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NPEMMYIECTBA HCIOAB30BAHHA OTEYECTBEHHOH
BbICOKOTEMITEPATYPHOH AMMHAYHOM MAJ NPH BBIPAILIMBAHHH
TETEPOCTPYKTYP HA OCHOBE GaN AAA MUKPOIAEKTPOHUKH
ADVANTAGES OF USING RUSSIAN AMMONIA MBE SYSTEM FOR GROWING
NITRIDE HETEROSTRUCTURES FOR MICROELECTRONICS
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Hcnonb3oBanue oydepHoro ciosi AIN, BbIpallleHHOTO NPy 3KCTpeMabHO BbicOKoit Temrieparype (1o 1150°C) B coueTaHumn
co cepxpeuietkamu AIN/AIGaN Ha ycTaHOBKe MoJieKyasapHO-1y4deBoit anutakcuu STE3N poccuiickoro npousBoacTBa
C WCTIOJb30BaHMEM aMMUaKa B Ka4yeCTBE MCTOYHMKA aKTHBHOTO a30Ta, MO3BOJSIET KapAMHAIBHO YIYUIIUTh CTPYKTYP-
HOE COBEPLIEHCTBO aKTUBHBIX c1oeB GaN (IIOHU3UTH MIOTHOCTb AUCIOKALMIA 10 3HaueHn it 9-10°—1-10° cM™), yBeaMuuThH
MOIBMXHOCTB 37eKTpoHOB B KaHane GaN/AlGaN 1o 2000 cm?/B-c 1 o6ecreunTh MPUGOPHOE KaUeCTBO TeTepOCTPYKTYP
IUTSI MUKPOSJIEKTPOHUKH.

Karoueswie cnosa: MJ19; 12 HEMT;: cyppakmanm; AlGaN.

The paper deals with using an AIN buffer layer grown at extremely high temperatures (up to 1150°C) in combination with
AIN/AlGaN superlattices at the Russian STE3N MBE System using ammonia as a nitrogen source, which allows drastically
improving the structural quality of active GaN layers (dislocation density reduced to 9-10°—~1-10° cm™, as well as increasing the
mobility of electrons in the GaN/AlGaN channel to 2000 cm?/V-s, and providing the device-level quality of heterostructures for

microelectronics.
Keywords: MBE; 2DEG; HEMT; surfactant; AlIGaN.

BBEAEHUE

Cpenu Bcero crekTpa MaTepraioB 0COObIi MHTEepEeC MPEACTaBISIOT
HUTPUIBI MeTaJI0B TpeTheit rpynsl (II11-N), Tak Kak oHu o6JagaoT
YHUKAJTbHBIMY CBOMCTBAMU M MHTEHCUBHO UCCIENYIOTCS B LEISIX
CcO3/1aHus ONTONEKTPOHHBIX 1 CBY MOIIHBIX BEICOKOTEMTIEpATyp-
HBIX TPUOOPOB HAa X OCHOBE.

OnHOM M3 OCHOBHBIX MPOOJIEM MPU U3rOTOBJICHUU MTPUOOPOB
Ha ocHoBe [II-HUTPUIOB SABJISIETCA OTCYTCTBME HEIOPOTHUX COTIaco-
BaHHBIX 10 MapaMeTpy pelleTKU MoAJoXeK. BoipamuBanue Ha pac-
COIJTaCOBAHHBIX MOIJTOXKaX MPUBOAUT K BHICOKOI MIOTHOCTHU AMC-
nokauuit B cinosax GaN (10°—10" em™ naa MJID, 10°-10° ecm™ s
MOTI'®D), 4To yCIOXKHSIET 3aAa4y MOJYYSHM ST TPUOOPHBIX TeTePO-
CTPYKTYp. bojee BbIcOKME 3HAYEHU S TNIOTHOCTU TUCTOKAIIMI TTpU
BeIpamuBaHuu MJID cBsi3aHBl ¢ MeHbIIEH TeMmepaTypoit pocTa
U, COOTBETCTBEHHO, XY/IIIeil TOBEPXHOCTHOM MOABUXHOCTHIO aTO-

