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It has been recently discovered that electron injection into p-GaN - either from the electron beam of a
Scanning Electron Microscope (SEM) or by the application of an external voltage in a solid state device
(p-n junction or Schottky barrier) - increases the critical minority carrier lifetime, t, and diffusion length, L.
Consistent changes are observed in other material's properties, including a photovoltaic response. An
electronic model is proposed in which such changes are attributed to charging of meta-stable centers
associated with Mg doping, as no effect is observed in n-GaN. Nonetheless, before a coherent model for the
phenomenon can be created, the answers to a series of open questions must be found and several
controversies have to be resolved.

Fig. 1 presents typical dependencies of L on duration of electron injection obtained at different
temperatures in Metal-Organic Chemical Vapor Deposition (MOCVD) p-GaN, grown on sapphire, with ~
3x10" em™ hole concentration. The Electron Beam Induced Current (EBIC) technique, allowing a direct
measurement of minority carrier diffusion length, was used. The general trend is a linear multiple-fold
increase of L for the duration of electron beam injection up to 2300 seconds (at 130 °C), corresponding to a
total injected charge of 1.365 nC. At larger times of injection, L saturates (not shown in Fig. 1). Notice, that
it takes less time for the diffusion length to saturate when the sample temperature is lower. Once the
increase of L is induced by electron injection, it persists for several days.

The rate, R (dL/dt, where t is duration of electron injection), for L increase was calculated at every
measurement temperature based on the linear dependencies in Fig. 1. Inset of Fig. 1 shows the dependence
of R on thermal energy (2 kT). This dependence was fitted as:

AEA
R=R — 1
o exp( 2kT) (03]

Here, Ry is a scaling constant, and AE, is the process activation energy. The factor of 2 in the exponent
denominator in equation (1) comes from the temperature dependence of minority carrier diffusion length in
semiconductors. For equation (1), the best fit was obtained for the activation energy of 178 meV. This
activation energy is in excellent agreement with that for the Mg-acceptor thermal ionization.

Cathodoluminescence (CL) experiments on a different MOCVD p-type sample with a comparable
free hole concentration were carried out in-situ in the SEM, integrated with a Gatan MonoCL3 system,
allowing wave-dependent and temperature-dependent measurements. The measurements were started at
room temperature with the initial spectrum acquisition (spectrum 1 in Fig. 2). This spectrum features a
broad luminescence band, peaking at ~ 379 nm (3.265 eV) and attributed to the excited electron transition
from the conduction band to the Mg-acceptor-related levels (e-Mgo). Fig. 2 shows a continuous decay of the
CL intensity with time of electron beam injection, as is observed in the spectra 1 through 5. Note that after
an electron injection is stopped, it takes several days for luminescence intensity to return to the
pre-injection level.

We attribute a decrease of luminescence intensity to an increase in the minority carrier (electron)
lifetime due to a charging of the neutral Mg levels in p-GaN. Note, that the concentration of these levels is
quite significant (up to 10%° cm™), because of the large thermal ionization energy (130-208 meV) for the
Mg-acceptors.

Trapping the SEM-beam-injected electrons on the Mg level prevents radiative recombination of the
conduction band electrons (generated by the same beam) through this level. This leads to an increase of the
minority electron lifetime in the conduction band. Because the intensity of luminescence is proportional to
the rate of radiative recombination, which decreases with increasing lifetime, the CL decay is observed in
Fig. 2. We note that a ~ 2 nm “blue” shift of the e-Mg, peak, observed in Fig. 2 with increasing electron
injection time, is possibly attributed to a continuous charging of additional Mg-levels in the forbidden gap.

Increase of T in p-GaN determines an increase of diffusion length for the minority carrier according to
the following equation:

51



L = /D, 2)
where D is carrier diffusivity, which is unaffected by electron injection. The increase of L in Fig. 1 is
consistent with the decrease of the peak CL intensity (increase of 1) in Fig. 2. Because L depends linearly
on the duration of electron injection (see Fig. 1), the inverse CL intensity (~ t) should depend on the
injection duration quadratically, in agreement with equation (2). This is, indeed, observed in the inset of Fig.
2. Based on the experimental L values in Fig. 1, the range of t, estimated from equation (2), is between 2
and 150 nsec at 34 °C.

CL measurements, carried out at elevated temperatures, demonstrated a slower decrease of the peak
CL intensity with the time of electron injection (see Fig. 3). The rates for this decrease were found from the
dependencies of the square root of inverse normalized (with respect to the initial maximum value) intensity
on the duration of electron injection. In the inset of Fig. 3 these rates are plotted as a function of 2kT and
fitted (similar to what was done for the L rates; see equation (1)). The obtained activation energy of ~ 190
meV is consistent with thermal ionization energy for the Mg-acceptor in GaN and is in good agreement
with the activation energy obtained for the effects of electron injection from the EBIC measurements (178
meV).

The tentative model for the observed electron injection-induced effects is presented in Fig. 4 and its
key ideas are summarized below.

. An electron, injected by an SEM beam, gets trapped by a neutral meta-stable Mg-level. The
concentration of involved Mg levels increases with the duration of electron injection. Trapping an injected
electron on the Mg-levels (these levels create a band in the GaN forbidden gap and are schematically
shown in Fig. 4 above the charged Mg-acceptor level) prevents recombination of the conduction band
electrons through these levels. This leads to an increase of t for an electron in the conduction band and,
as a result, to an increase of L in agreement with equation (2).

. The Mg-level, containing a trapped injected electron, becomes available for recombination of
a conduction band electron as this level captures a hole. Capturing a hole means a transition of the trapped
electron to the valence band. The rate of this transition increases with increasing temperature, and we note
the existence of the activation energy, preventing the immediate hole capture by the ionized impurity [15].
The latter activation energy is, in fact, AE,, obtained by us (cf. equation (1)).

. As the rate of hole capture on the Mg-level increases, the conduction band electrons have
more chance for recombination on this level. This results in a shorter minority electron lifetime and a
slower rate for L at higher temperatures.

It has to be pointed out that the activation energy for a hole capture on the Mg level is generally lower
than the thermal ionization energy for this level. However, the measurements of persistent
photoconductivity (PPC) in p-GaN imply that these two activation energies may, actually, be quite close to
each other, with the difference not exceeding 30 meV. We use this assumption in the interpretation of
experimental results. Note that the kinetics of L and CL relaxation (days) after stopping the electron beam
irradiation, and the relation of the electron injection-induced effects to Mg impurities are in agreement with
PPC studies in which an energy barrier of ~ 129 meV, preventing free hole capture by ionized Mg
impurities in p-GaN, has been reported. The photoconductivity persists for many hours (after illumination
is turned off) at least up to 310 K and is related to Mg doping.

