BOC-
IIPUHHUMaeT KaK 3HEPrHi0, TaK U HMMIIYILC OTOHA.
Yc10BHe BBIIIONHEHUS 3aKOHOB COXPaHEeHHs SHepTUH
M KMIIyJIbCa BBI3BIBAET HEOOXOAMMOCTH IlepeMelle-
HMS IBIPOK OTHOCHUTE/IbHO pellleTKH B HaIlpaBleHHU
PaCIIpPOCTpPaHEHUsl H3/IydeHHUs], UTO CII0CODCTBYyeT
[IOSIBJIEHUIO MeXAy TOpPLaMHU KpPHCTa/UIMYeCcKOro
CTepP>KHSI Pa3sHOCTH IToTeHIHManoB - 3JC GOTOHHOIO
yBinedeHHus (V). OcHOBHBIe IapamMeTpsl ®II: BpeMeH-
Hoe paspemieHue go 107 ¢, Gompmion AUHAMHUe-
ckull guamnasoH (10-107 Br/cm?), pabora mpu Kom-
HAaTHOMN TeMIlepaType, YyBCTBHUTEIbHOCTb IIOpSIKa
0,1-1 B/MBT. BpemeHHas IOCTOsiHHasl (T) OIKCBIBA-
eTcs GopmMynoun

T=nc/L,

roe: L- mirHa pabodero Kpuctaiia QOTOIPHEMHHUKA;
1 - II0Ka3aTeJb [IPeJIOMJIEHHS ; € — CKOPOCTh CBeTa.

K pocrorHcTBaM Takux OII OTHOCATCS: BBICOKAS
IIOMEeXOyCTOMYHBOCTh, CTaOHMIBPHOCTh I1apaMeTpoOB,
BO3MOXKHOCTh H3IOTOBJIEHUSI IPUEMHHUKOB C 00ib-
IIOM amepTypor. MakcuManbHoe V obecrednBa-
eTcsl ONTHMHM3alMel KpHCTA/IAa IO IapaMeTpaM:
p, S, L. ITpx KOMHATHOI TeMIlepaType, OITHMaJIbHbIe
3HaveHHd p~1-10 OM-cM, L=4-6 cM, a IUIOIIAAL IIPU-
eMHOH IIIOWAAKH COOTBETCTByeT MHHHMAJIBHO BO3-
MOXKHOMY pasMepy cedeHHs Ta3epHOro ay4a [54].

AxycToonThdeckum 3ddeKT [52] Takke sBIseTCs
HeJlMHEeNHBIM 30PeKToM, MIHPOKO IIPUMeEHSIeMBIM
B PoTOHMKe. YCTPOHCTBA Ha 3TOM 3bdeKTe UCIIOIb3Y-
I0TCA /11 MOOYJISALIMM M CKaHHUPOBaHHUSA cBeTa. IIpo-

i g

of Ge K,=55+10 cm/GW was obtained. The effect of
pulse parameters on the dynamics of the passage of a
HF laser pulse through a Ge with a thickness of h=0.03-
0.55 cm is analyzed.

The intensity distribution I(z) over the thickness
of Ge varies greatly within the duration of the laser
pulse. The generated carriers are concentrated in a
thin layer near the entrance surface of the crystal
(see Fig. 4.), i.e. the main processes of nonlinear
absorption occur in a layer with a thickness of less than
50 microns. The emerged peculiar nonlinear filter, as
well as at A=10.6 pm, prevents the destruction of the
volume of the material even when trying to tightly
focus the laser energy into the depth of the crystal.
This circumstance testifies to the great importance of
nonlinear absorption processes occurring in the surface
layer, e.g., the value of the recombination coefficient
of free carriers on the surface may exceed by several
orders of magnitude. Special doping of the surface layer
can noticeably change the magnitude of the nonlinear
transmission of the entire Ge sample.

Other nonlinear effects are observed in Ge [29]. The
optical constants of materials are determined by the
equation

P=g,(YVE+X?E+x3E+...),

where P is the electric polarization induced by the
electromagnetic wave, E is the field strength, y is the
susceptibility tensor of the medium.

