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Surface passivation of GaN and GaN /AlGaN heterostructures by dielectric
films and its application to insulated-gate heterostructure transistors

Tamotsu Hashizume,® Shinya Ootomo, Takanori Inagaki, and Hideki Hasegawa
Research Center for Integrated Quantum Electronics (RCIQE), Hokkaido University,
Sapporo 060-8628, Japan

(Received 19 January 2003; accepted 22 March 2003; published 5 August 2003

We have systematically investigated effects of plasma processing, formation of Si-based dielectrics,
and formation of a thin AlO; film on the chemical and electronic properties of GaN and GaN/
AlGaN heterostructure surfaces. The surface treatment ip-plébma excited by
electron-cyclotron-resonan¢ECR) source, produced nitrogen-vacancy-related defect levels at GaN
and AlGaN surfaces, while the ECRlasma treatment improved electronic properties of the
surfaces. The deposition of a SiGilm on GaN and AlGaN surfaces was found to induce
high-density interface states, due to unexpected and uncontrollable oxidation reactions on the
surfaces during the deposition process. In comparison, the/ GiN passivation structure prepared

by ECR-plasma assisted chemical vapor deposition showed good interface properties with the
minimumD;, value of 1x 10'*cm 2 eV~ 1. However, excess leakage currents governed by Fowler—
Nordheim tunneling were observed in the $IMIGa) N structure, due to a relatively small
conduction band offset of 0.7 eV between gi&hd Al ;Ga, /N. A novel Al,O3-based passivation
structure was proposed and fabricated by molecular beam deposition of Al and subsequent ECR
O,-plasma oxidationln situ x-ray photoelectron spectroscopy showed successful formation of the
Al,O4 layer with a thickness of 3.5 nm and a large conduction band offset of 2.1 eV betwg@n Al

and A, sGa, /N. The GaN/AlGaN insulated-gate heterostructure field-effect transi@®rslIFETS

having the A}Os-based passivation structure showed a good gate control of drain currents up to
Vgs= +3V and achieved drain saturation current of 0.8 A/mm. The observed maxgpuwalue

is 120 mS/mm. No current collapse was observed in th®©AIG HFETS, indicating a remarkable
advantage of the present &);-based passivation structure. 03 American Vacuum Society.
[DOI: 10.1116/1.1585077

[. INTRODUCTION chemical and electronic properties of GaN and AlGaN sur-

faces after various types of surface treatméntsand re-

Recent progress in high-power/high-frequency fiEId'effectported that the surface treatment usingasma excited by
transistorg FETY based on GaN and its related heterostruc—eI ectron-cyclotron-resonand&CR) source was very effec-

tures h"?‘s dem onstrat'ed that they are key devices for nexttfve in improving the electronic properties of GaN and

generation high-density communication systems. However,
; ; ) AlGaN surfaces.

these devices still have surface/interface-related problems, . L :

including collapse in drain currehtexcess gate leakagé For the final stage of surface passivation and insulated

and aging of Schottky contactsEurthermore, the devic':e gate structures, the use of dielectric films is indispensable. In

processing involves various kinds of surface treatments anﬁ‘IS regard, there have been several studies on the properties

junction formation steps, which may introduce defects on thé"c metal-insulator—semiconductdMIS) structures using

processed GaN and AlGaN surfaces. A surface passivatiofalN and the surface passivation of GaN/AlGaN heterostruc-
process consisting of a suitable surface treatment and tHdre field effect transistor¢HFETS. A pioneering work on-
formation of the insulated gatéG) and passivation structure 1€ Ci(‘;iN MISFET using a SiNgate was reported by Binari
can solve these problems. In this regard, understanding arff @ They deposited a SiNfilm on GaN by radio-
controlling surface properties of GaN and GaN-based heterdreguency(rf) plasma enhanced chemical vapor deposition.
structures are of utmost importance. However, the devices displayed low transconductamgg (
For a prepassivation process, it is important to investigatélue to high-density interface states. Kawai and co-wotkers
cleaning processes for GaN and AlGaN surfaces. Howevehave demonstrated good dc performance of the GaN IG FET
there are a few reports on the processed surfaces such @ging an epitaxial AIN layer as a gate dielectric. However, it
chemically treated surfaces, plasma-treated surfaces, et§.very difficult to suppress the leakage current through AIN
King et al® and Hartliebet al® have investigated wet and because of the difficulty of growing high-quality AIN filni3.
dry cleaning processes for GaN and AIN surfaces, and proHashizume, Nakasaki and Hasegawd demonstrated for
posed the ammonia-based high-temperature chemical vaptre first time that good interface properties can be realized in
process. Our group has investigated correlation betweefiN,/GaN passivation structures prepared by the EGR-N
plasma treatment and ECR-assisted chemical vapor deposi-
dElectronic mail: hashi@rcige.hokudai.ac.jp tion (ECR CVD). Thereafter, Siptbased surface passivation

1828 J. Vac. Sci. Technol. B 21 (4), Jul/Aug 2003  1071-1023/2003/21(4)/1828/11/$19.00 = ©2003 American Vacuum Society 1828



1829 Hashizume et al.: Surface passivation of GaN and GaN /AlGaN 1829

TasLE |. Values of band gap, dielectric constant, and breakdown field for i-AlGaN (3 nm)
Al Ga N and some dielectrics. n-AlGaN
Breakdown MOVPE (10-25 nm)

Eg (eV) es field (MV/cm) n-GaN (2 pm) _i-AiGaN (3 nm) _

AlosGay N 41 9.0-9.5 >5 2DEG
- LT-GaN (20 nm) .