It must be noted that we do not exclude a charging of grain boundaries as a possible mechanism for
the electron injection effect, as there is growing evidence for the impact of these boundaries on carrier
transport in p-GaN. In such a case, the grain boundaries may trap electrons in the potential wells, with holes
either going over the potential barrier or tunneling through it, to recombine with these electrons. Under the
SEM beam excitation, the electron pockets in the potential profile might be metastably filled, so that
recombination would more and more occur via ordinary recombination centers (note that L after long
injection times is higher than the expected dimensions of the GaN domains; cf. Fig. 1). The competing
process is the electron emission from the grain boundary potential well. The latter process becomes more
pronounced as the temperature of injection increases. This may explain the decreased rate of L with
increasing temperature. We note, however, that additional experiments are needed to make a decisive
conclusion.
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Fig. 1 Temperature dependence of the minority electron diffusion length in a 2 pm thick sample on
duration, t, of electron injection. Open circles, squares, and diamonds are experimentally obtained values
for 34, 75, and 130 °C, respectively. Solid lines represent the linear fit. Inset: Temperature dependence for
the rate, R=dL/dt, of the minority carrier diffusion length increase. The best fit for this dependence is
obtained at 178 meV for the activation energy.
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Fig. 2 Room temperature CL measurements after different time intervals of electron injection. The
maximum (379 nm) in spectrum 1 nearly corresponds to the pre-injection situation (less than 20 seconds
time difference). The maximum in spectra 2,3,4, and 5 corresponds respectively to 660, 1200, 1680, and
2200 seconds of electron injection. Inset: Inverse normalized (with respect to the maximum in 1) peak

intensity (open circles) for the room temperature CL spectrum vs. duration of electron injection, and the
quadratic fit.
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Fig. 3 Temperature dependence for the
square root of inverse normalized
intensity on duration of electron
injection. The rate at every temperature
is obtained from the slope of a linear
fit. Inset: Temperature dependence for
the rate of the square root of inverse
normalized intensity (open circles) and
the exponential fit.
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Fig. 4 Model for the electron
injection-induced effect (on the
example of electron beam irradiation).
Electron beam, e-beam, generates
non-equilibrium electron-hole pairs
(Ia). Non-equilibrium carriers
recombine either via the band-to-band
transition (Ib) or through unoccupied
(non-ionized) acceptor states (Ic).
However, if a non-equilibrium electron
is trapped by the acceptor level,
recombination cannot proceed (II),
leading to increased lifetime of
non-equilibrium carriers. Release of the
trapped electron with an activation
energy AE, (III) restores the original
recombination pathway (Ic), resulting
in a slower rate of lifetime increase at
elevated temperatures.
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HenaBHo Obuto OOHapyKeHO, YTO 3JIEKTPOHHAs HMHXKEKIMs B p-turne GaN ocymiecTBiasieMas ¢
TIOMOIIBIO JIEKTPOHHOTO JIy4a CKaHUPYIOMIETO 3IEKTPOHHOTO MHKPOCKOINA HIIU 3a CUET MPHKIAIBIBAHHS
BHEIITHET0 HANPSDKEHUs] K TBEPAOTENBHBIM mpubopam (p-n mepexonaMm miu O6apbepam IlloTTku), Beaér k
YBCIMYCHHUIO BPEMEHH OKH3HM HCOCHOBHBIX HOCHMTeNed 3apsga M HX Jupdy3HMOHHOH JUIMHEL
COOTBETCTBYIOIME M3MEHEHHS! OBUIM 3aMEYeHHl M B APYruX (yHIaMEHTANbHBIX CBOMCTBaX MaTepHuaia,
BKJIIOYast (hOTOOTKIMK. Bbuta MpeutoKeHa MEKTPOHHAs MOAEIb, B KOTOPOi BBIIICYKa3aHHbIC M3MCHECHHUS
CBSI3BIBAIOTCA € 3apsAAKOW MeTa-CTaOMIbHBIX LIEHTPOB, co3gaBaeMblX B p-GaN 3a cuér sneruposanus Mg,
TIOCKOJBKY NMOAOOHBIH 2 deKT He HabMogaeTCs B MaTepraie n—THUIa.
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IepcnexTuBHOCTD HCTONB30BaHUE cBepxpemeTodnbix (CP) cTpykTyp Ha OCHOBE MIMPOKO30HHBIX
mutpunoB (GaN, AIN u AlGaN) B pasnuuHbIX ODIEKTPOHHBIX M ONTOAIEKTPOHHBIX IpHOOpax
MPOJEMOHCTPUPOBaHa B OOJIBIIOM KOJIMYECTBE MyOiuKauuii (cM., Harpumep, [1] u ccbutku B Hem). Takue
CP MOryT HCHONIB30BAaTBCSl KaK IIHPOKO30HHOE OKHO B ONTOYIEKTPOHHBIX HPHOOpax, KaK aKTHBHAsS
00II1aCTh B CBETOHM3IIYYAIONIIHX IPHOOpax U (HOTONETEKTOpaX, KaK CIOU JUIS KOMIICHCAIMH HAIPSHKCHUH B
CTpYKType M Jp. DPHEKTUBHOEC HCIOIB30BAHUC TAKMX IEPHOAUYECKUX CTPYKTYyp TpeOyeT AeTaabHOro
HccIeoBaHusA nX (QyHIAMEHTaIbHBIX (HH3MUECKHE CBOMCTB, a TAkKe PA3BUTHSI HOBBIX KOIMYECTBEHHBIX
METOAUK JUarHOCTUKH C IIEJIBI0 COBEPIICHCTBOBAHMS TEXHOJIOTHU UX BBIPAIMBAHIS.

PamaH-cniekTpockonusi SBISETCS MPU3HAHHOW METOAMKOH HccnenoBaHust (oHoHHOro crnekrpa CP
cTpykTyp. OHa Takke IIMPOKO HCHONB3YEeTCS B KadeCTBE HEpa3pyIIAIOIIEero, OONaJaloIIero BBICOKHM
MIPOCTPAHCTBEHHBIM pa3pelleHHeM, METOa aHAIN3a TaKuX 00beKToB. OOIHPHBIA dKCIIEpUMEHTaIbHBIA 1
TeopeTHdeckuil Marepuan HakomieH B ocHoBHOM mo CP tuma GaAs/AlAs, Ui KOTOPBIX OTCYTCTBYET
TepeKphITHE (POHOHHBIX UCHEPCHOHHBIX KPUBBIX Yy 00beMHBIX KpucTauioB GaAs u AlAs [2]. B otianune
OT 9TOr0, ()OHOHHEIE MUCIEPCHOHHBIC KpuBble GaN HepeKpBIBAIOTCS ¢ JUCIIEPCHOHHBIMU KpHBHIMU AIN,
YTO NMPUBOJHUT K CYHIECTBEHHO HOBBIM SIBICHMSAM B AMHAMHUKE KpHCTaJutMdyeckoi pemerku CP co3paHHBIX
Ha OCHOBE 3THX MaTepHayoB. VIMEHHO 5TH (haKTOpHI SBHINCH HPEISATCTBHEM B aHAIHM3€ KOJIEOATEIbHOTO
criekrpa CP GaN/AIN, mpencraBieHHOTo B paHHHX paboTax [3, 4].

MopenbHbIe METOIBI HCCIEAOBaHUs (DOHOHHBIX CIIEKTPOB COCTABISIIOT OCHOBY JUISI KOJIMYECTBEHHOTO
aHaNIM3a U HMHTEPIpPETalMH JKCIIePHMEHTAIbHOH HH(OpPManuy, MOTydeHHOH METOJaMH KolaeOaTelbHOM
crekTpockonuu. ECTh Bce OCHOBaHUS Mpe.ronaraTth, 4TO TaKoe MOJCIHPOBAHHE MOXET IPHBECTH K
HaJeXKHBIM 3aKIIOYCHHSIM, €CJIM B HeM OyAyT MCIONB30BaHBl MOJCIM IIOTCHIHATa MEXaTOMHBIX
B3aMMOJICHCTBHH, KOTOpPBIC HOCTATOYHO TOYHO ONHCHIBAIOT JHHAMHYECKHE CBOMCTBA YHCTBIX KPHUCTAJIOB
AIN u GaN [5]. Pe3ynbpTaTsl KOMIIBIOTEPHOTO MOJeIHpoBaHUs KonebarensHoro crekrpa CP GaN/AIN u
GaN/AlGaN, nx uHTepnpeTays ¢ IMIOMOIIBI0 MaKPOCKOIINYECKON MOIEIH AUDIEKTPUIECKOr0 KOHTHHYYMa
U MX CPaBHEHHUE C IKCIICPHMEHTAIBHBIMU PAMAHOBCKIMH JaHHBIMH IPEACTABICHBI B JaHHOU padoTe.