MOB Ha pOCTOBOﬁ ITIOBEPXHOCTU. TunuvHble 3HAYCHUS TTIOABUXKHOCTHU

3JICKTPOHOB MIPY KOMHATHOM TeMIiepatype B ciiosix GaN, BbIpallieH-
HBIX Ha candupe ¢ ucrnojb3oBaHUeM Oy(PEepHBIX CI0EB, HAXONSATCS
B auamnasone 250—350 cm? mist MJID u 500—700 cm? miist MOT®D.
PexopaHble 3HAUEHUS COCTABIAIOT 560 cM?/B-c (c Mcmonbp30BaHIEM
oydepHoro ciost AIN, moay4yeHHOro Mpu MOMOIIYM MarHeTPOHHOT'O
pacreitenus) 1 900 cm?/B-c mna MJID 1 MOT'®D cooTBETCTBEHHO
[1, 2]. IyTtem ontumuszauuu ycaopuit MJID pocta B ciosix GaN,
BbIpallleHHbIX Ha MOT®D «TeMruieiiTax», ObIIM MOJYyYEHbBI 3HAUC-
HUS MOABUKHOCTH 371eKTpoHOB Gosee 1100 cm?/B-c [3]. TIpu aTom
metox MJID o6amaer psiioM IOCTOMHCTB MO cpaBHeHUI0 ¢ MOT' DD,
a UMEHHO: MO3BOJIsSIeT KOHTPOJIUPOBATh POCT Ha yPOBHE OJHOTO
MOHOCJIOS M TTOJTyYaTh pe3Kue reTeporpaHullbl, 00ecrneuynBaeT BbICO-
KYI0 YUCTOTY KaMepbl pocTa U MaTepuasa, NpeaocTaBisieT BO3MOX-
HOCTb TOCTPOCHU I BHICOKOBAKYYMHBIX KJIACTEPHBIX CHCTEM U JIP.

B HacTosiiee BpeMs Bce OOJIbIliee YHMCIIO UCCIIeJoBaTeIel BEIO-
pator MJID ¢ mna3zMeHHBIM UCTOYHUKOM a30Ta, TTOCKOJIbKY OHA




TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

Puc. 1. Koncmpykyuu u ycaosus pocma eemepocmpykmypst AIN/AIGaN/
GaN/AlGaN

Fig. 1. Design and growth conditions of the AIN/AIGaN/GaN/AlGaN
heterostructure

OoJiee TIpocTa B 00CTy>KMBaHUU, a TaKKe 00J1agaeT psijioM 0COOEeH-
HOCTei, TaKMX KaK BO3MOXHOCTh HU3KOTEMIIEpAaTypPHOrO pocTa
U1 OTCYTCTBUE BOJOPOJA HA POCTOBOI MoBepXHOCTU. OIHAKO B OTJIU-
qre oT aMmMuauHoit M BE maHHBI MeTOI He TTO3BOJISIET 3aMETHO yBE-
JMYUTH TEMIIEPATYPY POCTA U TAKMM 00pa30M MOBBICUTH KA4ECTBO
Marepuaa.

BBIPAIIIMBAHUE TETEPOCTPYKTYP HA OCHOBE
GaN

TerepocTpyKTypbl Ha ocHOBe GaN ObliM BhIpallleHbl HA MOIJIOX-
kax Al,O, (0001) meTomom nna3MeHHOI 1 aMmMuayHoit MJID Ha ycra-
HoBke STE3N (3A0 «<HTO», SemiTEq). YHUKaJIbHBIMU OCOOEHHO-
CTSIMU TAHHOTO 000PYIOBAHUS SIBJISTIOTCS 3HAYUTEJBHO PacIIMpeH-
HBII N1Mana30H pabounX TeMIepaTyp MOMIOXKY 1 oTHomeHu it V/I11.
B wactHoCTH, G1aromaps KpromaHe sIM yBeJIUUYSHHON TIomanu
U YCUJIEHHOU CUCTeMe OTKAUYKU B POCTOBO KaMepe o0ecreunBaeTcst

Puc. 2. COM-u3zobpaxcenus (1x 1 mxm) croee AIN moawunoir 1,25 mxm,
sbipaulerHbIx npu pasuvix nomokax NH3 u memnepamypax noonoxcku Tgr
Fig. 2. SEM images (1x 1 um) of 1.25 um thick AIN epilayers grown at dif-
ferent NH3 flows and substrate temperatures

