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well as the stable, metastable and unstable (immiscibility) regions were defined at
different temperatures.

An isoenergetic contours of the free energy of mixing and concentration triangle of
InAsSbP material system are studied and presented. It was shown, that immiscibility
gaps strongly depend on temperature and with increasing the temperature they
decrease.

Above-mentioned studies are realized also for quasiternary GaAsSbP and binary
GaAs — GaSb, GaAs — GaP and GaSb — GaP material systems.

The physical and technological processes during nucleation of nanostructures in
SiGeC ternary system are also studied. As for InAsSbP and GaAsSbP systems, the
same studies are performed also for SiGeC material system and the analogue
physical results are obtained. In particular, it is clear theoretically, that increasing of
carbon concentration in SiC system and germanium concentration in SiGeC system
results in decrease of the critical size of QDs. Quantitative calculations have also
shown that incorporation of carbon into Si and Ge up to the background impurity
concentration is advantageous energetically, which explains experimentally detected
carbon “contamination” of silicon and germanium crystals during their growth from
graphite crucible.

. In order to explain the experimental distribution functions of InAsSbP QDs and

physical processes during nucleation, the Lifshiz—Slezov and Wagner theories have
been applied. Comparing the experimental results with theoretically calculated,
some technological parameters have been evaluated, which describe nucleation and
ripening processes of InAsSbP QDs. In particular, it was shown, that at small growth
times (below 10 minutes) QDs distribution in InAsSbP system qualitatively
corresponds to the Wagner distribution, which means that growth process is
controlled by reaction rate on the matrix surface (surface diffusion). At longer
growth times, QDs distribution corresponds to Lifshiz—Slezov distribution, which
means that the process is controlled by volume diffusion. We assume that at
intermediate growth time of InAsSbP QDs the nucleation and Ostwald ripening
processes occur at both mass transport mechanisms. By comparison of experimental
and theoretical results, numerical values of the reaction rate and diffusion coefficient
are evaluated.
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SUMMARY

The main purpose of the thesis is the study and investigation of nucleation
mechanisms of III-V semiconductor compounds and in Si-Ge-C material system.
The key results of thesis are given below:

1. Providing the small values of lattice constant mismatch between InAs(100) substrate
and InAsSbP wetting layer sub-micrometrical islands were grown by liquid phase
epitaxy. It was shown that at decreasing of islands volume the following succession
of shape transitions of islands have been detected: truncated pyramid, facetted
pyramid, pre-pyramid and semiglobe.

2. For the InAsSbP and SiGe islands grown on InAs(100) and Si(001) substrates
respectively, a critical size of their shape transformation from pre-pyramid to
semiglobe are theoretically calculated. It was shown that both for InAsSbP material
system and for SiGe ones the theoretically calculated values of the critical size well
coincide with the experimentally obtained data.

3. Quantitative study of QD and nanopit nucleation mechanism was performed for
InAs, ., SbyPy and GaAs;..,Sb,P, quasiternary and Si;.,,Ge.C, ternary material
systems using continuum elasticity model (proposed by J. Tersoff, IBM Research
Center). The dependences of total energy and volume on the strain (lattice constants
relative mismatch between the substrate and wetting layer) and solid solution
composition of nanoislands were calculated.

4. Unlike the classical approach, during study and calculations we take into account the
dependence of wetting layer thickness on the lattice mismatch. According to
experimental data and using mathematical approximations, the empiric formulas for
strains have been obtained. It was shown that depending on sign and value of strain
the wetting layer thickness follows the exponential or power law.

5. The dependence of total energy on the volume of QDs in InAsSbP material system,
as well as dependences the critical energy and volume on the strain or composition
of solid solution are calculated and plotted. Based on these results the nucleation
mechanism of QD — pit are investigated. In particular, it was shown that at some
critical strain, which corresponds to some concentration of solid solution, the growth
mechanism is changed from QD nucleation to pit formation. It was shown, that
inclusion of third component into the solid solution allows controlling both wetting
layer thickness and sizes of QDs and nanopits.

6. Free energy of mixing of InAsSbP quasiternary as well as InAs — InSb, InAs — InP
and InSb — InP quasibinary solid solutions were calculated. 2D and 3D schematic
patterns are plotted. Spinodal and bimodal transitional regions were calculated, as
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upubdwnhly wunlbpubpp: Zknwgnudt) o gputg uyhtngw) b phunguy
wugniduwghtt mhpnypubpp, hyybu bwb npnoyl] Eu whun (msnypubph
pununpnipniiibph Quynil, dbinwluynit [ ny Juyni
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10.

OlpefieJIeHHOM KPUTUYeCKOM 3HAa4YeHHM HAIPDKeHHA, COOTBECTBYIOLIEM
ompeZieJIeHHOMYy KPUTHYeCKOMY 3HA4YeHMIO COCTaBa TBEPAOTO pacTBOPa,
MeXaHH3M pOCTa TPAHCHOPMUPYeTCS OT 3apOABIIeo0pa3sOBAaHUS KBAHTOBOM
TOYKH K (OpPMHPOBaHHIO HaHOMOpHL. IloKasaHO, YTO BBeJZEHHWE TPeTheil
KOMIIOHEHTH B TBEpABI PacTBOpP IO3BOJAET KOHTPOJIMPOBATh KaK TOJIIMHY
CMauMBaIOLIETO CJI0S TAK U Pa3Mephl KBAHTOBOM TOYKHU U HAaHOIOPBL

Bsruanciens: cBoGozpHassie SHeprum cMmemreHus (free energy of mixing)
KBa3UTPeXKOMIOHeHTHOH InAsSbP u mByxxommoxenTHbIX InAs-InSb, InAs-InP,
InSb-InP cucrem. IToctpoens: ux 2D u 3D cxemarudeckue KapTUHbIL. BeraucieHs
06JIaCTH CHUHOJAIBHBIX M OMHOZJANBHBIX II€PeXOJOB, OIIpeJesIeHbl TakoKe
crabuibHasg, MeTacTabwibHas ¥ HecTabuibHas (HecoBMecTuMMas) 06IacTH
COCTABOB IIPX Pa3HBIX TEMIIEPATYPaX.

Jna cucremsr InAsSbP wucciemoBaHBl U IpeACTaBIeHBI H309HEPreTHYECKUE
ceyeHMA CBOOOJHOH OSHEPTMM CMeIleHMd, a TaKXkKe KOHIEHTPAIMOHHBIH
TpeyronsHUK. IloKaszaHO, YTO 06JaCTh HECMENINBAEMOCTH TBEPAOTO PacTBOpa
CYIIECTBEHHO 3aBHCHUT OT TEMIIEPATypPhl M YMEHBIIAETCS II0 Mepe yBeIUIeHUH
TeMIIepaTyp5lL.