HccnenoBanoch MOBEACHUS aKyCTHYECKHX M ONTHUYECCKHX (DOHOHHBIX MOJ B rekcaroHambHbIX CP
cocrosux u3 cinoes GaN n AIN ¢ nepuonamu d,=2—40 um u CP GaN/AlGa, (N ¢ pa3HbIM copepKaHHEM
Al (x=0.13, 0.28, 0.44 u 0.54) u pasuaeiMu nepuoaamu (d,=5-320 um). Bee cTpyKTyphl ObLTH BBIPAIICHB! B
OTU um. A.®. Nodde meronom MOVPE Ha nognoxkax (0001) ALO; [6,7].

®opmuposanre CP Bener k ciiokeHHI0 30HbI BpHiuIi09Ha B HallpaBJIEHUH POCTa, B PE3yJIbTaTe YEro B
PaMaHOBCKUX CIEKTPaxX MOSBIAIOTCS MOIBI OT CIOXKEHHBIX aKyCTHYECKHX BeTBeil. M3ydeHme 3THX Mox
M03BOJISICT MOMTy4aTh HH(popMamnuio o nepuoxne CP, a Takoke maeT cBeeHus 00 yCpeIHEHHOH CKOPOCTH
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Puc.1. Pamanosckue criektpsl CP GaN/Aly»5Gag 72N B 0obmact akyctuueckux ¢ononos: (a) mst CP ¢
pasnmuuHbiMu  nieprosamy; (b) TpPU pasHBIX TEOMETPUSX SKcrepuMmeHTa. Ha BcTaBke IOKa3aHa
CIIOXKEHHAs akycTHdeckast poHoHHas BeTBb (LA).



3BYKa M JUCIEPCUH aKycTHdeckoi (oHoHHOU BeTBU B CP. Ha Puc.1(a) mokasaHbl paMaHOBCKHE CIIEKTPHI B
00JIacTH aKyCTHYeCKHX (OHOHOB, monydeHHbIC sl HecKoinbkux CP GaN/Alj,3Gag7,N ¢ pasiaudHbIME
nepuoioM. BuHO, 4TO CHeKTphl Bcex 00pasloB coaepkar JyOaeThl y3KUX JIMHUH, KOTOPbIE UCHBITHIBAIOT
CIBUT B CTOPOHY BO30Yskaromiei JuHHM Tpu yBenudeHun nepuoga CP. M3BecTHO, YTO MMEHHO Takoe
MOBEJCHHE XapaKTEepHO U CBEPHYTBIX aKycTHdeckuX (oHoHOB B CP. IlonoxkeHue MyOIETHBIX JTHHUH
Aa):,qz B CIIEKTpax JAeTCsl BBIPAXKEHUEM: Aa)::’qz =w,,%4q,5,30h O = 2mms | dp 5TO 4acToTa
LIEHTPO30HHOTO CJIOKEHHOTO aKyCTHYecKOro (hOHOHa MpojaoibHOW aucrepcronHod BeTBU (LA), ¢. aTO
NIPOEKLHsI BOJHOBOTO BEKTOpa ()OHOHA HA HAINPABIECHHE CIOXKEHHMS, S 9TO CKOPOCThb 3BYKa IS CPEIHETO
cocraBa CP, a n=1,2... bputo ycranosyeHo, 4ro juii CP uMeromux pasinyHblili epUoj, HO OJMHAKOBOE
conepxanue Al (x=0.28) ckopoctu 3Byka mist cpegHero cocraBa CP, oneHeHHble M3 JTaHHBIX Paman-
criekrpockonuy (Puc.1(a)), oueHs 61m3ku U coctaBisior 8410 m/cek.

Jlist Toro, 4ToOBI ONpeRenuTh AUCTIepcHOHHYI0 KpuByio LA BetBu B CP, ObUIM HCIOJIB30BaHBI TPH
reomerpun paccesaust (Puc.1(b)). 'eomerpust paccesHust “Hazax” z(xx)Z OT IUIOCKOCTH CTPYKTYpBI

MepHEHINKYIAPHON TeKCaroHanbroi ocK z obecrieunBana BOTHOBOKH BEKTOP PaBHBIH g.=2k,0. ['eomMeTpus
paccestHUS y(Xx)z , ¢ HCHOIb30BaHHEM 90-TpaJyCHONM T€OMETPHH PACCESHUS, YMEHbIIada HMPOCKIHIO
BOJTHOBOTO BEKTOPA B HAIPABIICHNH z JIO BEIMIUHBI PABHOH g-=ky0. JlanbHElIIEe yMEHbIICHNE BETMINHBI
BOJIHOBOTO BEKTOpa OBUIO JOCTUTHYTO B T€OMETPUM paccesHHs “Hazan’ ¢ ucrnosb3oBaHuem topua CP
x(zz)Xx , KoTOpas oOecrneunBaIa BEIMYUHY ¢. OJM3KYIO K HYJIIO.

BupaHo, uTO pamaHOBCckME cHEKTpbl s z(xx)z M y(xX)z TEOMETPUH pacCestHus coiepxKar

JyOJIeThl, BeIMYMHA PACIIEIUICHHs] KOTOPBIX 3aBHCHT OT BEJIMYMHBI BOJTHOBOTO BEKTOpa ¢-. B TO e Bpems
B TE€OMETPUH paccesHus x(zz)X HaOMIOZaeTcs TONBKO OJHA JHMHHS U €€ IOJOXKEHHE COOTBETCTBYET

LEHTPY TSDKECTH yOrera.

IToBeneHne MOA HPH OYECHb MAbIX BOJHOBBIX BEKTOpaX ¢, SIBISETCS IPEAMETOM IOBBIIIEHHOTO
HHTepeca, IIOCKOJIBKY IIelb B IEHTPE 30HBI JUIS CIIOKEHHBIX aKyCTHYSCKUX ()OHOHOB JaeT HHAOPMALHIO O
napameTpax CP [2]. Hamm pe3ynbTaThl CBHIETENBCTBYIOT B MOJB3Y TOTO, YTO BEJIMYMHA IIENIH B LEHTPE
30HBI JUISL CJIOXKEHHBIX aKyCTHYECKHX ()OHOHOB HAXOAUTCS 3a IpeelaMi HHCTPYMEHTAIFHOTO Pa3peIIeHHs
(=0.5 cm’l), YTO HpennosaraetT pa3MbiTelii uHTepdeiic B nzyyaemoit CP (GaN/Aly,3Gag 7N ¢ nepuogom
12.8 HM). B pamaHOBCKHX cHekTpax Bcex HccienoBaHHBIX CP B 0o0nacTé ontudecknx KojeOaHWH ObM
OoOHapyXeHbl [BE TpYHNIBl JIMHHI, OJHAa M3 KOTOPBIX MPOSBIsIAa "OAHOMOJOBYW", a Japyras
"JIByXMO/IOBYIO" 3aBHCHUMOCTb OT COOTHOUIEHHMs TOimMH cinoeB CP. PesynbTaThl KOMIIBIOTEPHOTO
MOJIEJIPOBAHMS JUHAMHKY PEIIEeTKH, BHIIOJHEHHbIE B PaMKax paciMpeHHo# monenn bopra-Kapmana, u
pacyeTsl B TNPUOIMKCHUH [MAJIEKTPHYECKOrO0 KOHTHHYyyMa MO3BOJMINM OOBACHHTH HaOllrojaeMoe B
JKCIIEPUMEHTE IOBEJCHHE MOJ CTEHEHBbI0 HX JoKaau3amuu B ciaosx CP, a MexaHH3M MeXCIOeBOro
B3aUMO/IEHCTBHS MPUITHCATD J1AJIbHOASHCTBYIOIUM JIUIIOIb-AUIIONBHBIM criiaMm [8].