BaKyyM He xyxe 5-107 1a npu yBeIM4eHU U TeMIIEepaTyphl TTOMLTOKKHI
10 970 °C npu motoke ammuaka 400 cm’/muH. B pesynbTaTe momon-
HUTEJIbHON MONEpHM3ALIMU y3Jla HarpeBa obpa3ua U poCTOBOTO
MaHUIYJISITOpa 00ECeYnBACTCsI BOSMOXHOCTD IJIUTEIbHOTO pOCTa
¢ BpallleHMEeM Ha Mook Kax auaMeTpoM 1o 100 MM npu Temneparype
10 1200 °C (nmokazaHus nupomeTpa). [Ipu 3ToM BaKyyM HaxXoaUTCs
Ha ypoBHe He xyke 1-107 IMa (mpu moToke amMuaxa 60 cM’/MUH).

B kauecTBe MHCTPYMEHTOB JUIS in Sifu KOHTPOJISI CKOPOCTU pOCTa
U1 COCTOSIHMSI POCTOBOI MOBEPXHOCTHU UCTIOIb30BaJIaCh Jla3epHasi
WHTepdDEepOMETPUS U OTpaxkeHHass MUMPaKIUsI OBICTPBIX ITEK-
TpoHoB O/1BD (RHEED). BeipalieHHbIe T€TEpPOCTPYKTYPBI ObLITN

INTRODUCTION

Among the wide spectrum of semiconduc-
tor materials, group-I1I metal nitrides are
of particular interest, since they have unique
properties and are intensively studied for
the purpose of creating optoelectronic and
microwave high-temperature devices based
on them.

One of the main problems in manufactur-
ing GaN-based devices up to date is high cost
and lack of lattice matched substrates. Het-
eroepitaxy of nitrides on mismatched sub-
strates usually gives high dislocation den-
sity (10°—10" ¢cm ™2 for MBE, 10°—10° cm™ for
MOCVD) affecting the device quality and
reliability. Higher dislocation density in GaN
is related to lower growth temperature which
leads to insufficient atomic surface mobility
and worse coalescence of nucleation blocks.

Typical values of the room-temperature

electron mobility in GaN layers grown on sap-
phire (with GaN, AIGaN, or AIN buffer lay-
ers) are within the range of 250—350 cm?/V-s
for MBE and 500—700 cm?/V-s for MOCVD.
The best values are 560 cm?/V-s (using an AIN
buffer layer formed by magnetron sputter-
ing) and 900 cm?/V-s for MBE and MOCVD,
respectively [1, 2]. Electron mobilities higher
than 1100 cm?/V-s were attained by optimiz-
ing the MBE growth conditions in GaN layers
grown on MOCVD “templates” [3].

On the other hand, MBE has several
advantages in comparison with the MOCVD:
growth monitoring at atomic layer thick-
ness, sharper heterointerfaces, high clean-
ness of growth chamber and high purity
of the materials make it possible to build
a high-vacuum cluster systems etc. At present
an increasing number of researchers choose
plasma-assisted (PA) MBE as it is simpler

in service and has its own benefits. However
unlike the ammonia-MBE this method does
not allow a noticeable increase in the tem-
perature growth which usually improves the
material quality.

GROWN ON GaN-BASED
HETEROSTRUCTURES

GaN-based heterostructures were grown
on AlL,O; (0001) substrates by ammonia and
plasma-assistant MBE at STE3N system
(SemiTeq).

The specific features of this system
are greatly extended ranges of the work-
ing substrate temperatures and V/III ele-
ment ratios. In particular, cryopanels with
an increased area and the enhanced pump-
ing system provide the growth chamber with
vacuum 5-107° Pa at a substrate temperature
raised to 970 °C and an ammonia flow rate
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Puc. 3. AFM-uszobpaxcenue (11x 11 mkm) cros AIN moawuroil
1,25 mkm, evipaujeHH020 8 ONMUMAAbHBIX Yca08usax (RMS = 0,7 um)
Fig. 3. AFM image (11x 11 um) of a 1.25 um thick AIN epilayer grown
at optimal conditions (RMS = 0.7 nm)

uccaeN0BaHbl METOIOM MPOCBEUYMBAIOIIEH 2JTEKTPOHHON MUKPO-
ckonuu (ITPOM), ckaHupyoleil 3JeKTPOHHON MUKPOCKOIUU
(CBM), atoMHO-cuoBoit Mukpockonuu (ACM) u XoJi1oBCKUX
U3MEPEHU .