In linear optics, only the first term of the equation is
taken into account, but when working with high-power
laserradiation, itisnolonger possible toneglect non-linear
effects determined by other members of the equation. In
crystals with a diamond structure (in particular, Ge),
x?=0 at all times. For Ge, y®=1.5107° units CCSE. This
allows the use of Ge for the effective reversal of the wave
front [51]. In the Ce plate installed in the cavity of a
CO, laser, a phase-conjugate reflection of 10.6 pm from
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XOKZIeHIe aKyCTH4YeCKOM BOJIHBL B GOTOYIIPYTOH Cpefie
UHAYLUPYeT M3MeHeHUs MTHOBEHHOTO 3HadyeHHsd
II0Ka3aTessl IIPeJIOMJIEHHSI, YTO NPHUBOSUT K obpa-
30BaHHIO (HA30BOM pelleTKU C IIepHOAOM, PaBHBIM
IUIMHEe aKyCTH4ecKOM BOJHBEI, U aMIUIMTYLOH, IpPO-
[IOPLIMOHA/IBHOM aMIIIUTYAe aKyCTHYeCKOH BOJIHBI
K1 QOTOYIIPYron KOHCTaHTe KpHCTalna. Ge sIBISeTCs
OJHMM M3 OCHOBHBIX MaTepHaJIOB /IS HUCII0/Ib30BAHUS
B aKyCTOOIITHKE CpeHero u gajbHero MK-guarasoHa,
B yacTHOCTH, B CO,nma3sepax, 6maromapsi XOpOIIHM
GHU3HKO-XMMHUYeCKUM CBOMCTBAM H BBICOKHMM 3Ha-
YeHHSM IIOKasaTe/s IIpeJIoOM/IeHHUS U (POTOYIPYrux
KOHCTAHT [53]. AKyCTOOIITHYecKHe MOZAYISTOPhI IJIs
CO,-71a3epoB BBIIIYCKAIOTCS CEPUMHO (CM., HaIlpH-
Mep, [55]). BBICOKasi TemonmpoBOAHOCTh Ge IO3BO-
JsieT CO3[aBaTh TePMOCTAOMIbHBIE KOHCTPYKIIUK aKY-
CTOOIITHYECKUX NPHOOpPOB Ha OCHOBe KpUcTawia Ge,
IOTPeb/ISIOMUX JeCITKH BaTT YIIPAaB/ISIONIEN MOII-
HOCTHU C JUOPaAKIIMOHHON 3$PeKTUBHOCTHIO Ha AJIMHE
Bo/IHBL 10,6 MKM 6onee 90% [56]. ITpr6opel 06BIYHO
HCIIONB3YIOT BOASIHOE OXJIKAeHHe. B coBpeMeHHOU
7a3epHOH TeXHHKe aKyCTOONTHYeCKHe MOAYJISTOPBI
Ha ocHoBe Ge HaxXOoAAT IIPUMeHeHMe B Jla3epax Ha CBO-
60mHBIX 371eKTPOHAX IJIS KMIIYJIbCHOIO YIIPaBIeHUs
n3nydeHueM [57].

HoBerinien TeHOeHILIMEeN B COBpeMeHHOH (OTo-
HUKe SBJISeTCA CO3JaHHe HOBBIX METOJOB MOMYJIS-
uuyd HK-u3nydeHHs YyCTPOMCTBAMH Ha OCHOBe Ge:
MOAYIALMS IIOCPeACTBOM BBeJEeHMs YMepeHHBIX
ypOBHEeF M36bITOUHBIX HOCHTeNIel B Ge IyTeM BO36ysK-
IOeHUsl HU3/1ydeHHeM JHOAHOrO Jasepa [58]; momyns-
LIS B BOJIHOBOAHBIX Ge-CTPYKTypax Ha Si-IoJJI0KKax
IIOCPeJICTBOM YIIpaB/IeHMsl IIOIJIOIeHHeM CBOOOAHBIX
HocuTenew [59, 60].

ITocnegHee BpeMs PpacCMATPUBAIOTCS BO3MOXK-
HOCTH IIpUMeHeHHS TepMaHMs B TeparepleBoM
(TTy) [uamas3oHe 5AeKTPOMAarHUTHOLO CIIeKTpa
(~3 MM - 30 MKM, 3 cM ! - 300 cm™Y) [61]. B pabote [62]
HCCIeIOBaHbl ONITHYECKHe CBOMCTBA YHCTOTO U JIETH-
poBaHHoro Ge B TT'n-guamaso”e. B TT1-muamasoHe
MHTepPeCHbl aKTHBHBIE 3JIeMEHTHl aKyCTOOIITHYe-
ckMX ycTporcTB U3 Ge [63]. Ge MokeT OBITH HCIIONb-
30BaH [/ IIPUMEHeHHS B MHOIOCIIeKTPaJIbHBIX
TeIIOBU3HOHHBIX ITpubopax HMK- + TI1-AHaIa30HOB,
a Takke B ynasepax TIL-guamnas’oHa, HaKauWBaeMBbIX
CO,-nasepom.