Pesynbratsl pacueroB mpenckassiBaioT (Puc.2(a)), 4to a1 (HOHOHOB, pacIpoOCTPAHSIOLIMXCS BIOJb
rekcaroHansHoit ocu (A(LO) u E(TO)), a Takxe anst GoHoHoB cummerpun E; (Ex(low) u Es(high)), B
CIIEKTpaXx JOJDKHBI HAOIFOATHCS MO JBE JIMHUU. YacTOTHI ATHX JIMHUH ONM3KHM K YacTOTaM aHAIOIMYHBIX
Moz B 00beMHbIX KprcTaiuiax GaN u AIN, a X HHTEHCHBHOCTH — IIPOIIOPLMOHATBHEI TOIIIMHAM
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Puc.2. (a) paccuntannsle yacToTsl ¥ uHTeHCHBHOCTU A(TO) 1 4,(LO) Mox s CP (GaN),/(AIN), ¢
pasHeiMH TOJNIIMHAaMHK clioeB; (b) monspu3oBanHble pamanoBckue criekTpsl CP GaN/AIN ¢ nepuogom
d,=6um (GaN)+4um (AIN)=10aM. CTpenkamu TOKa3aHbl TOJ0XKEHHA COOTBETCTBYIOIMX (DOHOHHBIX
nuHUi B 00beMHbIX GaN u AIN.
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COOTBETCTBYIOIIUX CJIOEB. AHAIM3 COOCTBEHHBIX BEKTOPOB 3THX MOJ MOKa3bIBaeT, YTO ITU KojeOaHMs
JIOKaIN30BaHBI B COOTBETCTBYIOIINX CIIOSX, cocTaBistomux CP.

B 0 xe Bpems g xonebaHuil pacnpocTpanstonmxcs B miockoctu cioes CP (4(TO) u E(LO)),
pacdeThl NpeICKas3bIBAlOT Apyroi xapaxrep mosenenus. Kaxnpii crnexrp cummerpun A(TO) u E(LO)
JIOIKEH CONIEPKUT MO OnHOM “HopmanbHoW” mnomoce (4(TO)" u E(LO)"). TonoskeHue 3THX MOIOC
MOHOTOHHO MEHSIETCS OT MX XapakTepHoro mojoxkeHus B GaN mo mnonoxenus tunuyHoro it AIN
MPOTIOPIIMOHAIBHO OTHOCHTENBHOW J10J1€ pa3HbiXx HUTpUAoB B CP (m/n). VIHTEHCMBHOCTH 3THX IOJOC
BEJINKa U cI1ab0 MeHseTcs Ipu u3MeHeHuH cTpykTypbl CP. Kpome Toro, pacuer npencka3plBacT IOSBICHUE
B KQXIOM CIIEKTpe ellé OJHOW MeHee MHTEHCHUBHOH “anHoManbHOM” monocsl (A(TO) u E(LO)"), koropas
JIOJDKHA pacroyiaratbesi B uHTepBasie npoposbHbix (it A(TO)") u monepeunsix (uiss E(LO)7) uactor
Kpuctawios, cocrtapistomux CP. Ananmu3 cmemenuii atomoB B momax A(TO) u E(LO) mnozsomsier
YTBEp)KIaTh, YTO 3TO — AENOKaIM30BaHHbIE MOl COOCTBEHHBIE BEKTOPHI ITHUX KOyieGaHHN ONH3KH K
CyMMe COOCTBEHHBIX BEKTOPOB MOJ COCEIHHUX CJO0EB (Ui “HOPMAJIBHBIX” MOA) WIM MX Pa3HOCTU (st
“aHoManbHBIX” MoJ). HaOmiomaemass B JKCIEpHMEHTE KapTHHA XOPOIIO COITIACYeTCs C IOBEJCHHEM,
npe/cKa3blBaeMbIM MHKPOCKOIIMYECKUMHU pacueraMu. B kauectBe mpumepa Ha Puc.2(b) mpeacraBieHbI
pamaHoBckHe crieKTpsl nosyyeHHbie Ha CP GaN/AIN ¢ nepuosom d,=10uM. B criektpe z(xx)z B obnactn

(hOHOHOB cUMMeTpuH E, PerMCTPUPYIOTCS ABE JIMHUM, YaCTOTI KOTOPBIX OJIM3KH K yactoTaM £, GOHOHOB
oovemublx GaN u AIN. AHanorudnas KapTWHa HaOIIOZAETCA B CHEKTPAX, COOTBETCTBYIOIIUX (hOHOHAM
cummverpur E(TO) u 4,(LO) (puc.2(b), cuexTp y(zy)x u z(xx)z , COOTBEICIBCHHO). B cooTBeTCTBHU C
pacueToM, 3TH KoieOaHUs NODKHBI OBITH JIOKAIM30BAaHBI B CIIOSX M UX IOBEJCHHE ONPEACIISIETCS TOIBKO
XapaKTepUCTHKaMH 3THX cioeB. ClieoBaTensHo, HabJIroJaeMble CIBUT'H (DOHOHHBIX JIMHUH OTHOCHUTEIIBHO
uxX mosoxeHus B HenedopmupoBaHHbIX Kpuctaiax GaN u AIN (a pucynke 2(b) oHM moKa3aHbI
CTpeJIKaMH) MOTYT OBITh OHO3HAYHO OOBsICHEHBI HanuuueM Aedopmanuii B cnosx CP.

C wucnosb30BaHHEM JAHHBIX O KOHCTAHTAaX Je(OPMAIMOHHOTO IOTEHIHANa COOTBETCTBYIOIINX
(hDOHOHHBIX MOJ, Mbl OLUECHWJIM 3HAK M BEIMYUHY Jaedopmauuii B ciosx, cocrapimsommx CP GaN/AIN
(d,=10 HM): 0(GaN)= —5.5 I'Tla u Gx(AIN)=6.0 I'Tla. Oxa3anoch, YTO MJIOCKOCTHBIC AedopManuu B
cnoax GaN MMeroT xapakTep cxatus, a B ciosix AIN oHM UMEIOT XapakTep pacTskeHus. MccnenoBanus,
BemosiHeHHble Ha CP GaN/AIN ¢ pa3inyHbIMEM NIE€pHOJAMHM, BBISBIIM, YTO C YMEHBIICHHEM IepHOJa
NPOMCXOUT 3HAYMTENbHOE yBeianueHue aedopmanuu B cinosx CP. Ilpu 3ToM 1O abCONIOTHOH BeIHYnHE
coxkarue crnoeB GaN Oonbiie, yeM pactspkeHue cioeB AIN, uTo 0OYCIIOBIEHO BKJIAJOM TEPMOYIPYTHX
HanpspkeHnd. Bemmanasr nedopmanuii B cnosix GaN n AIN, olieHeHHEIE N3 paMaHOBCKUX JAHHBIX, XOPOIIO
COTJIACYIOTCS C PE3yJIbTaTaAMH, TTOTYYCHHBIMH METOOM PEHTICHOBCKOIT TH(ppaKILnH.