Sio, 9 3.9 10 i-GaN (1.0um)
SizN, 5.0 7 10 sapphire : :
Ga0; 4.5 10 1-3 sapphire or SiC
Ta,05 5 10-20 >10
MgO 8 8-9 5 () (b)
AIN 6.2 85 10-15 . )
AlLO; 7-9 9-10 ~10 Fic. 1. Schematic illustrations of GaN and GaN/AlGaN heterostructure

sample structures.

AlGaN by a combination of molecular beam deposition of Al

structures have been applied to the GaN/AlGaNand the subsequent ECR-@lasma oxidation.
HFETs}5"1%Greenet al1® and Leeet al® reported the im-

provement of rf-power performance in the GaN/AlGaN
HFETSs. The reduction of current collapse was reported in thél' EXPERIMENT
SiN, IG GaN/AlGaN HFET!’ or the SiN-passivated GaN/ A. GaN and GaN/AlGaN sample structures
AlGaN HFETsM 819

Other dielectrics such as Si0Gg0;, MgO and the na-
tive oxide of AlGaN have also been applied to the surfac
passivation of GaN and AlGaN surfaces. Therrienal 2°
reported the passivation process including separate plas
oxidation of GaN and the deposition of thick Siim using
remote plasma. Hongetal? demonstrated that the
Ga0;(Gd,03)/GaN system fabricated by molecular beam
epitaxy (MBE) and electron beam evaporation showed low
interface state densities. Gaffey al?? reported good inter-
face properties of the SidGaN structures prepared by jet
vapor deposition. Inoue and co-work&rfabricated the 1G

AlGaN/GaN HFET using native oxide of AlGaN itself -
o R o4 and undoped AlGa N, as shown in Fig. (b). The Al con-
formed by thermal oxidation at 900 °C. Lt al.™ reported tent, x, ranged from 0.25 to 0.30. The samples showed clear

the passivation effects of the MBE-grown MgO films on theShuvnikov—de Haas oscillation in magnetoresistance charac-

AI(|3aN/G_aN H':E-IE' i _ ¢ insul teristics at 2 K, and the electron concentrations determined

n spite o ) these efforts, properties of Insulator- o the | andau plots of the oscillation were in good agree-

semiconductor interfaces of GaN and AIGa_N are not fu”yment with the values obtained by the Hall measurement at

XTgerNSta?:?ETand succe;sful dsurface passivation of Ga'\%e same temperature. These results clearly indicated the ex-
a S Is not achieved. istence of two-dimensional electron g@&DEG) at the GaN/

ﬁln th'i ggge’l we present a syste&naltgnljn\é(_astlgatlog OMAIGaN heterointerfaces. Typical values of the electron con-
N ecFS o 'phasma ?rocc;esi%mg 'anl S , 'ch ase entration and mobility of 2DEG at RT were 1.1
passivation on chemical and electrical properties of GaN and, 1 413 .y~2 and 900 crilV s, respectively.

AlGaN surfaces. We used the ECR-plasma process for the
surface treatments and the deposition of dielectrics, because o ) L
it is a remote plasma process and it utilizes ions with lowE: Surface passivation and device fabrication

energies of 10 to several tens of eV. It is also shown that aR'0cesses

Al,O5-based surface passivation structure drastically im- The surface passivation process started from a simple wet
proves the electrical properties of GaN/AlGaN HFETs. Tabletreatment in organic solvents at RT and in an O solu-

| summarizes values of band gap, dielectric constant, antion at 50 °C for 5—10 min. The Nf{DH treatment is effec-
breakdown field for dielectrics previously applied or to betive in reducing natural oxides on GaN and AlGaN
applicable to surface passivation of AlGaN. Those forsurfaces.®

Al :Ga N are also listed. Among them, AD; is very at- For successful surface passivation of GaN and AlGaN
tractive as an insulated gate for GaN/AlGaN HFETs becaussurfaces,in situ processing and characterization were per-
it has larger bandgap than that ofpAGa, ;N, a high dielec- formed in the ultra-high-vacuurUHV) multichamber sys-

tric constant and a high breakdown electric field. Furthertem. All the chambers are connected to each other through a
more, ALO;5 is one of the native oxides of AlGaN. Thus, we UHV tunnel chamber whose base pressure is 2
developed the formation process of a thin,®4 layer on  x 10 °Torr.