CrexTpsl IponycKaHusa Ge C pa3sHBIM P IIPUBELEHEI
Ha pHC. 5. Pe3ynbpTaThl IIOKa3all 3aMeTHBIH POCT
IoroineHus JieriposaHHoro Ge B TIl1-muarasoHe
II0 CPaBHEHMIO C HeJlerHpoBaHHEIM (p=47 OM:'CcM).
POCT KOHIIeHTpPallMH HPHMeCH, KaK 3/1eKTPOHHOM,
TaK M ABIPOYHOH, HNPHUBOAUT K BO3PACTaHMIO IIOIJIO-
meHusi. Ecnu B o6actu 25-50 MKM BIHSIHHE p Ha IIPO-
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phase gratings arising in counterpropagating waves was
obtained. The reflection coefficient reached 20%. The
beam reflected by such a mirror goes back along the same
optical path. The use of this effect makes it possible to
obtain diffraction divergence of the radiation of a high-
power laser with inhomogeneities in the active medium
and in optical elements.

The photon-drag effect of current carriers in
semiconductors is used in photoreceivers (PR) for
recording high-power pulsed laser radiation [54]. When
high-power electromagnetic radiation is absorbed, not
only energy is transmitted to the free carrier, but also
a photon momentum, the redistribution of which
leads to the formation of a directed flow of charge
carriers in the crystal. Such receivers for A=10.6 pm
are usually made of p-type Ge.The quantum of CO,
laser radiation hv=0.117 eV is absorbed in Ge mainly
due to the intraband transition between the subbands
of holes with heavy and light masses. In this case, the
hole perceives both the energy and the momentum
of the photon. The condition for fulfilling the laws
of conservation of energy and momentum makes it
necessary to move holes relative to the lattice in the
direction of radiation propagation, which contributes
to the appearance between the ends of the crystal
rod potential difference, the photon drag EMF (V).
The main parameters of the PR are: time resolution
up to 10 s, large dynamic range (10-107 W/cm?),

0,4 -

BN

0,1

1000

10 100
A, MKM / A, pm

Puc. 5. Onmuyeckoe nponyckaHue MOHOKpUCMAanAu4ecko20
Ge, Ne2up0o8aHH020 cypbmoli p: 1- HenezuposaHHbili Ge
(monwuHa 1 mm); 2 - HeaezuposarHbiil Ge; 3 — 46 OM - cm;
4-200M-cm;5-50m-cm; 6 -2,7 Om-cm (cnekmpbl 2—6
noayueHbl Ha 06pasuax h=10 mm) [62]

Fig. 5. Optical transmission of single-crystal Ge doped with
antimony. p: 1-undoped Ge (thickness 1mm); 2 - undoped Ge;
3-46 Ohm-cm;4-20 Ohm-cm;5-50hm-cm;

6 -2.70hm-cm (spectra 2-6 were obtained on samples with
h=10 mm) [62]
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nyckanue Ge (Sb) He 3ameTHO, TO B 06/1acTH 2220 MKM
OHO HabImaeTCcss BOOYHIO.

OcHOBHOe T1orjolneHue B Tl-obmactu IIpOoMC-
XOOUT Ha CBODOMHBIX HOCHUTeNSAX 3apsza (cobcTBeH-
HBIX W IIPUMECHBIX). ECJIM COIIOCTaBHUTb Pe3y/IbTaThl
o Ge (o6mactp A~160-220 MKM) ¥ AJaHHBIe 110 Si [62],
TO OHH CBHJETEeJLCTBYIOT, YTO KO3QPHUIIMEHT ocia-
6nenus B obiactu 160-220 MKM ITPUMEPHO COBIIaIaeT
U paBeH ~0,5cm L.