BelmeykasaHHble ~— HCCIEOBAHUA  IIPOBEJEHBI M IpPeACTaBIEHBl I
kBasuTpexKkoMmnoHeHTHOH GaAsSbP u aByxxommonenTHbix GaAs-GaSb, GaAs-
GaP, GaSb-GaP TBepzsIx pacTBOpOB.

Iozpo6HO HmCCIefOBaH IPOLECC 3apOZbIIIe00Pa30BaHIs HAHOCTPYKTYP TaKXKe B
cucreMe TpexkoMmioHeHTHOro SiGeC TBepzoro pacrtBopa. [l 3Toit cucTeMbI
MIPOBeJieHbI aHAIUTHYECKUe UCCIefloBaHus, Kak i cucreM InAsSbP, GaAsSbP u
IOy I€HBI CXOXKHe (BH3UIeCKUe Pe3yIbTaThL.

B pamkax teopum JIudmuia-CresoBa-Baruepa o6bsicHeHa 3KCIIEpHMEHTAIBHO
mosTydeHHas Tpachopmaiua GopMsl QyHKINUU pacipefeneHus no pasmepam KT B
cucreme InAsSbP. IloxasaHo, 4TO IIpM MaJbIX BpeMeHaX pocTa GYHKIUIL
pacupeneeHns COOTBECTBYET pacIpefie/leHHI0 Barmepa, T.e. Ipomecc pocra
KOHTPOJIHPYETCS peakijiedl Ha IIOBEPXHOCTH, a IpK OOJBIINX BpPEMEHAX —
pacmpenenenuto Jlubmuia-CresoBa, T.e. IpoLecC KOHTPOJIHMPYETCA YKe
o6bemHO# gubdysueii. OneHeHsl YUCIeHHbIe 3HAYEHUA CKOPOCTU PeaKIHU Ha
ITOBEPXHOCTH MAaTpHubl U Kodbduuuent auddysuu. [Ipenmonaraercs, 4ro B
IIPOMEXYTOYHBIX BpeMeHax pocTa 06a MeXaHM3Ma MacCOIepeHOca AeHCTBYIOT

OAHOBPEMEHHO.
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AHHOTAIIUA
Jluccepranusa IHOCBAIIEHA MCCIEJOBAHUIO MEXaHM3MOB 3apOZBINIe00pa3OBaHUIL

HAHOCTPYKTYP B IIOJyIIPOBOSHUKOBEIX coeinHeHNax AsBs u B cucreme Si-Ge-C.
OcHOBHBIe BBIBOABI U Pe3YJIbTaThl, IIOTydYeHHbIEe B IUCCEPTAINH, CIeyIONIHe:

1. Merozom sxuzpKodasHO SNIUTAKCHH IpU 06ecIieYeHNU OTHOCUTEIBHOM PasHOCTH
IIOCTOSIHHBIX pelleToK (HampspkeHwms) nommoxku InAs(100) u cmaumBaemoro
crnost InAsSbP mo 1%, BsIpamjeHBI OCTPOBKM CyGMHKPOMETPUYECKHX Pa3MepOB.
IToxasaHOo, YTO IO Mepe yMeHbIIEHHs OOBEMa OCTPOBKOB, IIPOMCXOIHT
U3MeHeHNe HUX TeoMeTpudecKux (GOpM B CleAyloliel I0CIef0BaTeIbHOCTHU:
yceueHHasd IMHpaMuZa, NMUPaMUJQ, ITMpaMHuja ¢ Gojlee BBICOKMMYU MHAEKCAMH U
norycdepa.

2. DKCIepUMEeHTAJbHO M3MEPEH U TeOPeTHUECKH BBIYMCIEH KPUTHIECKHU PasMep
ocTpoBKOB B crcTteMe InAsSbP, mpu KOTOpoM IPOMCXOSUT IIE€PeX0Z OCTPOBKA OT
NUPaMHUIAIBHONH GopMBI B HOTycdepy. AHaIOTUYHbIe PACYeTHI IIPOBEJEHEI TAKKe
Iyt TBepgoro pacreopa SiGe, BsipamenHoro Ha mogioxke Si(001). [lis o6Gomx
CHCTEM TeOpPeTHYeCKH BBIYHMCIEHHBIE 3HAUEHUS C JOBOJIBHO GOIBIION TOYHOCTHIO
COBIIAZAIOT C SKCIIEPUMEHTaIbHbIMU JAHHBIMH.

3. Hcmonssys cmomHyo (KOHTHHYMHANbHYI0) Mogensb smactudHocTa (J. Tersoff,
IBM Research center), mpoBefieH KOJMYECTBEHHBI aHAIN3 KOHKYPEHTHOCTH
IpoIecca  3apoAbIlieo6pasoBaHMsA — KBAHTOBBIX ~TOYEK ¥ HAHONOD B
KBA3UTPEXKOMIIOHEHTHBIX InAsixySbxPy, GaAsi-xySb«Py u TpexxomMmoHeHTHOH Si1-
xyGexCy cucremax. BrrumciieHB! 3aBHCHMOCTH IIOJMHBIX DHEPIHil M pPasMepoB
HAHOOCTPOBKOB OT HAaIIPKEHHUA U OT COCTaBa TBEPJOTO PacTBOPA.

4. B ormimume OT KJIACCHYECKOH TEOPWH, IPH pacyeTax HAMH ydTeHAa 3aBHCHMOCTH
TOJIIIMHBI CMAaYMBAIONIETOCA CJIOA OT HampskeHHs. MeTomoM MaTeMaTHUeCKOM
aNMpOKCHMAIMK  OKIEPUMEHTATIBHBIX [JaHHBIX IIOMY4YeHBl SMIHUPUYECKUe
BBIDKEHMA [JI1 COOTBETCTBYIONIMX HampsokeHHocTeil. IlokasaHo, d4ro B
3aBHCHMOCTH OT 3HAKa ¥ BEJMYMHbI HAIIPKEHUs, TOIIIHA CMaYXBaeMOTr0 CJIOS
XOPOIIO OIMCHIBAETCSA UIM SKCIIOHEHIIATbHBIM MU CTEIIEHHBIM 3aKOHOM.