Figure 1 shows schematic illustrations of GaN and GaN/

AlGaN sample structures. High-quality epitaxial GaN wafers
egrown on sapphire substrates by metal organic vapor phase
epitaxy (MOVPE) were used in this study. A buffer GaN
"ig/er (LT-GaN) was grown at low temperature€600—
550°Q followed by the growth of a Si-doped GaN layer
using SiH, as a dopant source at 1000 °C. Typical values of
electron concentration and mobility of the Si-doped layer at
room temperaturdRT) is 2x 10" cm 3 and 500 criV's,
respectively.

The heterostructure samples grown by MOVPE consist of
undoped GaN, undoped &g N, Si-doped A|Ga N,

JVST B - Microelectronics and  Nanometer Structures
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For a pretreatment of the deposition of dielectric films, Air-exposed AlGaN surface
GaN and GaN/AlGaN surfaces were exposed tophsma L B o 0 e S B e s e i
or H, plasma excited by an ECR source with microwave | 1 rAl2p
(2.75 GH2 power of 50 W. The processing temperature and = | - AN

time were 280 °C and 1-5 min, respectively. The deposition = [
of Si0, and SiN, was performed at 280°C by ECR CVD, £}
using SiH, and N,O as precursors for Siland SiH, and N, g
for SiN,, respectively. The thickness of the deposited films g
ranged from 20 to 70 nm. We obtained refractive index val- g
ues of 1.47 and 1.98 for the deposited Sihd SiN, films, € |
g i
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respectively.
The device isolation was performed by an ECR-assistec R

reactive ion beam etching using a gas system consisting o 24 22 20 18 16 148 78 76 74 72 70

CH,, H,, Ar, and N,. The addition of N to the gas system Binding energy (eV)

is very effective in achieving smooth and stoichiometric GaN

and AlGaN surfaces even after the etchfighs an Ohmic  Fi. 2. XPS Ga@ and Al2p spectra obtained from the air-exposed

contact, a Ti/Al/Ti/Au layered structure was deposited on therlo.2sGa.7N surface.

surfaces of GaN and GaN/AlGaN followed by the annealing

at 600 °C for GaN and 800 °C for GaN/AlIGaN for 2 min in

N, ambient. A Ni/Au contact was used as a Schottky gate Or;e_f_;lture was responsible f(.)r th? disorder in chem|cal_compo-
GaN and AlGaN. sition, leading to the deterioration of surface electronic prop-

erties of GaN and AlGaN.
In order to remove the disordered layer including natural
o oxides, the ECR-assisted plasma treatments were employed
C. Characterization methods on AlGaN surfaces. Figure 3 shows the integrated XPS in-
The surface chemical properties of GaN and GaN/AlGaNensities of O 5 and C Is normalized by the N4 intensity.
samples were characterized by x-ray photoelectron spectroéfter a wet treatment in NEDH solution, the O & intensity
copy (XPS). The XPS system is connected to the UHV mul- Was reduced remarkably, because thg@acomponent can
tichamber system, thereliny situ XPS characterization of the €asily be dissolved in alkali solutions. However, the <C1
processed GaN and GaN/AlGaN surfaces is available. Thitensity remained almost unchanged. Both,- Hand
XPS measurement systefRerkin Elmer PHI 1600Ccon- N,-plasma treatments at 280 °C for 1-5 min are effective in
sists of a spherical capacitor analyzer and a monochromatég@moving oxides and contamination from the AlGaN surface,
Al Ka x-ray source fv=1486.6 eV). The binding energies as shown in Fig. 3.
of the spectra were carefully calibrated through separate However, the effects of the surface processing on elec-
measurements of Cuyi2,,, Ag3ds;,, and Au 4, peak po- tronic properties of GaN and AlGaN surfaces are very differ-
sitions. Atomic force microscop@\FM) observation of GaN ~ent between Btplasma and htplasma treatments. The AFM
surfaces after various types of surface treatments was carriédnages of the plasma-treated GaN surfaces are shown in Fig.
out using a Nanoscope KDigital Instruments Current— 4. The ECR-N plasma treated GaN exhibited a smooth sur-
voltage (—V) and capacitance—voltageC{V) measure- face with a root-mean-squakems) roughness of 0.29 nm.
ments were performed using HP 4156A semiconductor paThe surface morphology showed the characteristic feature
rameter analyzer and HP 4192A LF impedance analyzeglominated by monolayer steps, and many of the steps were

respectively. terminated by the large dark pits at the edges which could be
04 T T T
[ll. RESULTS AND DISCUSSION | ®: O1s ||
N1
A. Effects of plasma processing on chemical and 03+ [ ) it
electronic properties of GaN and AlGaN surfaces | D:% i
S