B ornuume ot HUK-mmamasoHa, B Tln-obinactu
MHHHUMaJIbHBIEe TI0TepH ~0,5 cM™ HabmomaoTCs B C06-
CTBEHHBIX KpHUCTa/1aX. PpeHejeBCKUe IIOTepU Ha
OTpakeHHe MOTYT OBITP B 3HAUMUTEIBHOM CTEIleHHU
CKOMIIEHCHUPOBAHBl IyTeM CO3JaHHSA Ha IIOBEPXHO-
CTH IIePUOJHYECKUX PelbePHBIX CTPYKTYP C BBICO-
KOI CTeIleHBbIO PeryIsipHOCTU KU IepHOAOM MeHBbIIe
JJIHHBI BOMHBI U3ny4deHHs. CJleoBaTeIbHO, OITHYe-
CKHe H3[enrs U3 COOCTBEHHOIO MOHOKPHCTIIHYe-
croro Ge MOryT 65ITh 3O HEKRTHBHO UCIIONTB30BAHBI 1715
yIpaBieHUs u3nydeHueM B TT-obmacTu.
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operation at room temperature, sensitivity of the order
of 0.1-1 V/MW. The time constant (t) is described by
the formula

T=nc/L,

where: L is the length of the working crystal of the
photodetector; n is the refractive index; c is the speed
of light.

The advantages of such PRs include: high noise
immunity, stability of parameters, the ability to
produce receivers with large apertures. The maximum
V is ensured by optimizing the crystal by the
parameters: p, S, L. At room temperature, the optimal
values are p~1-10 Ohm-cm, L=4-6 cm, and the area of
the receiving platform corresponds to the minimum
possible cross-section of the laser beam [54].

The acoustooptic effect [52] is also a nonlinear effect
widely used in photonics. The devices based on this
effect are used to modulate and scan light. The passage
of an acoustic wave in a photoelastic medium induces
changes in the instantaneous value of the refractive
index, which leads to the formation of a phase grating
with a period equal to the acoustic wavelength and
amplitude proportional to the amplitude of the acoustic
wave and the photoelastic constant of the crystal. Ce is
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one of the main materials for use in acoustooptics of
the middle and far infrared range, in particular, in CO,
lasers, due to the good physicochemical properties and
high values of the refractive index and photoelastic
constants [53]. Acoustooptic modulators for CO, lasers
are commercially available (see, e.g., [55]). The high
thermal conductivity of Ge makes it possible to create
thermostable constructions of acousto-optic devices
based on GCe crystal, which consume tens of watts
of control power with a diffraction efficiency at a
wavelength of 10.6 pm more than 90% [56]. Th devices
are usually water-cooled. In modern technics, the laser
Ge-based acoustooptic modulators are used in free-
electron lasers for pulsed radiation control [57].

The most recent trend in modern photonics is the
creation of Ge-based devices for modulating infrared
radiation: modulation by introducing moderate levels of
excess carriers into Ge by exciting diode laser radiation [58];
modulation in waveguide Ge structures on Si substrates by
controlling the absorption of free carriers [59, 60].

Recently, the possibility of using germanium in the
terahertz (THz) range of the electromagnetic spectrum
(~3 mm - 30 pm, 3 cm™® - 300 cm™) [61] is being
considered. The optical properties of pure and doped Ge
in the THz range were studied in [62]. In the THz range,
active elements of acoustooptic devices made of Ge are
of interest [63]. Ge can be used for use in multispectral
infrared imaging devices of the IR + THz range, as well
as in THz range lasers pumped by a CO, laser.

Ge transmittance spectra with different p are shown
in Fig.5. The results showed a noticeable increase in
the absorption of doped Ce in the THz range, compared
with the undoped (p=47 Ohm-cm). An increase in the
impurity concentration, both electron and hole, leads
to an increase in absorption. If in the region of 25-50
pm, the effect of p on the transmittance of Ce (Sb)
is not noticeable, then in the region of 2220 pm it is
observed firsthand.

The main absorption in the THz region occurs on
free charge carriers (self and impurity). If we compare
the results for Ge (the region A~160-220 pm) and the
data for Si [62], then they show that the attenuation
coefficient in the region of 160-220 pm approximately
coincides, and is~ 0.5 cm™.

By contrast to the IR range, minimal losses of
~0.5 cm™ in the THz region are observed in intrinsic
crystals. Fresnel reflection losses can be largely
compensated by creating periodic relief structures on
the surface with a high degree of regularity and a
period less than the radiation wavelength. Therefore,
optical products from undoped single-crystal Ge can
be effectively used to control the radiation in the THz
region.
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