Panee HaMu GBIJIO TOKA3aHO, UTO BRIPAIIMBAHKE BHICOKOTEMIIE-
patypHbix OydepHbiX c1oeB AIN npu 3KCTpeMalbHO BBICOKOI TeM-
neparype (1o 1150 °C) nmo3BosseT KapaAuHaJIbHO YJAYYIIUTh CTPYKTYP-
HOE COBEPIIEHCTBO BCE reTepocTpyKTYphl U cjioeB GaN B yaCcTHO-
ctu [4].

Hcnonab30BaHUE TOJBKO BbICOKOTEMIIEPATYPHBIX OYy(hepHbIX
cioeB AIN naxe 6e3 UCMONB30BaHUS CIIELIMAJbHBIX CBEpXpelle-
TOK IMPUBOAUT K 3aMETHOMY YJIyYIIEHUIO CTPYKTYPHOTIO COBEp-
meHcTBa. [TmoTHOCTh nuciokanuii B cosix GaN, BeIpameHHbBIX
Ha TakoM GydepHoM clioe, cocTaBiseT (3—4)-10° cM™, a mogBuUX-
HOCTb B IByMEPHOM 32JIeKTpOHHOM Ta3e ([IDI) B 1BOIHBIX reTepo-
cTpyKTypax ¢ 6apbepHbIM cioeM Al Ga, N (x = 0,25) nocturaet
1300—1600 cm?/B-c.

Hcnonb3oBaHMEe BHICOKOTEMIIEPATypPHOTrO MOAXOMAa BMECTE
co ceepxpemerkaMu AlGaN/AIN mo3BoJinJIO MOHU3UTH TJIOTHOCTh
auciokauuit B GaN no snauennii 9-10°—1-10° cm™, uTo mpuseno

Puc. 4. Oonopoonocmo caoeeoeo conpomusaerus ho naacmute 3” 260
Q/o+1%
Fig. 4. Uniformity of sheet resistance at 3” substrate 260 Q/v +1%

K YBEJUYEHUIO TTOABUKHOCTU 2JIEKTPOHOB B «00beMHOM» GaN
10 600—650 cM?/B-c ITpH KOHIEHTPALUH 3JeKTPOHOB 3—5-10" M.
[MonyvyeHHbIe 3HAYEHUST TIJIOTHOCTYU TUCTOKALIMIA W TTONBUXKHOCTH
3JIeKTPOHOB B ci1oaX GaN SIBASIOTCS JIYYIIUMU Ha CETOMHSIIITHU I
neHb 1715t Metoga MJID u HaXoAATCST B YUCTIE JIYYIIUX JJIST METOIA
MOTI'®B. DkenepuMeHTa bHbIe 3HAYCHM S TOABUXHOCTU U TJIOTHO-
CTHU AMCIOKALMIA COMIAcyOTCs ¢ JaHHBIMU pacyeToB [5]. [Tpu aTtom
noaBuXHOCTD B JIDT, 06pazoBaHHOM Ha rpaHuIe TakuX cioeB GaN,
nocturaet 1800 cm?/B-c Ha noastoxkax candupa u SiC.

BaXHO OTMETUTD, UTO MOJy4YeHHEe TaKuX Oy(hepHBIX CII0EB TPYIHO
peanu3oBarh B miasmMeHHoil MJID, mocKoabKY IJIsi IBYMEPHOTO
pexuma pocta AIN HeobxoauM Al-oboraleHHbI pexXuM, a 1ecopo-
LU AJTIOMUHUST CTAHOBUTCS CYIIECTBEHHOM ITPpK TeMIiepaType Mom-
snoxku 6osiee 900 °C. Mcnonb3oBanue 6ydepHbix cioeB AIN, BbIpa-
MEHHBIX TIPU MMOMOIIH TIa3MeHHo MJID Ha TemmiepaTtype 850—
880 °C, BMecTe ¢ MCTOJIb30BAHUEM CBEPXPEIIETOK MO3BOJISIET MOJTY-
4uTh MOABIXHOCTE B JIOT Ha yposre 900—1200 cm?/B-c, uTo cBA-
3aHO, 110 BCeil BUAUMOCTH, C MOBBIIIEHHOU MJIOTHOCTHIO TUCIOKA-
nuit (6onee 5-10° cM™?). KOHCTPYKILIMY U YCIIOBUS POCTA TETEPOCTPYK-
typbl AIN/AIGaN/GaN/AlGaN npencraBieHbl Ha puc. 1.