5. Brruuciens: u rpapudecku u306paxkeHsI 3aBUCUMOCTH KaK ITOJIHOM SHEPIUH OT
o6beMa KBaHTOBOH TOYKHM cucTeMbl InAsSbP, Tak u KpuTudeckoil sHepruu u
00BeMa OT HAIPKEHUS U COCTaBa TBEPZOro pactBopa. C MOMOIIBIO MOy YeHHBIX
pesy/IbTaTOB HMHTEPIPETHPOBAH MEXaHM3M 3apO/BIIIe06Pa3sOBaHUSA CHABOEHHOM

CTPYKTYPBI KBAaHTOBasA TOYKd-HAaHOIIOpA. B YaCTHOCTH, IIOKas3aHO, YTO IIpH
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1. Joint ICTP-FANAS Conference on “TRENDS IN NANOTRIBOLOGY”, Abdus
Salam International Center for Theoretical Physics (ICTP), 12 — 16 September
2011, Miramare, Trieste, Italy:

2. Yhuwhwnnpnsuyhtt dhijpn b twinkupntuhljugh hutkpnpn dhewqquht
ghtuynnny, Gplwt, 24 - 26 wyghuh, 2013:

3. Yhuwhwnnppsuyhtt dhpn b twinkEunpnuhfuyh nipbpnpn dhowqquyht
ghwnwynnny, Gplwb, 1 -3 hnyhuh, 2011:

4. Yhuwhwnnpnsughtt dhypn b bwbnkEjupnuhiugh pptpnpy howqquihtu
ghwnwynnny, Ownwdnp, 3 -5 hnijhuh, 2009:

Swwgpmipmbukpp

Uwnttwnunipjut hhdtwlut wpyniupubpp nywgpll; o 8 ghnwlwt
hnnwusubpnud:

Uoluunnwiiph juinnigywbpp b suduijp

Unttwhnunipniup  punugus b tkpwdmpinithg, snpu  gniputitiphg,
Eqpuljugnipiniiubphg b hpnudutph 114 winit wupnmibwlng qpujuinipejut
guijhg: Ugjumnwpmid wnju ku 40 tjup b 5 wyniuwl), hul] wojuwwnwuph
punhwnip swuyp 122 ke k:

Uoluunnwiiph pnjwbimuiljmpinitip

Ubpwbwhwb dwund  ubpuyjugqus bt phdugh  wpphwlubnipniup,

Alwlipyws ki wopwwnwbph bywwnwlp b wpwownpjws ni nsywds
utnhpukpp, gnyg t wipduws vnwgus wpynibpibtph ghtnwljub unpnypp b
gnpStwljutt  wpdbpp, hywbu  bwh  phpduws B wuwownwwunipjutp
ubpjuyugus hhdttwlw npnypubpp:

Unwoht qjunid ukpluwjugdus tu A%5 b A#Bnuuh Jhuwhwnnpphsubph nu
npuig whuny nisnypubph hwnlnipemniuutpp, hiswbu bwb tjupugpqus k wn
niplph vhgngny twinfurnigubpubph b pwpwl punubputph wdkgdwui
hwdwp Yhpunynny nkjuininghwujwub dkpnnubpp:

Eplpnpn qilund ubpuyugqus b A% nuuh Jhuwhwnnpphsubph b nputg
whun nsnypubph hwdwlupgnud pyubtnught Yhntph b bwinnonsutph
Aliunpdwte ophtiwswthnipinitibpp: Yhunwpydus k htnnijuyhte
tyhwnwpuhuyh wuwjdwtbubpnid InAs(100) wwynhph Jpw huptwdbwynpynn
InAsSbP pywtinnuyhtt Yhwnkph b twinjunpngtiph wpwewgdw dkiwdhquubpn:

busybu btwl Ywwwpdl) i wyn Ynquiubph Ephpuwswihwlwui  nkuph
Alwthnjunipniittiph  thnpdbwluwt b mbuwluit nundbwuhpnipmiubbpn:

7



LupJws Ynquiubkp uwnwbwnt hpdpnd puljwés L bnkp  Uwnpubulh-
Ypwuwnwtny dkpnnp, hul] InAs tnwlnhph b InAsSbP ppenn otpnh dholt tinky L
dhtigh 2% guiiguyhte withwdwwnbnbhnipn: Guunupus
htwnwgnunipmniiuiph wpymipnid wwpqylp E np InAsi«ySbiPy
pwnwpwnunphs pnipghph pununpnipju Uhohttmgyws wpdtpubpt ku x < 4 %
by < 2% : Yuwunwpjws hbnwgnunmipmnittkpp gnyg ki wndbky, np, InAsSbP
Ynqujukph  swihubpp  quwnyg  toppwind B, U Ghpuplynud B
dlwthnunmpniinliph:  Unquujubph  dwuyh  thnppugdwip  qniqpupug,
tjunygl] ki hbnbw] dbwhnpunpmibtbpp  (W.1). hwwnws  ponipg, {1113}
thunbpny pnipg, {111} b {105} dwubwlhh thuwnbpny pnipg, wdpnnowljwt
thunbp snikgnn pnipquidwt Ynquuilj, npp wunhdwbwpwup Jepusynd k
Yhuwgqunh: Upwbwynpnn hLEjupntughtt  dwbpunhnwlh (SEM)  dhengny
thnpduiwluinpkt npnpdl) L InAsSbP pwnwpununnhs Ynquuljubph wbuph
Alwihnpudwtt Yphnhulwb swihp, npp dnnwynpuwybu 550 td k, b nu
nbuwluwinpbt puguunpgl] b hwpduplyyl] k Uju junhpp nusknt hwdwp
Yhpwnyky E Skpunddh Ynnuhg wpwownpyus hné  wrwdquljuiinippu
wbunipnibp: Zudwdwyt wyn nbunipjul, EButpghugh hwdwp juwnwpdl b
wljthuyin  dnwnwynpnipni, hyp wwhu b pudupup  pugwinpnipnil
Ynquuljukph dbuthnpunipjut hwdwp: Ynquujh puighwinip Eukpghwt Yupbh E
qpl htnbwg Yhpy®
E=E,+E,+E, 1)

npnkn E -p dhpuwlkpinypughtt tukpghwt E  E -p wpwdquijutnipjudp

wyuplwtwynpjws tukpghwh thnthnpunipmibt E hul E, -0 Swjwjught
tutpghwi:

UY.1. ZEnnijuyhtt kbyyhwnwpuhugh dkpnnny InAs(100) muynhph pu wdkglus
huptwdbwynpynn InAsSbP Ynquuljutiph dAbwthnjunipyniup hwwnws pnipghg Yhuwqunh:

Uwnbkiwpnumpjut  bhhduwljuwb  wpymbpib; nyugpjué  Eu hbnbyjw

wouunuwbipubpnid

1. K.M. Gambaryan, V.M. Aroutiounian, A.K. Simonyan and T. Boeck. Shape
Transition of Strain-Induced InAsSbP Islands at Liquid-Phase Epitaxy on
InAs(100) Substrate: From Pyramid to Semi-globe. — Armenian Journal of Physics
vol. 1, issue 3, 2008, p.p. 208-218:

2. V.M. Aroutiounian, K. M. Gambaryan, N.G. Alaverdyan and A.K. Simonyan.
Nucleation mechanism of strain-induced InAsSbP quantum dots and pits at
liquid phase epitaxy on InAs(100) substrate. — Armenian Journal of Physics, 2009,
vol. 2, issue 4, p.p. 268-273:

3. V.M. Aroutiounian, K. M. Gambaryan, N.G. Alaverdyan and A.K. Simonyan.
Nucleation mechanism of strain-induced InAsSbP quantum dots and pits at
liquid phase epitaxy on InAs(100) substrate. — Semiconductor Micro- and
Nanoelectronics, International Conference, Tsakhcadzor, Armenia 2009, p.p.
164-167:

4. AKX Simonyan, L.G. Movsesyan and K. M. Gambaryan. Growth Features and
Competing Nucleation of Quantum Dots-Nanopits Cooperative Structures in
SiGeC Ternary System. — International Conference of Semiconductor Micro- and
Nanoelectronics, Yerevan, Armenia, 2011, p.p. 201-204:

5. K.M. Gambaryan, V.M. Aroutiounian, A.K. Simonyan, L.G. Movsesyan. Growth
Features and Competing Nucleation of Quantum Dots-Nanopits Cooperative
Structures in SiGeC Ternary System. Journal of Contemporary Physics, vol. 47,
No 4, 2012, p.p. 173-180:

6. K.M. Gambaryan, A.K. Simonyan, V.M. Aroutiounian. GaAsSbP Quasiternary
Material System: Nanostructures Growth Features and Immiscibility Analysis.
Armenian Journal of Physics, vol. 5, issue 3, 2012,pp 156-163.

7. AK. Simonyan, K.M. Gambaryan. Quantitative Analysing of InAsSbP Quantum
Dots Size Distribution at Ostwald Ripening on InAs(100) substrate. International
Conference of Semiconductor Micro- and Nanoelectronics, Yerevan, Armenia,
2013, p.p. 120-122:

8. A.K. CumonsH. Teopernyeckuil aHanau3 Ipouecca 3apoibllieoOpa3aBaHus U

GbyHKMH pacnpesenieHuss KBaHTOBBIX TOueKk B cucreme InAsSbP mpu  wux
OCTBaJIbAOBCKOM co3peBanuu. M3Bectuss HAH, 1.48, Boim. 5, 2013, c. 330-335.
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11.

12.

uwnduunweougdut  pupwugpmd  wknh  niubkgnn  bhqhulub b
wnkpunnghwljub ypngbutbpp: SGeC ynipwljwt hwdwlwpgh hwdwp
Juunwupyl] b tdwbwnhy hbnwgnunipenibitp, hty INASSOP 1 GaAsShP
nhypnid b unwgyl] o dhqhynpkt  hwdwidwb  wpnniupubp:
Uuwutwynpuybu  whkuwlwinpkt wupqylp E np wdhuwmsuh
Inbgkiinpughuygh  Ukdwgikip SC - hudwlupgmd b ghpdwhnudhip’
SGeC hwdwlupgnid, hwuqhguind t pjubnwghtt Yhnp Yphnpjulu
swithh thnppugdwip: Lwtwulwt hwoduplutpp bwb gnyg & widk, np
wspuwsth  puwntnipnughtt  Ynughkinpughugh  swthngd  ubpunisnudp
upjhghnith b ghpdwuhnudh ke tubpghnhl] mbuwlyniuhg swhwlbtun L,
husp puguuinpnid t hinpdtwjuinpkt ghndws wyt thwuwnp, np gpudhntk
wnwpuh  dbky wdbkgws s Eghipugus  upjhghndh b ghpdwthnudh
pniptinubpp «anunnnynid G wshiwsuny:

Yhpwntinyg Lhdohg-Uikqny-dwqubph nbunipmniup pugunpyby E InAsSP
£Y-h  tinpdutwfuinpkt  unwguws  pwoludwb  $niulghuyh  wkuph
Awthnpunudp b vwndbwnwewgdwt pipugpnud wikinh niikgnn $hqhljuljui
wpngbubbpp:  Zudbdwnbing  Guopdutwut . wfuiibpp nbuwlut
hwyJuplubph wpynitupubiph htin hwydupldl; i npny wkjuininghufjw
wuwpwdbnpkp, npnup pumpwugpnud Bu INASSOP RY-h vundiwnwewgdul
b hwuntiwgdw ypnghubipp:

Uwutwynpuwytu gnyg bt wpyk, np wsh thopp (dhtgh 10 pnuyk)
dudwbwljutpnid INASSHP hwdwlwpgnud £Y-h pupfunidp
hwdwywnwupwind ' dwqubph puppudwbp, wyjuhtipt' wgh wpngbup
ntjujupynud £ dwlbplnyph {Jpu  nhwlghuyh  wpugnipjudp
(Uwybtpbnypuyhtt nhpmqhwyny), nph dbp Ynnuhg quwhwingus pyuyght
wpdbpl & B=2.65-107 wd/A]: Uks dwdwbwlyutph nhypnid (30 pnyk b
wylk) RLYU-h puwpunudp  huwdwywunwupwind o Thpohg-Urkiqny
pwohudwip, wyuhtp' wpngbup nEjudupynud b wppbt Swjuwjught
nhdnighuynd, nph gnpduygh hwpqupljus pYuyht
wpdtipp’ D=3.17-107"2 ud?d Lk Pull InASSOP  RY-h  Ouwnjujnyub
huuntmgdwtt dhowlju dwdwbwlubpnid quuqush wnbnuthnjudwi
uyn kpynt dkjuwthquubpp gnpénud bu dhwdwdwbiwl:
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Uwnwtwny b fhpunking
%o b Rl . 29 [ otBa 3 (2 2] ! R
2(bl bz) (bl bz)Tg ep(l b, b 2] (b1 bz{ve YS]