Figure 2 shows XPS GaBand Al2p spectra obtained
from the air-exposed /hL:Ga&, ;g\ surface. Both the GaB
and Al 2p peaks showed asymmetric features with shoulders
at higher binding energies. We assigned these higher peaks to
Ga0; and ALO3, respectively. For deconvolution of the H
observed spectra, we have separately determined the peak 0 airl- NH lOH N -—'-l ma
energies and linewidths of the spectra in thee@yJ and exposed 4 2'Pas
Ga&0; phases, using a crystalline sapphire substrate and a H,-plasma

s_ample prepared by _OXidiZing the metallic Ga Iaygr, FESPECrg, 3. Integrated XPS intensities of G and C s normalized by the N &
tively. Both spectra include large amounts of oxides. Thisintensity at the AlGaN surface for the different surface treatments.

ol 7§ i

XPS intensity ratios
o
N
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N, plasma 5min  H, plasma 5min s 4um D
<>
AlGaN
GaN
£ g
rms:0.29 nm (a)
1 _I TTT | L | TTTT [ LI | L G | l_
[ N,-plasma =
rms:0.42nm = 98 treated _—
o = L L ]
Fic. 4. AFM images of the ECR-plasma treated GaN surfaces. g 06 N - B
< =" no treatment 1
204 - . .
correlated to the surface termination of the edge-screw mixed - C 3 ]
dislocations’® After the H,-plasma treatment, however, the oz b H,-plasma N
surface feature changed drastically. Large numbers of par- Tt treated -
ticles with diameters of about 20—30 nm were found on the N | | | RT ]
treated GaN surface, as shown in the right-hand image in 00' = a2 D
Fig. 4. From the XPS analysis, these particles were assigned T
to Ga droplets. ps V)
The surface state densit{pgg distributions of the ECR- (b)

plasma treated GaN surfaces were compared in Fig. 5. The

Dgg values were determined by tl@-V analysis(Terman  Fic. 6. (a) Gateless HFET structure aitid) current-voltage characteristics.
method using SiN-covered GaN samples. Except for the

plasma treatments, the samples were processed under the

sar?e colndltion eXfCtly(‘jAf clearly_seetgn_lggé 5\’/? lofﬁl'zeqace, a gateless HFET structure shown in Figa) Bivas
surface level was found at approximately=b.5 ev for the prepared”’ The current—voltage |s—Vps) characteristics

Hz-plasma treated surfaces, while continudigs distribu- of the fabricated gateless HFET are shown in Figp) 6We
tions were observed in both the,dglasma treated surface fabricated more than 100 devices on one chip of the GaN/

and control sample without plasma treatment. Thus, theAIGaN structure before plasma treatments. After measuring
Hp-plasma treatment causes the formation of surface dEfeC{ﬁe initial | =V characteristics of the devices, the chip was

on the GaN surface. divided into two samples: one for the,hhlasma treatment

In order to investigate the effects of plasma processi_ng %%nd the other for the Nplasma treatment. After the plasma
the transport properties of 2DEG at GaN/AlGaN hetero'mer'treatments, we compared theV characteristics for the cer-

tain devices that had the same initialV characteristics. All

y n-GaN surface the devices showed a s.teep linear increase of current fol-
10" g ey lowed by current saturation. After the,Hblasma treatment
: discrete level | ] for 1 min, a large current reduction was observed. On the
~ . 13 ; other hand, B-plasma treatment slightly increased currents.
s 10 H. of The Hall measurement results showed that the change in cur-
g » plasma ] rents after the plasma treatments was not due to change in
g 1012: | mobility but due to the change in the 2DEG density. Addi-
- P E tionally, the H-plasma-treated devices exhibited serious hys-
o [ ] teresis in dcl-V curves as well as transient behavior in
10"} .control o e pulse-responses of the drain currefftShese results indicate
b ] that the H-plasma treatment produced high-density surface
o N, plasma o defect states on the AlGaN surface, causing various kinds of
107 b b o instabilities in the 2DEG transport at GaN/AlGaN interface.
E E No such effects were observed in thg-plasma treated de-
v Eq-Ex (eV) c .
vices.
Fic. 5. Surface state densitpgg) distributions of the ECR-plasma treated ~ F1gure 7 shows the XPS core-level spectra taken from the
GaN surfaces. AlGaN surfaces after the treatments i Hlasma and M
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T T T l LR L | T T ol(@l LI ‘ LB j plasma Volatile
Al2p - species lecul
# % broadening pect molecules
ad E H NH,
g’ %’% 3 NH3
H, plasma ° g E
H %‘%«w&
N, plasma ,‘ .'-h ':
e f ]
[1)] P E ) S R A S MY SR I SR E N R
c 80 78 76 74 72 70 |
—I TT I TTT I TTT I TT T I TTT | TT1T I TT I—
Lo N1sg4
X L NHx + § metal droplets
N ) & o

GaN, AlGaN

H, plasma

\
N-depletion region
( N vacancy)

M AN ATE /B TSN RS S

N, plasma &
L Fic. 8. Schematic illustration for a possible reaction process on GaN or
AlGaN surfaces during the fHplasma treatment.