of 400 sccm. Additional modification of the
sample holder and growth manipulator pro-
vide long-time growth on rotating substrates
with diameters of up to 100 mm at a temper-
ature of 1200 °C (pyrometer readings). Dur-
ing the process, the residual pressure is no
higher than 1-10~° Pa (at ammonia flow rate
of 60 sccm).

Laser interferometry and reflection high-
energy electron diffraction (RHEED) served
as tools for in situ monitoring of the growth
rate and the state of the growth surface.
The properties of the grown samples were
examined via transmission electron micros-
copy (TEM) and Hall measurements.

As the primary tool for in situ pro-

cess monitoring we have used laser

interferometry and reflection high-energy
electron diffraction (RHEED). The grown
heterostructures were investigated by trans-
mitted electron microscopy (TEM), scan-
ning electron microscopy (SEM), atomic
force microscopy (AFM) as well as mea-
surements of 2DEG density and mobility by
a Hall measurement.

Earlier it was shown that the use of high-
temperature AIN buffer layers grown
using ammonia as a nitrogen source with
an extremely high substrate temperature (up
to 1150 °C) makes it possible to drastically
improve the structural quality of heterostruc-
ture and of GaN layers [4].

Only high-temperature AIN buffer layers,
even without the use of special superlattices,

lead to the improvement of structural quality.
The dislocation density in GaN layers grown

on such a buffer layer is (3—4)-10° cm™

, and
the mobility in a two-dimensional electron
gas (2DEQG) in double heterostructures with
Al,.Ga,_ N (x = 0.25) barrier layer reaches
1300—1600 cm?/V-s.

Using the high-temperature approach
together with the AIGaN/AIN superlat-
tices allowed decreasing dislocations density
in GaN to 9-10°~1-10° cm ™, which resulted
in increasing electron mobility in “bulk”
GaN to 600—650 cm?/V-s at electron con-
centration of 3—5-10" cm™. These values
of the dislocation density and electron mobil-
ity are among the best reached up to date for
GaN grown on sapphire using MBE method.




ﬂeTaJ’IbHO HCCIIEA0OBAHO BJIMAHUE ITOTOKA aMMMUaKa B UHTEpBAJi€

Temmepatyp 1000—1200 °C Ha mepoxoBaTocTh moBepxHocTH AIN.
YcTaHOBIEHO 3aMeTHOE yIy4lIeHne MOP(hOIOr Y TOBEPXHOCTH MPHU
yBEJIMYEHU N MOTOKA aMMuaka ¢ 30 cM’/mMuH 10 100 cm’/MuH. OTMe-
4eHo, uTO Temmneparypa noanoxku 7T, <1050°C cnoco6cTByeT monu-
KPUCTAJIMYECKOMY POCTY, MPUBOLSILIEMY K 00pa30BaHUIO Pa3opu-
€HTUPOBAHHBIX KPUCTAJIUTOB. [Ipy CIIMIIKOM BBICOKOI TeMImepa-
Type WJIK U30bITKe aMMUaKa Ha TOBEPXHOCTH CJIOsl 00pa3yroTCsl reK-
caroHaJbHbIe IpU3MaTHUYecKue nedekThl. MOXHO MPEaIoT0KUTh,
4yTo fAedheKTaMU ABJISIOTCS 00JacTU MHBEPCHOI MoJisipHOCTHU. Janb-
Hefimee yBennuenune notoka NH; 1o 200 cM’/MUH He mo3BossAeT
CYIIECTBEHHO yIyUIIUTh KaueCTBO MOBEPXHOCTH (puc. 2). [ToaTomy
temnepatypa nomnoxku 7, = 1100°C u notox NH; B 100 cM’/MUH
B MUHYTY MIPUHSITH KaK ONTUMAaJTbHbIE. B TaHHBIX YCIOBUSIX TTOTY-
yeHa aToMapHo-Iyiankas nmosepxHoctb AIN ¢ teppacamu u RMS
Huxe 1 HM (puc. 3).