h Cosb p
2
3 Ctgo onD
- Dy, ( ~In Gj —
2

2 2
@)
pwiwdlip, npuntin Der -p Ynquhg Jhuwgniy dhwthnthnpudwt Yphnpljulut
wpdbpt k Yphunhjuluwt wpdbph hwdwp wnwgdl] E dg =550nm, husp
puduljuith jwy hudpulund k thinpdtwfwt wdjuyutph htwn:
Uju qqfunid putwnpygty E bwlb uwyy tnyt hwdwljupgnud pJutnwght jenkph
b twinpnensubph vunUiwnwewgdwt dpgulguhtt dbjumuhquubpp, htuswytu
twl  nwnwtwuhpdly E InAs-InSb-InP bnwpwnunphy  hwbwlwupgh
wihwiwnbnbjhmpyut junhpp: Zwoywnplyky E huptwdbhwiynpynny InAsSbP
Ytwnbkph b junpngubiph pinhwinip Eubkpghwgh jujpduénipniup Swjwihg, npnup
gnig L tipduws ul. 2-nud: V.2 (A)-nd wyn Jupudusnipniup pipdus k guugh
(upywsénipjutt wppkp wpdbputph pbhwpnud: Opwbuqh Ynqulp Yuynih
Epypuswithwlub inbkup punniuh, wy ywhwp k bwp b wnwe hwnpwhwph =
stluyhtt Eukipghwi, npp wnwewunud k v Swuih ghypmd: Zwpquplus k
Uphupjulwt  Fubpghwih b swduyh Yujujuwémpmbubbpp - guigh
(wpqudnipniiihg, npnip hwdwywnwupwbwpwp gnyg k updus uly.2 (B)-nwd b
2 (C)-nud:

Ul.2. (A) - huiptwdlun]npynn InAsSbP nqyuiljutiph kukpghuyh jujujusnipniup
Swjw hg jupdudnipjut mwupplp wpdbpubph nypnud (1- € =0.002 , 2- £=0.004, 3-
9



£=0.006, 4 £=0.007), (B) - Yphunhlulut Hukpghuwyh, (C) Yphwhlulut sunduh, (D)
htnmy $ugh hwgkguub twupnuyh juhn]wsnipinitp guiigh jupjusmpynitihg:
Plsugbu kplnud E gpuphlibphg E -p b V' p bugbu Yuhuws b guigh

lwpudnipniiiphg, pun  apoud,  ppuup  Yupnly  Wugnud Bo

(upywsdnipjutiibph wddwup qnigpiipwg, hsybu twb jupdwdnipjut npnpwulh

5* =0.0105 Yppwhjulwt wpdiph nhypnd wbnh b mbbund  bpwbh

thnthnjumpinit: Gupwnpynid k, np uyn wpdbph nhypnid nbnh E niubkund

nundtwnwewgdwt dbjuwthquh thnthnpjunipinit® pywbnughtt Yenbph wéh
dbkhiwtihqup thnpuynud E twbinfunnngutinh dbwdnpuwt dkjupwtthquh:
InAs-InSb-InP tonwpwnunpps hwtwlupgh dhwgnipjui hwdwp dkl dnjh

wquun Eukipghugh Juhquénipniup pununpnipmititiphg b obipdwuwnhdwihg
wnpynud E hknbyw) wpnwhwjnnipjundp’

F(Xa V~T) = “’InAs(l_ X V)+ DI ngpX + OnpY + aInAs—InP(l X y)x+aInSIHany+
aInAs—InP(l’X’ y)y+ RT[(I— X— y) ln(l—x— y)+ XInx+y lny]

npnbn @ -bkpp Gppununphs dhwgnyniiitiph hwdwp weweht b pljpnpn
hpwp dnnn qundnn hwpbhwb wnndubph dhelt hnjumqptignipjut tubpghwubkph
gnuiwpt k, o -kpp hwdwywnwuppw iyniptph yulinnbpulh yuwpudbnpbpl

(3

Eu, T-u pwgwpdwl obpdwuwnhfwip, hull R-p° ququyhtt hwuwnwwniip:
Uquun tubpghuyh  hwpdwplubph  wpnymibpubpp  phipqus Bu 4l.3-nud”
T=573-1073K obpdwumnmhdwbughtt whpnyph hwdwp:

F (k) (InAs),(InSb), Fikd) (InAs)..(InP)
20 26|
2 5 Ko @) 24 “ b)
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20 - 15 <8
2 s, Py

) - )
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! - R i

o i

\_/*‘—__i_/ 12 -
ML .

00 0 o4 a6 08 L0 o0 02 04 06 08 Lo 00 0z 04 06 08 10
InAs Insk  InAs InP  InSh InP

Uly.3. InAs-InSb (a), InAs-InP (b) b InSb-InP (c) tnwwpununphs vhugmpiniiubph wqun
Eukpghwiutkiph upuijuémpiniiubpp pununpnipiniiitiphg nmuppbp ghpdwunhdwiubph
ntwypnud’ 1- T=573 K, 2- T=673 K, 3- T=773 K, 4- T=873 K, 5- T=973 K:

buywhtu btpinwd E ul.3(c)-hg, h wwpphpnipmit InAs-InSb b InAs-InP
dhwgnipniuubinh, InSb-InP hwdwljupgnud uljuunynud kl
wihwdwinbknbhnipjul gninhukp:
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Yurwduwplk) htswyku ppenn skpnp hwuwnmpiniup, wjhybu ) pyubinnughe
ytwnh b twbnpunnnsubph swthubpp:

Zuoquipyytp o huswhu INASSHP  pywughbnwpununphs, wjbybu b
INAS—-InS, InAs—InP b InS-InP  pywghtpypununphs  whly
[nwdnypubph juwntdwt wquwn Eubpghwubpp (free energy of mixing):
Qunnigyl) ku npuig 2D b 3D ujubdwwnhl wqunybpubpp: Zwoqupldt) bu
uyhtnnuy b phinpuy wugnidughtt mhpnypbtpp, hswbu twb npnoyly Bu
yhtny ndnypubph pununpmpnitubph juynit, dbnnwluynit b ny juynit
(muhwdwwnbnbjhnipyut) dhowluyptpp  wwppbp  ebpdwunmhgwuubph
ntwypnid:

Zhwnwgnuigbp b tkpluyugdt) E twl INASSOP iymipujuitt hwdwlwupgtpp
jmuntdwt  wquun  Eubpghwjh  hgnbubpgbnhy  Yupduspubpp b
Ynugktnnpughnt tpwilniip: 8nyg k wpyk, np wthwdwnbnbjhnipjut
wnhpnypubpp phun juppdus Eu okipdwunh&wihg b np nputip thnpputinud
El obipdwunhfwh Ukswgdwip qnigpipug:

dbpp tpqws hhunwgnunmipnibibpp hpuwbwgyl) B twb  GaAsSHP
ympwlub hwdwlwpgh hwudwp: Zwupqunplydl) b gpubhlnpbt wunljkpgty
tU wyn whin (ményph £9-h htyybu ;phy Eukpghwih juhojwsnipiniup
swuhg, wjbwhu B Yphwhjubwh  Eibpghugh b duwdugh
Jujujwénipnibibpp jupjuwénipinithg: 8nyg k£ wpydk], np wyunbn bu
npnowlh e=¢ Yppunhjuljut  jupuénipjutt  phypnud, wddwl
dbjuwthqup  tinjuynud E pqubnught Yhnh  uwnpdbwnwewgnidhg
twinfunpnsh  dbwynpdwbp:  Zwpqupldlp  Eu huywbu  GaAsSoP
pjuqhbpwpununphy, wjiyku k) GaAs-GaSh, GaAs—-GaP L GaSh-GaP
pyuqhbpypununphy whtn ményputph purtidwt wquun tukpghwibpp b
Jurmigyty Lu npug 2D b 3D ujubdwwnpl wuwwnfbpubpp: Ldwbhwnhy
hwoquplyt) Eu uyphtnnuy b phinnu) wiugniduyghtt whpnypubpp, htywytu
twl npnodly B pununpnipmitttph juynit, dbnwluynit b ny juynib
dhpwluyptipp wwuppkp ehpdwunhdwtbph nhwpnud: 8nyg t wpdky, np
withwdwwnbnbihnipjui wnhpnypubpp Juhun Yujujws Eu
ohipdwuwnhdwuttphg b np ppubp thnppwind ko ghpdwuwnhdwuh
dbdwgdwip gqnigpiipug:

. Uuwipuwdwul nunudbwuppdl] b twbh SGeC  tnwpwnunphs  whiy

mwnypp b npw hhdwt dpu  unbndws bwwbnfunrmiguspubph
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huswytiu InAsSbP, wjgtiu b SiGe unipwlut hwdwlwpgbph phwypnd
Uphnhjuljut  wpdbpubph hwdwp  wbuwlwinpkt hwoqupldus
wpdbputpp puduljubwsuth ks LHumipjudp hwdwywnwuppwind B
thnpdtwlul nfjuukpht:

Oquugnpstiny hné (Ynunphtinimduyhtt) wnwdqulju dnnkp (J. Tershof,
IBM Research Center) Juwnwpyt) E pjutinnughtt Jhntph b twinpnnnsubph
Upgulguhtu uwnliwnweugdu wpngtup putwluljui
nunidbwuhpnipinil hphp‘ InAsix-ySbxPy u GaAsi1-xySbiPy
pyughinwwpwununphs nt  SitxyGexCy Enwpununphy  Wnipwlwb
hwdwlupgbpnud: Zwpdupyyty o twbnynquyukph 1ppy tutpghwitph o
swthbph Jujujwémpnibibpp e jupjusnipniihg e=Aa/a — pponn skpunh b
wnwlnpph guigh hwunwwnnibubph hwpwpbpwljut nwppbpnipmniihg b
uihtin (ményph punugpnipynhg (xhg b y~hg):

b wwuppbpnipinit . Skpuhndh dninkgdwip, dtp Ynnuhg ntuntdbwuppdby b
hwpqupljukph plupwgpnid hwolgh b weldl] ppenn okpinh hwuwnnipjul
Juwhiquénipjniin gwgh hwuwnwwnnitiubph wwppbpmipyut Wwndwnny
wnweugud (wupywdnipniihg: Onpdwpupuljui wnjuubph
twpbdunhjujut dnnwpidwt dhgngny nnipu Gu phpdl) bduyhphly
putwdlbtp hwdwywwnwupwt jupjusnipniitph hwdwp: 8nyg k nipdby,
nn Jujudus jupdusnipjut tpwihg b wpdtphg, ppenn okpinh hwuwnnipjut
Jupnjuénipmnitp wpynd £ juw’d Epuyntkunwghb, ju’d wunhfubaght
onpkupny:

Zuoyuinlyly b gpudhlnptt  wuwunlbpdl] Gu INASSHP  ynipulul
hwdwljupgnid £Y9-h huswhu phy Eubpghuyh juwjdwénipmnitipn Swduyhg,
wjibu B Yphnpljulut Eukpghugh b Swjwih jupijubnipnitubpp
(upywsénipnithg juwd whun nsnyph pwnunpnipiniihg: Unwugus
wpryniipibph dhgngny dkhiwpwigk] b pyutnughtt jhn ~ bwbnfunnny
qnuygbkph  uvwnUtwnwewugdwt  dbkjuwihqup: Uwubwynpuwybu, gnyg Lk
ipty, np npnpwlh s=¢  Yphwhjulmb jupfusnipput phupnid, npp
hudwywunuuppwind - £ whuy  msnyph  npnowlh  Yphwhjulwb
Ynugkiinpughuyhty, wddwt dkpwthqup thnpynd E pjuwbnnwghn YEnp
vwniiwnwewugnidhg twinjunnngh Abwynpdwip: 8nyg k wipdty, np ppnpy
pununphsh tbkpdndnudp whun nwdnype htwpwynpmipmit £ wwjhu
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(w) | 1=773K (p)

F{, ) (i)

Fse.y) (k1)

Ul 4. Ukl uUnp InAsSbP hundwljuipgh wmquun tukpghuygh 3D ujubidwinhl] wwwnlkpubkpp.
(w)-T=773K, (p)-T=973K U (q)-T=1073K 9tkpuwuwnhguutpnuu:

U 4-nud pipywé b InAsSbP pwnwpwnunphs dhwgnipjuit hwdwp wqun

Eubpghuwgh 3D wwwnljkpukpp hwdwwywnwujpwbwpwun 773 K, 973 K & 1073 K

otipdwunhdwtbpnid:

dtpp Updws punhptkpp phwwpldl; Bo bwb GaAs-GaSb-GaP

punwpwnuyphs hwdwlupgh hwdwp gbpdwumphgwbubph T =800-1200K

wnhpnypnd, nph wpyniupubpp pipdus B hwdwywnwuppwbwpwp @h.5-nud o
uly.6-nu:

EJ
lo-12
i

10-3

10-16 010 012 014
1g-17

=18

010 012 014

Uly.5. GaAsSbP huiptiwdlwynpynn Ynquuyjutph hwdwp a) Eukipghuyh juhwdnipiniup
Swjwihg' gwigh jupjudnipyub mwppkp wpdbpubph nhypnud. 1)- £ = 0.0042, 2)-
&9 =0.01, 3)- £3 =0.016;b)- u* dwuh upujwdnipmitp jupjwsnipniiihg, c)-u*
tutpghuyh jujpusnipniip jupjwsnipiniithg:

11



Ul.6. GaAs-GaP (a), GaAs-GaSb (b) L GaSb-GaP (c) kplypununphy hwdwlwupgbph hwdwp
Ukl Unjh wmquun Eukipghuyh juppjusnipmniubpp pununpnipniiubphg. (T1) 800 K, (T2)
900 K, (T3) 1000 K, (Ts) 1100 K, (Ts) 1200 K gbpuwunhgmbibpnud:

Zudwduy  wY.5-h, Jkup Gupwunpnud  Bup, np 5* =0.03 wpdbpp
Yphnhljuljub jupjuwsmpjut wji wpdkpu £ nph phwypnid mbnh b mukund
nunluuwnweowgdmtt  dkjuwihquh  thnthnjunipmit: Ujuhtupt'  pywnught
Ytknbph  vwwnUbwpwowgdwt  thnpuwpktt wbknp £ mtbkunud  junnnsubph
Altwnpnud: bull hyybu Gplnud E Ul.6-hg, GaAs-GaP, GaAs-GaSb . GaSb-GaP
Epypununphy hwdwupgbipnud withwpn withwdwnbnbjhnipjut gnnpubkp h
hwjun Lt quithu vhuyt GaSb-GaP hwdwlwpgnid:

GaSbGans Ao Gash

()

Uly. 7. GaAsSbP hudwlupgh hwdwwnbnbjhmpjut gnunhubpp.
a) 800 K, b) 1000 K 1 ¢) 1200 K obplwunhfwbibpnud:

Ujn gnupubpt wnwewinid tu mquun tubpghuyh dedwugdwt hinbwipny:
Uuhwdwunbnbjhnipjut gninp wnwewunid L twlb GaAs-GaSb hwdwljwupgnud,
uwluyt wju ghwypnid hwdbdwwnwpup gudp ghpdwunpfuuubpnud: bPugubu
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Ul.13 Skuwlub (hnd ghs) b thnpdwpuwpuljub (Yhwnkp) pupfudwt Ynpkpp pun Lhdohg-
Ujkqnyh wgh nmuppbp dwdwwlh nypnid. a), b) b ¢) hwdwywwnwupwbwpwp t1=10 p,
©2=20 p b t3=30 p:

Utp Ynnuhg quwhwwnyly G twlb InAsSbP hwdwlwpgnid pjultinught
Ytnbkph wddwb phypnid  wnuunndubph  dwlbpuniph  Jpu  phwlghwgh
wpwgnipnil b swjwjuyhtt ghpnighwih gnpdwlgh puyhtt wpdtpkpp, npntip
hudwyuinuuuwbwpup hujuuwp B B=2.65-107 wiA] (. 12 a) b
D=3.17-10"2 uw?/q (uy. 13 b)):

Bqpujugnipmnibibph dwunid wdthnhqus i wnkiwununipju gjjuwynp
Eqpuhwignidubtpp b wpmyyniupubpp:

1. Uwgwhnbtiny InAs (100) wwynhph b InAsSbP pponn okpwuh gwigh
hwuwnwwnitubph  hwpwpbpuwljut  wwppbpnipjutt thnpp  (dhish  1%)
wpdbpubp, hbnmujhtt  Ekwphwwpuhuyh Epwbwyng  wdkgdk;  Gh
Eupwdhypndbnpuljub Ynquljutp: 8nyg k wipdky, np ynquujubph swquih
thnppuguwin qniqupwg wnknh E nitikunud npubg Epijpuswthwljuts inkuph
thnthnjunipjut htnbju; hwenppuwimipiniip. hwwws pnipg, pnipg,
hwdwipuyhtt dwltptuny (wykih pupdp hugkputiipny) pnipg b Jhuwgniin:
Onpdtwlunpkl gnyg E wpydk), np InAsSbP pununpnipjut Ynquuyukph
Ppqudlihg ntwh Jhuwgnig nkuph wigdw Yppinpjuljub ywthup uquly
£ =500 u:

2. Oquuugnpdtyny Ynquujubiph Fubpghwih thnppugniyt wpdbph ulqpnipp,
pwiwluybu hwoduplyl; Et InAsSbP  punuppnmipjut  Ynquuljukpp
Yphunhjuljub swihup, Epp npubtp dbwhnpugnud Ea jhuwgunh:

3. Unwownplus mbuwlub dninkgnidp Yhpundt) £ twb Si (001) wwlnhph

Ypu wdkgdus SiGe Ynquujutph hwdwlupgh hwdwp: 8nyg b wpdky, np
17



e *

Uy 12. Skuwfutt (hnd ghs) b thnpdwpupuljui (YEnkp) puphdwt Ynptpp pun dwqubph
w&h nwpplp dudwbwlyh phypnud. a), b) b ¢) hwdwywwnwupwbwpwup =10 p, 2=20p b
=30 :

bugwhu bpunwd £ Y. 12 a)-hg, punn ownwyhnh pywbwiughtt Yhwnbph
thnpdtuljut Yhnkph puphjudnipniipn npuljuybtu wbth juy tjupugpynd
E dwqutiph mbunipjudp, huy Y. 13 b)-u* Lhdohg-Uikqnyh: Uw wpwbwlnid k,
np pjuwbnwhtt Yhwnbkph wép thnpp dwudwbwluubpnid nhjudupynud k
wnunndubph dwliplinypught nhwljghuwyh wpwgnipjudp, huy
hwikdwwnwpup dbs dudwbwlubpnid ghphopunid b Swjuyuyhtt nhyniqhwi:
VY. 12 b)-nud b uy. 13 b)-nud phpqus wpnnitpubinh ntuntdbwuhpnipiniiibphg
Jupkih E Eupunpk), np dhowuljju dwdwbwlubpnid vhwdwdwbwl gnpénid
w&h Lpyne dkjuwbhqdubpp, puyg npnud, d6s swhbph nhypnud qhiphojunid &
dwljtiplinyph Jpw nkwlghwjh wpwugnipmitp (uf. 12 b)), hulj thopp swihkph
nhypnd’ Swjwjuyht nhdnighwi (uly. 13 b)):

Pir) Fin)

(3l

L L L L L L L L L
n 40 50 &0 1 0 EL 40 a0 60
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InAsSbP hwdwlwupgh hwdwp, GaAsSbP hwdwlwupgh hwdwp
hwdwwnbnbjhnipjut gnnhubpp unytwbu jupnigws L