B TO ’Xe BpeMsi SKCIEpHUMEHTBHI MOKa3biBaroT, 4To (GoHOHBI cummerpuu A(TO) u E(LO)
JEHCTBHUTEIEHO UMEIOT XapaKTePHCTUKH CBOMCTBEHHBIE JIeNIOKAIN30BaHHEIM KosiebanmsiM. Tak, Hanpumep,
B CIIEKTpe COOTBETCTBYIOMEM (oHoHy cummerpuu A,(TO) (puc.2(b), ciektp x(zz)X )
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Puc.3. TlonspusoBannsle pamaHoBckue crekTpbl CP GaN/AljsGag,,N ¢ pasHbIM HEpHOIOM JUis
¢dononos cummerpuu 4,(TO) (a) u E,(LO) (b).
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HaOJNI0JaeTCs JIMIIb OJIHA JIMHMS, KOTOpas 3aHMMAeT CpelHee MojoxeHue Mexay dactoramu A;(TO)
¢onona B o6bemHOM GaN u AIN. Ananornunas kapTuHa HaOmrofanack U B crekrpax cumerpuu 4,(TO),
nonydenHbix Ha CP GaN/AlGa; N (x=0.13-0.54). 3necp Taroke Obuta 3aperucTPHPOBaHa OJMHOYHAS
JIMHYS, MTHTCHCUBHOCTH KOTOPOIt He 3aBHcesna oT coctaBa CP, a ee 4acTOTHOE MOJIOKEHHE COOTBETCTBOBAIIO
cpenuemy cozmepxkanmio Al B CP GaN/AlLGa;,N. Takoe mnoBemeHue cormacyercsi C pe3ylbTaToOM,
MPE/ICKAa3bIBAEMbIM MHUKPOCKOITMYECKUM PACUETOM IS “HOPMAJbHOTO” JIEJI0KAIM30BAaHHOIO KoJieOaHusl.
OTCyTCTBHE B CHEKTPE “aHOMAJIBHOT0” KOJIEOaHHUsI MOXKET OBITh OOBSICHEHO MPOTHBO(A3HBIM XapaKTepOM
aTOMHBIX CMENIEHHHl B COCEJHHX CJIOSX, KOTOpBIE [Al0T BKJIAAbl HPOTHBOIOIOXKHOIO 3HAaKa B
HPOU3BOJIHYIO JHIOJIBHOTO MOMEHTA U MOJISIPU3YEMOCTH.

B cnexrpax konebanuit cummerpun E1(LO) HaOnrogaeTcs kapTHHA aHAJOTWYHAs ONMCAHHOW BhINIE
mist A, (TO). Ha Puc.3(a) u 3(b) mpencraBmena tpancopmanus mox A,(TO) m E(LO) mma CP
GaN/Aly23Gag7»N npoucxozsinas ¢ yMEHbILICHHEM Nepuojaa cTpykTypbl. Habmrogaemas kapTHHA XOPOLIO
COTJIACYETCsI C MIOBEACHHUEM, IPE/ICKA3bIBAEMBIM MHKPOCKOITHYECKHIMH PACYCTaMH.

Jlna koporkonepuonuasix CP GaN/AIN (d, < 10 mm) BriepBbie ObIIIO 0OHAPYXKEHO, YTO PAMaHOBCKHE
CIIEKTPBI B 00J1ACTH HPOAOJIBHBIX onTHueckux GoHoHoB AIN conepxaT HaG0p MAKCHMYMOB, KOJIMYECTBO U
TOJIO’KEHHE, KOTOPBIX 3aBHUCAT OT neprona CP. AHanu3 CIeKTpOB MOKa3all, YTO 3Ta CTPYKTypa CBS3aHa C
noxanu3oBaHHEIME 4,(LO) dpononamu AIN.

Takum oGpas3om, ekt ogHOBpeMeHHOro cyuiectBoBaHus B CP J0Kann30BaHHBIX MO, KOTOpPBIE
HecyT wuH(pOpMaluUo 00 HHAMBHAYaIbHBIX —XapaKTepuCTHKax cioeB cocramiomux CP, n
JETOKATN30BAaHHBIX MO, HECYyIMX HH(GOPMAIMIO 00 YCpPEeAHEHHBIX XapaKTePHCTUKAX CTPYKTYpEI,
MO3BOJIACT KOJMYECTBEHHO OLICHHTh Takue BakHble Xapaktepuctuku CP kak BenuumHy Jedopmaruu B
CHOSIX CTPYKTYphl, 100 Al B cioe TBEpIOro pacTBOpa, a TaKXKE COOTHOIICHHE MEXIY TONIMHAMU
MHIUBHAyalbHEIX cioes B CP [7,8].

Pa6ora 6bu1a nognepxkana POOU (I'pant 09-02-01280), HHC-PODU (I'pant 08-02-92003-HHC), u
nporpammoii PAH "®usuka HOBBIX MaT€pUaIOB U CTPYKTYyp'.
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LATTICE DYNAMICS OF GaN/AIN AND GaN/AlGaN SUPERLATTICES:
THEORY AND EXPERIMENT

V. Yu. Davydov'*, M.B.Smirnov’, Yu.E. Kitaev', A.N. Smirnov’,
M.A. Yagovkinal, V.V.Lundin', and E.E.Zavarin’
'Toffe Physical-Technical Institute, Politekhnicheskaya str., 26, 194021, St. Petersburg, Russia
phone. +7(812)2927911, e-mail: valery.davydov(@mail.ioffe.ru;
2 Fock Institute of Physics, Saint-Petersburg State University, 198504, St.Petersburg, Russia

Computer simulation of the lattice dynamics of GaN/AIN and GaN/AlGaN superlattices is performed
to elucidate the microscopic nature of the vibrational states corresponding to the strongest bands in the
Raman spectra. Experimental Raman spectra are shown to consist of two groups of lines, one of which
exhibits a two-mode behavior and the other shows a one-mode behavior as the relative layer thicknesses are
varied. The results of computer simulation and calculations within the dielectric-continuum approximation
suggest that the behavior of the observed vibrational modes is dictated by the degree of their localization
and that the interlayer couplings due to long-range dipole-dipole interactions. It is shown that the
delocalized modes, which exhibit one-mode behavior, can be used as a sensitive probe of the structure and
composition of superlattices.
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CHEKTPOCKOIUA AIMATTAHCA — MOIIIHBII METOJI TMATHOCTUKHA
SHEPTETUYECKOM CTPYKTYPBI TETEPOCTPYKTYP C MHOKECTBEHHBIMH
KBAHTOBBIMU SIMAMM InGaN/GaN

O.B. Kyueposa'*, B.H. 3y6Kos’
'Cankr-TlerepByprekuii TocyIapCcTBEHHbIH eKTpoTeXHHUeckHii yrupepenteT «JIITH» (CTIGIATY).
V. lpod. Tomnoga, 1.5, 197376, Cankt-IlerepOypr,
tein. +7(812)2343016, e-mail: koucherova@mail.ru

AKXTuBHas 00JAacTh MOIYNPOBOJHUKOBBIX TI'€TEPOCTPYKTYP, HCIOIB3YIOIIUNXCA B COBPEMEHHBIX
MOIIHEIX OENBIX, CHHUAX M CHHE-3eJeHBIX CBETOAUOAX, MIPEACTABIseT cO00i HAOOp TOHKUX KBAaHTOBBIX SIM
InGaN/GaN. [luarHocTHka TakhX CTPYKTYp, OONagalolMX KBaHTOBO-pa3MEpHBIMH ddekTamu,
BCTPOEHHBIMH ITHE30TIOIIMU ¥ OONBIION INIOTHOCTIO JUCIOKAIMN H3-32 OCOOCHHOCTEH POCTa HUTPUAHBIX
TeTepoCTPYKTYyp Ha camn(upPOBBIX IOUIOXKKAX, TpeOyeT HCIIONb30BAaHUS COBPEMEHHBIX —aJIeKBAaTHBIX
METO/IOB MX HCCJIeI0BaHHs.