[anee Obl10 MccaenoBaHo BausiHue Ga kak cypdakTaHTa npu
pocte OydepHoro ciost AIN. IIpu Temneparypax Boime 1000°C
U oToKe aMmmMuaka MeHee 100 cM’/MHUH CKOPOCTb TEPMUYECKOTO pas-
JIOXKEHMsI HUTPUJA rajulus CyIeCTBEHHO Bblllle CKOPOCTHU pocTa,
MMO3TOMY POCT HUTPHUIA TaJJusl HEBO3MOXEH U TaJJuii MOXET
BBICTYMATh B KauecTBe cypdakraHTa 15 pocta cioeB AIN. briio
YCTaHOBJIEHO, UTO Jae UCIOJb30BaHUE PaBHBIX MOTOKOB Al 1 Ga
He MPUBOIUT K U3MEHEHUIO cKopocTu pocta AIN mpu TemrepaTtype
ook ku 1150 °C, 4T0o TOBOPUT O TOM, UTO aTOMBI T'aJLIUS HE BCTpa-
uBaloTcs B pemieTky AIN, nmpu 3ToM obecreunBaeTcsi yCKOPEHHbI
nepexon B ABYMEPHbBII pexXuM pocta. Hanbosee ObICTphIii epexon
K IByMEPHOI1 KApTUHE POCTA MPOUCXOAUT MPU COOTHOIIEHUHU MTOTO-
koB okoJio 10:1. [laHHbIe 00 ucnosib3oBaHuu cypdakranta Ga s
yiayuiueHus: cBoiicTB AIN U Bceil reTepocTpyKTYpbl KOPPEJIUpPYIOT
¢ TaHHBIMM, ITPEACTaBICHHBIMU B paboTe [6].

IMpumeHeHue oboux noaxonos (cypdaxkranra Ga [7] uium ontu-
MU3aIKs MOToKa aMMuaKa [8]) mo3BoJIsSIIOT TOTIOJIHUTEIBHO YBEIU-
quTh Ha 20—30 % NoABUKHOCTH 2JIeKTPOHOB B KaHasie GaN/AlGaN
10 2000 cm?/B-c. OXHOPOIHOCTH CTOEBOTO COMPOTUBIECHNS B TOTY-
YEHHBIX CJIOSIX HAXOMUTCH npeneax +1%.

Ha ocHoBe TakuX IBOHBIX reTepocTPYKTYp B 3A0 «CBeTnaHa-
PocT» co3nanbl TpaH3UCTOPHI € JUTMHO# 3aTBopa 0,5 MKM 1 0,25 MKM.
JIoCTUTHYTA MJIOTHOCTHh MOIIHOCTU 6 BT/MM Ha wactorte 4 I'T1x
u 4,5 Br/MM nipu ycusaeHuu majioro curnana 11 n1b Hayacrore 10 I'T'w.

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AASA ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

3AKAIOYEHUE

IToka3aHo, YTO yBeJHYEHNE TEMIIEPATYPbI POCTa Oy(hepHOTro CI0s NJs
amMMuayHoii MJID no cpaBHEHHIO ¢ MJIA3MEHHOW M ONTHMHU3AIMS KOH-
CTPYKLHHU TeTepOCTPYKTYPHI NO3BOJISAIOT CHU3UTH MJIOTHOCTD ANCJI0KA -
uuii B caoax GaN Ha 1-1,5 nopsiaka, 4To NPUBOIUT K CYIIECTBEHHOMY
YBeJMYEeHUI0 NOJBUKHOCTH B JBYMEPHOM ra3e 10 3Havenmii 1500—
1800 cm?/B-c. Mcnonb3oBaHue KaK ONTUMU3UPOBAHHOTO MOTOKA
aMMuaka, Tak u cypdakranta Ga rnmpu pocte cyiosi 6yhepHOro cjiost
AIN TI03BOJINJIO TOTIOJTHUTEIBHO YBEIAMIUTD MOABUKHOCTD IJICK-
TpoHoB 10 2000 cm’/B-c. Mcrnonb30BaHKe TAKUX FeTePOCTPYKTYD,
BbIpalieHHbIX Ha momtoxkax SiC B CBU-TpaH3ucTopax, mo3BOJUIIO
NOCTUTHYTH IJIOTHOCTEH MottHOCTH 6 BT/MM 11 4,5 BT/MM Ha yacTo-
Ttax4 I'Tuu 10 I'T coorBeTCTBEHHO.
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with optimized AIN buffer on Al,O, // Semiconductors, 2018.