Eppn nud ubiphuyugusd ku Si-Ge-C hwdwljupgnud
twinlupnigquspubph, pywbwnughtt  Yhnbkph b qupkph  Abwynpdwui
Ubkppwthquutnp, npnup wupqupwitkint hwdwp inybuybu Yhpunyws b gniju 2-
nud jupugpus, Skpunddh Ynnuhg wnwownpdus, hns wnwdquljuimipyui
Unnbp: Zudwljupgh pughwbnip Eubipghuygp Yuuubdnipiniup
(wpudnipniihg (e=Aa/a) ntumdtwuhpbnt hwdwp oqunt) Eup gqniju 2-nud
tjupuqpué pwbwdltphg, pulj Si-C b Si-Ge-C hwdwlwpgtph hwdwp
Yphwhluluwl tubpghuh U YphubYuwlut  Swduih Yuedusmpmbitpp
(wpudnipniihg hwdwywunwupwbwpwp gnyg ko wpjws t.8-nud b uly.9-

nud:
EJ v, i3
g1
" 15103 (@)
- 2.%10-%
i 1.x10-5 5 =008
-3
0
10 015 0.20 023
1o+ —1.x10-%# Carbon Concentration
2% 10-%
EJT v, cm?
1x10-7
1012 )
) IR
1" 1 510
1014 i y_ = 0.033
!
1
-1 ! 0
2 ' () o0z 03 004
1
1016 H
L 5.1t Carbon Concentration
101 !
10-% TR TR
V. em? 1w1n-

Ul. 8. Butipghwitkph Jupu]wénipyniibpp LY. 9. Uphwhlimlmb sujurh jufu]w-
pununpmipniitiph phypnud. 1) x=0.01, dnipnitp wéuwsth pununpmpynitihg.
2) x=0.05, 3) x=0.08, 4) x=0.085; b) Sit«,GexCy, @) Sit«Cx bt b) SitxyGexCy hunlwljmpgtph
1) y=0.05, 2) y=0.045, 3) y=0.04: hufwp:

Upmyniupnid, hwoquplytg, np wspuwsuh Yphnhjuljub pununpnipiniip
x=0.08 t SiixCx hwdwlupgh hwdwp b y=0.033 SiixyGexCy hwdwlwupqgbph
hudwp® ghpdwthnivh x=0.467 pununpnipju nhupnid:
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Ul 10. a) Si-Ge, b) Si-C  ¢) Ge-C  hudwlupglph hwdwp dEly Unjh wqun Eukpghugh
Yuwhijwénipiniup pununpnipnibikphg, mwppbp ghpdwunhgutttph nhypnud®
1) 700 K, 2) 900 K, 3) 1100 K, 4)1300 K, 5) 1500 K:

Cunmubiny, np bowwpwnunphy dhwgmipniiibph  hwdwp kY Unih
houndwt wquun Eubkpghwt tjupugpynud b qniju 2-mud tjupugpdus (3)
pwtwdlny' wquu tukipghugh hwdwp junwbwip bl 10-nud gnyg wnpdus
Jujujwénipnibibpp 700-1500 K obpdwuwnhdwbiwght nhpnypnid:

‘UY.10-hg wjuthuywn tpunwd E, np h nuppbpnipyni Si-Ge hwdwljuipgp, Si-C b
Ge-C hundwljuipgbpnid b hwyn £ qujhu wthwidwinbnbjhnipjut gnuinhikp: Uy
gnuhukpp b hwjn Gt quihu wji phwpnud, tpp nfjuy whin nwdnypnwd
wspwstp Ynughttinpughwtt Ukdbwunud E, npt ] wuwndwn bt hwinhuwinud,
npukugh nju hwdwlwupgh wquun Eukpghwi diswtw:

Uh. 11. SiGeC hwdwljuipgh hwdwinbnbjhnipjut gninhubkpp.
a) 1100 K, b) 1500 K 1 ¢) 1600 K gbpumuinhdmbtbpnu:

Uwljuyl, dtp hwoquplutpp gnyg &b wndb), np wshuwsth ubkpdnisnudp
huwntnippuyhtt Ynughtnpughuyh dwjupnuyng Si-h b Ge-h uke tubkpghwhly
nbkuwtlniihg owhwybwn t, wyjuhtipt® hwdwlupgh wquun tukpghwut tgugnid
E hisp hwunwngws b bwb  thopduwlwinpbi: bty Jkpwpbpynud L
hwdwwntinbjhnipjut gnnpubpht, wyw npuip gnyg L mpgws uly.11-nud* 700-
1500 K obpuwuwnhdwtughtt whpnypnud: Pugwbu tplnwd £, 40 4R b 50 4
Eutipghwtbph wpdbpubph nhypmd oipdwuwnhdwuh ks wpdtputiph nhwpnud,
uyn mhpnypubpp dkdwnwd ku:
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2nppnpn qiund bbpjuyugus Eu InAsSbP hwdwlupgmd Ounjunyui
hwuntbwgdw nhwypnd pyuttnught Jinbph vwnduwnwewgdwb kplinypukph

nbuwluwt nundbwuhpnipnibbpp b puwojudwt $nruljghwitipp: InAs(100)
wnwlnppp Jpu Uwnpwbulh-Ypwuthwing  ulgpoiupny  hkgnijuyght
Eyhwnwpuhugh Ubkpnnny w&kgyl) ki InAsSbP nuwjijuljmdl b Ehwunhnuy
pyuttnughtt Yhnbp:  Udkgywms twbnlwnnigquéputph Ounduyyut
hwunttiwgdwt wypngbup htunwgnugl] t wundw-nidughtt b ujwbwynpnn
EEyupntughtt dwipughnwliutph dhengnd: Uy pywbwnughtt Yenkph wép
hpwlwiwgyk) k tipkip mwppbp nhdhdubpnid. t1=10 p, ©2=20 p b t3=30 p: InAsSbP
hudwlupgnid pywinughtt Yhwnbph wwpdbwnwewmgdwtt wypngkutbkpp b
puoludwilt pnibyghwbph wnkupbpp upnighint hwdwp Yhpuedl] o dwqubph
(4) L Lhdohg-Utkqnifh (5) pwphnlwi $nitighwiibpp

_3Suli—urs. 3
Pl(u)— 5 € u(l u) exp( l—uj (4)
2%e _ _ 1
PZ(U):_25/3 uz(u+2) 7/3(1—u) “/3-exp(——l_uj: (5)

Ul.12-nud b uly.13-nd wupughwwn Ynpkpnyg phipdws bu uipdws pjubinughe
Ytwbkph, pun swnwynh, hwdwywnwupwiwpwp dugitph b Thdohg-Ulkqnih
unpuwnpud pupunidubipp, hul Yenbpny® hnpdtwlut ndyuyutpp: a), b) b c)
uupubpp hwdwyuwunuupwind o pyubinughtt jhnh wgh dudwbwluyght
wnupplp nkdhdubipht’ t1=10 p, t2=20 p b =30 p hwlwywwnwupwhwpwn:

i) Pir)

18]
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