KommexkcHoe mpUMEHEHHE KBAa3UCTATHYECKUX M TEMIEPAaTypHBIX METOJOB CIIEKTPOCKOIHHU
aJMUTTaHCA ITIPU pealll3allidl TEMIICPATypHOU pa3BepTKU M CMEIICHHUS TPaHUIBl 00IacTH OOBEMHOTO
3apsiga, coyeTaeT B cebe MPOCTPAHCTBEHHOE paspelieHHe MO KOOpAMHATe oOpasua M uHQopManuuio o6
SHEPreTUYECKOM CIEKTPE KBaHTOBO-pa3sMepHON cucteMbl [1]. DTo maeT BO3MOXXHOCTH Haubojee MOITHO
XapaKTepH30BaTh MHOXKECTBEHHBIC KBaHTOBBIe sMbl (MKSI) ¢ Toukm 3peHHS HX OCHOBHBIX
MEKTPODYHU3UIECKUX apaMETPOB M CBOWCTB 3JICKTPOHHOTO CIEKTPa.

W3mepeHus CBETOAMOAHBIX TETEPOCTPYKTYP C MHOXKECTBCHHBIMH KBaHTOBBIMU siMamu (MKSI)
InGaN/GaN mnpoBOAMIHCh Ha OpPHIMHAIBHOM aBTOMATH3HPOBAHHOH YCTaHOBKE CIIEKTPOCKOIHHU
aamutTanca [2], cocrosmeit u3 LCR merpa Agilent E4980A u renmieBoro KpuocTtara 3aMKHYTOTO IIMKJIA
Janis CCS 200/204N. YHHKaIBHOH OCOOCHHOCTBHIO CHUCTEMBI SIBISIETCS pealn3alysi U3MEpPEeHHH B OJHOM
TeMIEpaTypHOM IHKJIE, YTO MO3BOJIET KapAMHAIBHO (Ha 3 MOpsAAKA) COKPATHTh BpeMsl H3MEPEHHIl.
OO0pasibl U3MEPSIIUCh B €JUHOM IMKJIE CO CTYIEHUYaThIM M3MEHEHHEM TemrepaTypsl oT 5.5 1o 325 K B
IIMPOKOM JHANa30He MPHIOKEHHBIX CMEIICHUH U YaCTOT TECTOBOTO CHUTHAJIA.

Turmunsie 1/C*(U)- n G/o(U)-XapakTepucTHKH reTepocTpyKTyphl ¢ MKSI mpuBeneHs! Ha puc. 1.
Habmronaemast cucteMa HECKONBKHX IUIATO M NEpPerndoB Ha 3TUX rpadukax orpaxaer Hanmmune MKS B
rerepocTpykType. Kaxxnomy minaro Ha BonbT-(apagHoi xapaktepuctuke (BOX) cooTBeTcTBYeT monouka
Ha 3aBucuMocTd G/m(U). CTyneHdyaToe moBeIeHHEe IPOBOAUMOCTU OOBSICHIETCS TE€M, YTO C yBEIHMYCHHEM
LIMPUHBI 00J1aCTH 00BEMHOT0 3apsiaa (IpU YBEINYCHHH OOPATHOTO CMEIICHNUS) IPOUCXOAUT MOOYEPEIHOS
«BBIKJIIOYCHHE» KBAHTOBBIX SIM M CTYIEHYAaTOEC YMEHBIICHHE HX BKJIAJa B OOIIYI0 HPOBOAUMOCTH. JTO
SIBJICHHE OCOOCHHO 3aMETHO IPH TeMIIepaTypax HIDKE a30THEIX.

KoHueHnTpanyonssle Npoduii HOCHUTENICH 3apsiia, MOCTpoeHHble no BOX neMOHCTPHPYIOT psin
MHTECHCUBHBIX IHKOB, COOTBETCTBYIOIIMX OTACAbHBIM K5I (puc. 2). OmpeneneHo paccTOSHHE MEXTy
KBaHTOBBIMH sSIMaMU U 3apsi/l, HAKAIUTUBACMBIH B HHX.
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Puc.l. BOX u 3aBucuMocth npoBoguMocTH OT Puc.2. KoHIeHTpauoHHbIH NPOGHIb OCHOBHBIX
NIPUIOXKCHHOTO  CMEIIECHHs  IPOMBIIIIEHHOTO HOCHTeNeH 3apsiaa mpu 5.5 K.
CBETOANO/IA.
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HNudopmanyo 00 dHEPreTHYECKOW CTPYKType oOpaslia MOXHO TMOJYyYUTh TpH  aHajIu3e
TEMIIEPaTypHBIX CIIEKTPOB EMKOCTH H INPoBOAUMOCTH. OcOOEHHOCThIO IpadukoB AppeHHyca JaHHOTO
o0pasia sBISETCs CYLIECTBEHHOE OTKIOHEHHE OT JIMHEHHON 3aBUCUMOCTH (pHc. 3). MBI CBSI3bIBaEM 3TOT
3¢ heKT ¢ MosiBICHUEM TYHHEIBHOH IMUCCHOHHOM COCTABIISIOIICH, KOTOPast HE 3aBHCHUT OT TEMIICPaTyphl 1
T03TOMY €€ BKJIaJ OCOOCHHO 3aMeTeH IIpU HU3KOM TeMmeparype [3].

B TemmeparypHBIX CHEKTpax MPOBOAMMOCTH, HOCTPOCHHBIX MPH (UKCHPOBAHHOIN 4acTOTe M INpPH
PA3IMYHBIX TPUIOKEHHBIX CMEIICHUSX, TOMHMO MOHOTOHHOTO POCTa aMIUIMTY/BI MHKOB C YBEIHYCHHUEM
CMeIeHHs] HaOMIoaeTcsl Pe3Koe BO3PACTAHUE AMIUIUTYABl HH3KOTEMIIEPAaTypHOTO IHKA IHPH IHPSMOM
CMCIICHHUH, YTO MOXET OBITh OOBSCHEHO pa3IMYHBIMH MEXaHH3MAaMM 3aXBaTa M 3MHUCCHH HOCHTENEH
3apsija.
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Puc.3. I'paduk Appennyca npu U=0 B u +2B. Puc.4. TemnepaTypHblii CHEKTp NPOBOAMMOCTH

[P PA3IHYHBIX CMEIICHUSAX.
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ADMITTTANCE SPECTROSCOPY — A POWERFUL METHOD FOR DIAGNOSTICS OF
ELECTRONIC STRUCTURE OF HETEROSTRUCTURES WITH MULTIPLE QUANTUM
WELLS InGaN/GaN

0.V. Kucherova'*, V.I. Zubkov'
'St.Petersburg State Electrotechnical University “LETI”. Prof. Popov street, 5, 197376, St.Petersburg,
phone. +7(812)2343016, e-mail: koucherova@mail.ru

An originally designed computer-controlled admittance setup consisted of precision LCR-meter
Agilent E4980 and closed-cycled helium cryostat Janis CCS 200/204N was used for comprehensive study
of LED structures with MQW InGaN/GaN. A step-like behavior of conductance vs. bias characteristic was
observed which we attribute to the sequential switch off every quantum well under the increasing reverse
bias.