The experimental mobility and dislocation
densities values agree with the calculation
data [5]. The mobility in the 2DEG on such
GaN layers reaches 1800 cm?/V's on sapphire
and SiC substrates.

It should be noted that growth at such high
temperatures in the plasma-assisted MBE is
very difficult to realize since Al-rich mode
is necessary for two-dimensional growth
of AIN and the desorption of aluminum
becomes significant at substrate temperature
more than 900°C.

Electron mobility in heterostructures
grown on PA PBE AIN layers at 850—880°C
with superlattices reaches 900—1200 cm?/V-s
which is explained by high dislocation density
(more than 5-10° cm™?). Design and growth

conditions of the AIN/AIGaN/GaN/AlGaN
heterostructure are shown in Fig. 1.

Influence of ammonia flow in the tem-
perature range 1000—1200 °C on roughness
of the AIN layer has been studied. There is
a substantial improvement of surface mor-
phology with an increase of NH, flow from
30 scem to 100 sccm which is probably caused
by an increase in V/III ratio.

It is obvious that a substrate tempera-
ture 7,,<1050°C promotes a polycrystal-
line growth leading to the formation of mis-
oriented crystallites. At high temperature
or high ammonia flow, hexagonal prismatic-
shaped hills are formed on a layer surface.
An origin of the hills is not clear yet, but one

can suppose the defects are polarity inversion

domains. A further increase of NH;, flow
to 200 sccm doesn’t improve the surface qual-
ity substantially (Fig. 2). Therefore, the sub-
strate temperature of 7,, = 1100°C and NH;,
flow of 100 sccm can be accepted as close
to optimal conditions providing growth
of well-ordered layer with satisfactory sur-
face smoothness. Under these conditions,
an atomically smooth AIN surface with ter-
races and RMS below 1 nm was obtained
(Fig. 3).

The influence of the Ga surfactant flow
and substrate temperature at a AIN buffer
layer growth on the properties of the hetero-
structure was investigated.

The thermal decomposition rate of GaN
at temperatures above 1000 °C and a small
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ammonia flow (100 cm’/min) is substantially
higher than its growth rate; thus gallium nitride
growth is impossible and gallium can be used as
a surfactant for the growth of AIN layers.

It was established that even the use of equal
Al and Ga flux does not lead to an increment
in the AIN growth rate at a substrate temper-
ature of 1150 °C, which proves that Ga atoms
do not incorporate into the AIN lattice,
wherein accelerate transition to the 2D growth
mode. It is obvious that the most rapid tran-
sition to a 2D growth mode occurs at a flow
ratio of about 10:1. Results of using surfac-
tant Ga to improve the properties of AIN and
whole heterostructure correlate with the data
presented in [6].

The use of both approaches (surfactant Ga
[7] or optimized ammonia flow [8]) addition-
ally increases 2DEG mobility up to 2000 cm?/
V:s. Uniformity of sheet resistance in the
obtained layers is within £1 % (Fig. 4).

The use of this technology for grow-
ing on SiC substrates (Svetlana-Rost JSC)
made it possible to manufacture a DHFET
with a gate length of 0.5 um and 0.25 um.
Up to 50 % PAE and delivered power den-
sity of 6 W/mm at 4 GHz and 4.5 W/mm with
small signal gain up to 11 dB at 10 GHz have
been achieved.

CONCLUSIONS

It has been shown that high-temperature
AIN buffer layers considerably improve the
structural quality of nitride heterostructures
compared with plasma-assisted ones and
decrease the dislocation density in GaN lay-
ers by 1—1.5 orders, which leads to an increase
in 2DEG mobility up to 1500—1800 cm?/
V-s. Using optimized ammonia flow as well
as surfactant Ga while AIN buffer layer
is grown allows one to additionally increase
2DEG mobility to 2000 cm?/V-s. The use
of such heterostructures grown on SiC sub-
strates in microwave transistors has made
it possible to achieve power densities of 6 W/
mm and 4.5 W/mm at 4 GHz and 10 GHz,
respectively.
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