v b e b b sl a ban

404 402 400 398 396 394 392 390
Binding energy (eV)

ates resonant levels in the conduction band and contributes to
the conduction band edge, supplying free electrons in GaN.
On the other hand, recent results of calculation using the
Green’s function method by Yamaguchi and Junnaiqare-

. o dicted that theV\ defect can form an s-like discrete deep
plasma for 1 min. We detected the photoemission from thgaye| within the gap. Thus, these suggest a possibility that
AlGaN surfaces using an electron escape angle of 10°, iMy_yacancy-related clusters and/or defects may act as donor-
plying that the obtained spectra reflected information fromtyloe deep levels.

the topmost regioriwithin 1.0-1.5 n. In the N Is core- On the other hand, no such decrease of N atoms was
level spectrum of the piplasma treated sample, a clear ghserved after the Nplasma treatment, although it was also
shoulder peak appeared at around 399 eV, corresponding iective in removing oxides from the surface. As compared
the N-H, bond?g_ln addition, the decrease in the peak inten-yith the air-exposed AlGaN surface, the peak shift of 0.4—
sity of the N Is line was observed. The V/IlI ratio of the 5 ey toward higher binding energies was observed in the
AlGaN surface after the Hplasma treatment was found to Al2p spectrum in the Mplasma treated AlGaN surface, as
be far below unity(0.79, clearly indicating the depletion of g6 in Fig. 7. A similar peak shift was also observed in
N atoms at the surface. The broadening of spectrum was alsgps ¢ore levels at the Nplasma treated GaN surface. These
observed in Alp core level. Thus, the Hplasma treatment  peak shifts indicate the reduction of the surface band
for only 1 min produced disordered layer at the AlGaN sur-henging? Thus, the ECR-M plasma treatment seems to par-
face with a highly nonstoichiometric chemical phase. tially recover or terminate surface defects, leading to the re-

Figure 8 schematically shows a possible reaction procesgyction of densities of surface states on GaN and AlGaN.
on GaN or AlGaN surfaces during the4glasma treatment.

It is expected that highly active hydrogen plasma species

such as hydrogen radicals react with the surface to form o

volatile NH, products, as manifested as a shoulder in the- Surface passivation Of. GaN and GaN  /AlGaN

XPS N 1s spectrum(Fig. 7). This process led to the N deple- surfaces by SiO  and SiN

tion and left Ga and/or Al metallic clusters at the topmost Electrical properties of the passivated GaN surfaces were
GaN or AlGaN surfaces. Such a surface reaction process imvestigated using MIS structures. Figure 9 shows typical
H, plasma caused the formation of surface disordered laye€—V curves obtained from the Sj@n-GaN and the
and could introduce surface defect states includingSiN,/n-GaN MIS structures where the dielectric films were
N-vacancy-related defects. Neugebauer and Van de Walle,deposited on the GaN surfaces after the ECRgtasma
and Boguslawskiet al*° have calculated energy levels of treatment. Also shown are the calculated curves based on the
native point defects in GaN using the first-principle super-accumulation, depletion and inversion behavior for the MIS
cell method. They concluded that the simple N—vacancy crestructure®? For calculation, an effective electron mass of

Fic. 7. XPS core-level spectra taken from the GaN/AlGaN surfaces after th
treatments in ECR-excited tpblasma and M plasma.

J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul /Aug 2003
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SiOo/n-GaN SiN,/n-GaN Ga3d

80"'ll2llll 100 T )'( T T LI B O B S B B Bt B B B B N S B B
o 70 easured 3 80 y _S|02-dep03|ted ._/Ga-N
S 60F (1MHz) - 5%
s %0} : iy
[y - Si L1
g 40¢ i - Ga05 4 4
g 30 40 : 7%
m T [ A...
S 5 ideal C §i
151 3 1 20| measured 1 - )

10 E (1MHz) -

Obetiiiiin 0 " L L .

-30-25-20-15-10-5 0 5 -20-15-10 -5 0 5
gate voltage (V)

Fic. 9. Typical C—V curves obtained from the SjOn-GaN and f ‘/

SiN,/n-GaN MIS structures prepared by ECR CVD. The GaN surfaces

were treated in the Nplasma before the deposition of dielectric films.