Arrhenius plots derived from the temperature admittance spectra demonstrate strong deviation from
the linear one. This phenomenon could be explained as a significant contribution of tunnel component
(especially at low temperature) in total carrier emission from a QW.
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PEHTITEHOCTPYKTYPHBIE UCCJIEJOBAHUSA JE®OPMAIIMOHHOI'O COCTOAHUS
MHOTI'OCJOMHBIX CTPYKTYP InGaN/GaN

B.C. Heuu'*, B.II. Knaowvko’, A.B. I(yuykz, H.B. Ca¢p10K2, P.B. Konaxosd’,
B.®. Mauynuw’, A.E. Bennes’
' 3A0 «Csernana-OnTosnekTponnkay, a/a 78, 194156, Cankr-TletepGypr;
*UucruryT dusukn nomynposoguukos um. B.E. Jlankapesa HAH Vipaunusr, np. Haykn, 45, 03028, Kues
Ten. +38(044)5255758, e-mail: kladko@isp.kiev.ua;

MHOroCIolHbIE 3MUTAKCHATBHBIE TETEPOCTPYKTYPbl Ha OCHOBE TBEpIbIX pacTBopoB InGaN/GaN
IIAPOKO UCTIONB3YIOTCS I CO31aHust cBeToAnoa0B (CJI), H3IydaromuX B BUAUMOM H YIETPadHOIETOBOM
nuanasoHax. JUIst oTHX CTPYKTYp XapaKTepHbIMM SBISIIOTCS OOJbIIME HECOOTBETCTBUS I1apaMeTpOB
PCIIETKH, BBI3BAaHHBIC Je()OPMALHOHHBIMH IOISAMH, KOTOPbIE HIPHBOIAT K CHUIBHBIM IbE302ICKTPUIECKIM
noisiv. Kpome Toro, mM cBOMCTBeHHa OoubIIasi IDIOTHOCTb JHCIOKAI[MH, HEPOBHOCTH HHTEP(HEHCOB U
¢duykTyanus coctaBa. IlocnenHue NPUBOJAT K YXYIUIEHHIO ONTHYECKUE CBOHCTB JAaHHBIX CTPYKTYD.
TTostomy nmoBsimeHue 2 GEeKTHUBHOCTH U PACIIHPEHUE CIEKTPAIBHOrO JHana3oHa maydenus CJ1 aBnsercs
OJIHUM M3 IIPHOPHUTETHBIX HAIPABICHUH B COBPEMEHHOH TEXHOJIOTHH HAHOTETEPOCTPYKTYP.

B cBsi3u ¢ 3THM, HccnenoBaHue AeeKTHOro U AeOPMAIHOHHOTO COCTOSHUS TAKMX CHCTEM SIBIISCTCS
aKTyaJIbHOH 3afadeil, Kak I TeXHOJIOTHHU IOTy4YEHHS CIOEB C Pa3HBIM dJICKTPOHHBIM ITOTCHIINATIOM, TaK U
UL HOHUMAaHUS UX BIIHSTHAS Ha CaMU DIIEKTPOHHBIE TIPHOOPEL.

PentrenoBckas nudpakToMeTpust UCHONb3yeTCs ISl ONPEJENCHUs. CTPYKTYPHBIX (F€OMETPUYECKHX)
HapaMeTPoB MHOTOCIOHHBIX CHCTEM, TaKHX KaK COCTaB M TONIIMHA OTACTbHBIX CIOEB, a TakKe
MIOCIIEeI0BAaTENBHOCT UX pacronoxenus [1-3]. Kpome sToro, B nudpakIMOHHEIX KPHBBIX COACPIKHTCS
MH(OPMALHU 0 PE3KOCTH TeTEpPOrpaHul] (HAIMYHE MEePEeXOJHBIX CIIOEB) U Ae(OpMAlUM CIOEB, a TAKKE O
CTPYKTYPHOM COBEPILICHCTBE MHTAKCHAIBHBIX CIIOEB, TUIE Ae(EKTOB U UX MapaMeTphL.

B nmamHOM [OKIajme pacCMOTpPEHB HEKOTOpHIE ACIeKTHl PEHTICHOBCKHX —IH(PaKIHOHHBIX
HCCIIEIOBAHUH MHOTOCIIOMHBIX CTPYKTYp (cBepxpemieTok) Ha ocHoBe InGaN/GaN s ompeneneHHst HX
CTPYKTYpPHBIX U Ae(pOPMAIHOHHBIX IAPAMETPOB.

HccnenoBanmucsk obpasusl Ha ocHoBe InGaN/GaN, Bolpamennsle MeromoM MOC-runpuaHOi
snurakcu (MOCVD), Ha candupoBbix mnomioxkkax ¢ opueHtanueil (0001). CocraB KBaHTOBBIX sM
TOCTOSTHHBIN M HACTPOCH Ha JUIMHY BOJIHBI M3Iy4YeHus Onu3kyto k 460 M. Homuuanbueli coctaB InGaN
IIpH 3TOM HaxoAwics B mpexenax 12-15% mo mnapmro. O6pasusl comepikaT BEIPAICHHBIH Ha MOMIOKKE
Hu3KoTeMnepatypHslii GaN 3apoxslmeBslii cnoif, cmoit n-GaN (tonmmmHa 3.5MkM), Oydepryro 5-
nepuoanyto CP (tonmmna K cocransier 2.5uM, GaN GapbepoB — 4-5SHM.), aKTUBHYIO 00JacTh, KOTOpast
cozmepkut 5 InGaN/GaN KJI, ToxoorpanmumBaromuii cnoit p-AlGaN tommunoit 20uM u cmoit p-GaN
ronuuHOM 0.1MkM. HomunaneHas tonumua KS st ocHoBHo#t CP cocraBnsier 2.5uM, GaN GapsepoB -
9HM.

Kpusble mudpakmmonnoro otpaxkenus (KIB) or CP cogepxaT aBe CHCTEMBI OCIMILISIIUN:
MEPHOJNYCCKUX PACIpPENCNICHNH HHTCHCHMBHOCTH B 3aBUCHMOCTH OT yIila NajeHus — “OblcTpble”
OCHMUISIIUHM, XapaKTepHbIe JUIL OTPAKEHUSI OT TOHKOTO CIIOSL MM OT BCEH CTPYKTYpHI H NEPHOIUYECKU
pACIIONOXKEHHBIE CATeIUIUTHI O BTOPOrO IIOPSAKA, YTO SBISIETCS CBUJETEIBCTBOM — XOpOIISH
MePHOJNYHOCTH BBIPAIICHHBIX CTPYKTyp. Ha skcnepumenransnoit KJ/IB HaOmromaercs paciueruicHue
HYJIEBOTO CATEJUINTA, KOTOPOE HEBO3MOXKHO OOBSCHHTH TONIIHMHHBIMH OCHMULINUAMH. OTMETHM, 4TO Ha
IU(GPaAKIOHHBIX KPUBBIX OT HHUTPHUAHBIX IUICHOK, BBIPAINCHHBIX Ha camdupe, HET IMHUKA IOMIOKKH
(6mmxaiinmii peduexc candupa pacronokeH Ha HECKOJIBKO IPaJyCcoB OT H3MEPEHHOTO HHTEpBala yIioB),
KOTOPBIN CIY)KUT PEMEpPHON TOYKOW Juisi ompenaeneHus aedopmanuii Oy(hepHbIX MUTAKCHATBHBIX CIIOEB.
TlosToMy nmst ompeneneHUs HMapaMeTpoOB ¢ U ¢ HEOOXOJMMa NPHBS3KAa K aOCONIOTHOH IIKajle YTJIOB
OTpakeHHsI. DTO OCYLIECTBILIIOCH ITyTEM MU3MEpeHHs OparroBckoro yria paccesuus 26 mis cnos GaN u
cpennero nuka CP ¢ momolnkio aHanusaropa.

TpexxpucranbHas reoMeTpHsi AU(GPAKIMH TMO3BONSAET ONPENENUTh PEIAKCAIMIO SIUTAKCHATbHBIX
CTPYKTYp HPH aHAIN3e TaK HAa3bIBAEMBIX KapT PACIpPEAeNICHHsS HHTCHCHBHOCTH BOKPYT Y3JIOB 0OpPAaTHOTO
npoctparcTsa (KOIT). Ona ocHOBaHa Ha TOM, YTO HHTEHCUBHOCTh KOTEPEHTHOT'O PACCESHHUS OT MOJHOCTHIO
HANPsDKEHHBIX 2MMTAKCHAIBHBIX TETEPOCTPYKTYp paclipesiesieHa B IJIOCKOCTH PacCesHHs B HANpaBIEHUM,
HapaJuleIbHOM HOPMaIU K HOBEPXHOCTH. B 3TOM HampaBIeHHH PacIOIOKEHBI JOIMOIHUTEIbHBIC Y3IIBI —
LEHTPHI OTPa)KCHHSI OT OTACIBHBIX CIOEB, TONIIHHHBIC OCIHMULINUY, a TAKKE CaTEIUIHTHl CBEPXPEIICTKH.
Jl1s OTHOCTHIO PENAaKCUPOBAHHONW CTPYKTYPBI y3JIbl — IEHTPBI OTPAKEHHs OTICTBHBIX CIIOEB IOJKHBI
JIexaTe BAONb BekTopa audpakuuu. Ilpm dYacTHYHOH perakcanuu OHH  3aHHMAlOT HEKOTOPOE
MIPOMEXKYTOYHOE ITOJIOKECHHE.



AxrtuHas CP Obuta BhlpameHa Ha OydepHoid CP ¢ MeHpIIMM conaepkaHMEM MHAUS. ITO
cBHAETENbCTBYeT 0 ToM, 4ro CP cTpykTypa BhIpamieHa Ha PENaKCHPOBAHHOM B HEKOTOPOH CTEIeHU
6ydepromM cioe. TTockonbKy mieHkH A’-HUTPHIOB, BHIpAIIEHHbIE HA candupe, MPAKTHUYECKH TOTHOCTBIO
PENIaKCHPYIOT MPH TEMIIEPaType POCTa U HANPSDKCHHS B HUX, HAaOIF0AaeMble IPH KOMHATHO# TeMIeparype,
HOCST, B OCHOBHOM, TEPMHYECKHH XapakTep, TO 3TO MOXHO OTHECTH H K OydepHOMYy CIOIO H
xapakrepusoBatb CP aByMs mapamerpaMu penakcauuu — penakcanueidi CP B 1eJIOM OTHOCHTENIBHO
OydepHoro cios u penakcanuei Mexay oTaeabHbIMu crnosimu CP.

Tabnura.
OCHOBHBIE [TAPAMETPBI CTPYKTYP, MOTYyYCHHBIC PEHTTCHOBCKUMHU METOIAMH.
Crnon t, nm ¢, nm a, nm &l X c/a

CTPYKTYPBI
InGaN-CP1 3.6 0. 52987 0. 32309 0.01410 0.18 1. 6400
GaN-CP1 8.9 0.51744 0.31871 -0. 00561 — 1. 6235
InGaN-CP2 3.5 0. 53007 0.32313 0. 01560 0.07 1. 6404
GaN-CP2 3.8 0.51713 0.31887 -0. 00645 — 1.6217

W3 Tabauupl BuaHO, yto ciou GaN B CP HaXoIsTCst B COCTOSIHUM PACTSHKEHHUS, a CIIOU TBEPIOTO
pacTBOpa — B COCTOSHUH CXKAaTWs, NPHYEM 3TO HMEeT MECTO IS BCEX HCCIEIOBAaHHBIX CTPYKTyp. B
a0CONIOTHOM 3Ha4YeHHH AedopManuu pacTsbkeHus cinoeB GaN MeHbInue, 4eM JedopMalin CKaTHs CI0eB
InGaN. D1o oTiiMuKe BBI3BaHO, B OCHOBHOM, TOJIIKWHOM ciioeB. [l Bcex uccienoBanHbix CP umeer mecto
penakcanus Ha HIDKHUH TeTeporpaHHIle, T.e. CHATHE HANpPsDKCHUH, KOTOpble BO3HHKaoT Mexnmy CP B
nesoM H OydepHBIM clioeM. DTO He YIHBUTEIBHO, YUUTHIBAsl OOLIYIO TONIHHY OydepHOro cios (0koio 3
MKM) U OTHOCHTENbHOE HecooTBeTcTBHE Mexkay CP B menom u Oydepusm cioem GaN mopsixa 0,476%
(ucxomst u3 cpennero coctaa CP <x>=0,18) Tak 4To HanpsHKEHUS, KOTOPBIE BO3HUKAIOT 3aBEJOMO OOJIbIIe
KPUTHYCCKUX.

MetomaMu PEHTTCHOBCKOH AU(PPAKTOMETpUH OmpesenceHo Aedopmarnonnoe cocrosiuue CP u
OT/ICNBHBIX €€ CIIOEB, CTEMCHb PEIAKCAMU CIOCB CTPYKTYPBI, @ TAKKE TIEPHOI, TOIIINHBI CIIOCB H COCTAB
TBeproro pactBopa InyGa; \N B axrtuBHOW oOmactu. VYcraHoBieHo, uyro CP BelpameHa Ha
penakcupoBaHHOM OydepHoM cioe. CloM CBEpXPELICTKH BBIPAIICHBI MPAKTHYECKH KOTEPEHTHO C
He3HaUHTeNbHON penakcanueil cnost InGaN (mopsinka 1.5%). YcranoBieHa poib JUCIOKAIHi B IpoIieccax
peraKcarym.
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X-ray studying was performed for the investigation of In,Ga; \N/GaN multilayered structures growth
by (MOCVD). Deformation condition of SL and its separate layers, degree of a relaxation of the buffer, and
also period of the SL, thickness of the layers and structure of firm solution InGa, in active area have been
defined. It was find that SL have been grown on the relaxed buffer layer. Sl layers were grown practically
coherent with slight relaxation of InGaN layer (of order 1.5%. The role of dislocations for relaxation
processes was establishe.

Using the Parrat-Speriozu method to analyze experimental diffraction spectra from multilayered
structures have being obtained not only the thickness, the period of structures and their average
composition, but also the deformation and the relaxation degree of active region and of buffer layers in
investigated wafers.
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