XPS intensity (arb.units)

LU I LA LA
M-

0.2mq, an effective hole mass of 0n&,, a dielectric con- ‘ -

sttant of ?.5 and atn energy gap of 3.40 eV were used for GaN 26 24 22 20 18 16

at room temperature. Binding ener eV
PoorC-V behavior was observed in the Sipassivated 9 9y ( )

sample, in spite of the fact that a natural oxide layer wasc. 11. In situ XPS Ga 3l spectra obtained from Si@and SiN-deposited

almost removed from the GaN surfaces by th?p‘ﬂasma GaN surfaces. The thickness of insulating film is 2 nm.

treatment. A large discrepancy between the measured and

calculated curves, including gradual slope in capacitance

change from the accumulation region to the depletion regior\Nere calculated by applying the Terman method to the mea-
indicates the e_xistence of high-density interface states. 18 ,.aqc—_V curves at room temperatufeOne of the essen-
CO”"?SF' the SilVGaN structure showed bett€r-V char- tial conditions for the Terman method is that the change in
acteristics. The measurd-V curve was very close 10 the jiartace charges corresponding to the state density can ap-
calculated one, and clear deep depletion behavior was o ear in the shift in the measure@-V curve. For wide-gap
served even at room temperature. Similar deep depletion fegyniconductors, however, there are some cases where this
tures with no inversion characteristics were reported inyondition does not apply. It is expected, for example, that the
SiO;/GaN (Ref. 22 and SIQ/SIC systems? because the  giateg near midgap have large time constants for carrier emis-
generation rate of the minority carriefisoles in this casels g |y this case, the charging state is remained almost un-
extremely low at room temperature in wide-gap semiconduCzanged during the gate voltage sweep even if the interface
tor MIS systems. These.results |nd|pated that the,gale  giqteq have high densities. Thus, we estimated the limitation
cqntrol _of.surface potential was achieved over a remarkably applying the Terman method to calculation of interface
wide within the bandgap of GaN. _ state density in terms of the carrier emission time from the

Figure 10 shows distributions of interface state densityioface state at RT. The results showed that one cannot
(D) of the SiG;/n-GaN and SiN/n-GaN structures, which o\ a1 ate densities of interface states at the energies below
Ec-1.0eV from C-V measurements at RT, due to the ex-
tremely long carrier emission times from the corresponding
states.

As shown in Fig. 10, the presence of high-density inter-
face states seriously disturb a smooth gate control of the
surface potential for the Si®n-GaN structure. We detected
an interfacial Ga-oxide peak in XPS Gd 3pectrum in the
separate SigYGaN sample having a very thi2 nm) SiO,
layer, as shown in Fig. 14). In the initial stage of the Si©

[ ] deposition, unexpected and uncontrollable oxidation reaction
10"L SiNy/n-GaN- o could take place at the GaN surface due to the supply of
F ; oxygen-related active ions and/or radicals. Formation of such

Ev Ec an interfacial oxide is believed to be one of the reasons for

1010""3'6"""2" 0'1'0'6 the degradation of electrical properties of the SiGaN in-
o - o terface.
Ec-Ey (eV) In comparison with the Sign-GaN interface, the

Fic. 10. Distributions of interface state densitp) of the Sig/n-GaN  SINx/GaN structures showed relatively low densities of in-

and SiN,/n-GaN structures. terface states, as shown in Fig. 10. Since the control

104,
F ECR CVD

SiO,n-GaN
-
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SiN,/GaN sample without the Nplasma treatment showed ”;J 107 zaezio .
higher D; values ranging from 810 to 5 N
x 10 em 2eV™!, the N-plasma treatment is effective in 10 11 12 13 14
improving interface properties. No interfacial oxide was de- 1/E (cm/MV)
tected at the SifNGaN interface, as shown in Fig. (. (b)

Furthermore, the Raman spectra taken by the backscattering

geometry at RT indicated no pronounced stress at the GaKlG' 13. (a) |-V characteristics of the Al/SINn-Al, :Ga, /N structure with
surface covered with a SiNfilm the SiN, thickness of 20 nm. For comparison, tHe-V curves of

' o ) Ni/n-Aly sGay ;N and Al/SiN,/n-Si structures are plottedb) The plots of
The present SiNbased passivation was applied to the|og/e?) vs 1E for the SiN,/n-Al, {Ga, N structure.

surface of GaN/AlGaN heterostructure. Figure 12 shows the

C-V characteristics of the SiNgate structure formed on the

GaN/AlGaN surface. The thickness of the Sifim is 41 nm  increase of leakage current was observed at arodgd
and the electrode diameter is 6@in. The measure€—-V =15V for the SiN/n-Aly:Ga-N system, while the
curve clearly indicates a plateau region, reflecting the presSiN, /n-Si structure keeps the low level of leakage current.
ence of 2DEG at the GaN/AlIGaN interface. Thus, the capaciWe have replotted the-V data at a large leakage region for
tance value at the plateau region can easily be estimated frothe Al/SiN,/n-AlGaN structure in the form of log)(E?) vs
the total capacitance given by the AlGaN barrier capacitanc&/E (here,J is the current density arid is electric field. The
and the SiN insulator capacitance. The estimated value wasesult is shown in Fig. 1®). The linear relation of log{E?)
well in agreement with the experimental one. The maximunvs 1E indicates that the leakage is governed by the Fowler—
capacitance at roun¥ss=2V also corresponded to the Nordheim(FN) tunneling mechanism. From the fitting to this
SiN, insulator capacitance. In addition, the experimentalinear relation, we obtained the tunneling barrier height of
threshold voltageVy,, is reasonably close to a simple esti- 0.75 eV, corresponding to the conduction band offadic,
mation usingVy,=®g—qn,/C+ (here,®y is the potential between Siljand Al :G& -N. In the fitting, we assumed the
barrier at the Sil surface,ng is the 2DEG density and the effective mass of electron in SjiNo be m} =0.30m, (my:

C+ is the total capacitance in unit ajedhese results indi- electron rest magsoften used in the SiQ'Si system.

cate that the SijNinsulated gate can control the potential in  In order to investigate a band alignment between, Sihd
the AlGaN barrier layer, thereby leading to the expectedAlyGa N, the XPS analysis was employed in the
modulation of the 2DEG density. SiN, /Al sGa N structures. Figure 14) shows the N%

All these results indicated that the SHdased passivation spectrum obtained from a thick SiNfilm (20 nm on
structure achieved good electronic properties of the GaN anéAl, ;Ga, N. From the onset of the energy loss peak, we es-
AlGaN insulator—semiconductor interfaces. However, atimated the bandgap of SjNo be 4.9 eV. MiyazaRf re-
negative issue appeared in the leakage characteristics. Figyverted the value of 4.75 eV for the SikSi structure. Then,
13 showed |-V characteristics of the we estimated the valence band offséE,, between Sily
Al/SiN, /n-Al, Gay N structure with the Silthickness of and Al Ga,-N also from the XPS analysi8:*® This was
20 nm. For comparison, the-V curves of Nih-Aly:Ga N  carried out by measuring the energy difference between the
and Al/SiN,/n-Si structures were plotted in Fig. . As  Si2p and Al2p core levels in the SilVAIl,Ga, /N struc-
expected, the SiNinsulated gate drastically reduced leakagetures having a thin SiNfilm (2 nm). The band alignment
currents in the reverse bias condition, as compared with thebtained is schematically shown in Fig.(bf A relatively
Schottky gate structure. For forward bias, however, a steepmall value ofAE-=0.7 eV was obtained, and this is well in

J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul /Aug 2003
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S vation process. A comparable rms roughness value of 0.33

ey nm to the as-grown sample was obtained from the passivated
4.9eV | SIN, | AlGaN surface.

X JAly s.Gay -N | 4.1 eV .
[ resTTor l € Figure 15 shows the XPS Al and O s spectra ob-

tained from the GaN/AlGaN surface after the formation of
the thin Al oxide layer. In the Al spectra, no metallic Al
Na E,=0.1eV peak was detected. The peak could be deconvoluted into two
(d) components corresponding to the Al-O bond and the AlI-N
bond. The AI-N peak intensity increased with an escape
Fic. 14. (@) XPS N 1s spectrum obtained from a thick Sifilm (20 nm on angle of photoelectrons. On the other hand, the Al-O peak
Al 3G 7N and(b) band alignment between SjMind A 5Ga N. intensity almost remained unchanged, similar to the behavior
of the O Is peak. Furthermore, we confirmed no change in
agreement with that estimated by the F-N fitting methodthe spectra of Ga- and N-core levels before and after the

[Fig. 13b)]. Thus, a serious leakage problem can arise frorT}‘ormation process. These results indicated that a thin Al ox-

the band alignment at the SiKAl,:GaN interface Ide layer was successfully formed on the top of GaN/AlGaN
thereby limiting the application of thg'ssihb;sed passiv(:i- surface without disordering the chemical properties of the

tion structure to an insulated gate structure on GaN/AIGal\}mdemgath A_\IGaN. surface. From the comparison of inte-
HFET system. grated intensity ratios of Oslto Al2p between the formed

Al oxide and a crystalline sapphire substrate as a standard,
the composition of the present Al oxide was found to be
Al,O5. The thickness of the AD; layer was estimated to be
As described in the Introduction, an A film has a 3.5 nm from the angle-resolved analysis of the Al2ore-
large band gap, a large dielectric constant and a high brealkevel intensities.
down field. This indicates an advantage of®4 as an insu- Figures 16a) and 16b) show the XPS O & spectrum of
lated gate for the GaN/AlGaN HFETSs. In order to form a thinthe Al,Os-passivated GaN/jLGa, ;N surface and the
Al,O; film on AlGaN and to control the AD;/AlGaN in-  valence-band spectra of the surface before and after the pas-
terface properties, we have employed the molecular bearivation. The band gajk s, of the thin ALO3 layer can be
deposition of Al and the subsequent ECR-@asma oxida- determined from the onset position of the energy loss peak in
tion in in situ fashion. the O 1s spectrum. As shown in Fig. 18), this analysis gave
The AlLO; layer was fabricated through the following Eg=7.0eV. The valence band spectrum before the passiva-
steps: The GaN/AlGaN surface was treated in,H solu-  tion showed a characteristic feature of “free” AlGaN surface
tion at 50°C for 10 min in air followed by the ECR,N consisting of Ga4, Al3p, and N 2 orbits>® After the sur-
plasma treatment of the surface at 280 °C for 1 min. Then, aface passivation, a drastic change in the spectrum appeared,
Al layer with a nominal thickness of 3 nm was deposited onreflecting the formation of the AD5 layer. The valence band
the AlGaN surface at a deposition rate of 0.01 nm/s at RT iroffset, AE,, was estimated to be 0.8 eV from the energy
the MBE chamberbase pressure:»210 °Torr). The top difference between the leading edges of the valence-band
Al layer was then oxidized using ECR-excited flasma at  spectra before and after the passivation, as shown in Fig.
RT for 5 min in the ECR CVD chamber. Finally, the sample 16(b). From the valuesEg=4.1eV for Al Ga N, Eg
was annealed at 700 °C for 10 min in the UHV annealing=7.0eV for ALO;, andAE,,=0.8 eV, the conduction band
chamber. The AFM observation showed that the surface momffset, AE, was estimated to be 2.1 eV. The obtained band
phology maintained the smoothness with the characteristialignment between AD; and Al Ga ;N is shown in Fig.
feature dominated by monolayer steps, even after the passié(c).

C. Novel Al ,05-based passivation structure

JVST B - Microelectronics and  Nanometer Structures
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zation, the surface of GaN/AlGaN HFET structure was pas-
sivated by the thin AlO; layer through a process described
in the previous section. Subsequently, the submicron metal-
gate patterns were defined and fabricated by a combination
of electron-beam lithography and lift-off techniques.

Figure 19 shows typical drain-V characteristics of the
fabricated A}O5 insulated-gateg(IG) HFET and Schottky-
gate(SG) HFET with a gate length of 0.4m. The ALO; IG
HFET showed a good gate controllability up ¥gs=
+ 3V and achieved high drain saturation current of about 0.8
A/mm, as shown in Fig. 1@). These characteristics are bet-
ter than SG HFET. The observed maximgg value is 120
mS/mm.

We investigated current collapse characteristics under a
quiescent gate voltage stréSsThe result is shown in Fig.
20. During the measurement, the drain voltaygg, was
kept at 15 V. First, we set the initial gate voltage \&ssg
=0V for 10 s. After thatV g5 was switched tot-1 V instan-
taneously and then decreased-t8 V with a sweeping rate
of 0.2 V/s. This measurement mode is indicated by “normal
mode” in Fig. 20. In the “stress mode,” on the other hand,
we appliedVgs= —8 V (far below the threshold voltagéor
10 s as the initial stress of the gate voltage. Then,\Mhe
sweeping was carried out from1 V to —8 V. As shown in

This band structure led to the reduction of leakage curfig. 20a), a significant collapse was observed more than
rents at forward bias as compared with the Ni-Schottky gatg 0% in the drain currents for the SG HFET. On the other

and the SiN-insulated gate structures, as shown in Fig. 17,
in spite of a very small thickness of the &5 layer of 3.5
nm. A slope of gradual increase in leakage current for the
Al,Os-insulated gate at forward bias is less than that of the
SiN,-insulated gate, indicating a direct tunneling mechanism
in leakage through the AD; layer rather than the FN tun-
neling.

D. Application of the Al ,05-based passivation
structure to insulated-gate GaN /AlGaN HFET

The present AlOs-based passivation structure was ap-
plied to the fabrication of an insulated-gate type GaN/AlGaN

HFET. The device structure is schematically shown in Figrg, 18. Schematic illustration of insulated-gate type GaN/AIGaN HFETs

Al,O, passivation layer (3.5nm)

undoped GaN (1pm)

1)

- n-SiC

18. After the device isolation and Ohmic electrode metalli-with the Al,0;-based surface passivation structure.
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AlGaN surfaces. We have also found that the ECR-N
plasma treatment is very effective in suppressing the forma-
tion of suchN—vacancy-related surface defetts.Based on
these findings, Hasegawa and co-workef$® have re-
cently proposed a unified surface model that the electronic
states consisting of N—vacancy related surface levels and
U-shaped surface state continuum are responsible for the
electron trapping on GaN/AlGaN heterostructure surfaces. In
case of SG HFETS, electrons can be injected into the surface
states assisted by large leakage currents under the deep gate
stress. The present ADs-based passivation process includ-
ing ECR-N, plasma treatment can suppress the formation of
N-vacancy related near-surface levels as well as surface
states. In addition, the AD; IG structure remarkably re-
duces the gate leakage currents. Thus, oyOidbased in-
sulated gate and surface passivation structure is very effec-
tive in suppressing the current collapse effects, thereby
leading to the reliability improvement of AlGaN/GaN
HFETSs.

IV. CONCLUSION

We have investigated the effects of plasma processing,
formation of Si-based dielectrics and formation of a thin

hand, no current collapse was observed for the IG HFETAI,Os film on the chemical and electronic properties of GaN
This indicates a remarkable advantage of the presernd AlGaN surfaces. The ECRgHblasma treatment was

Al,O5-based passivation structure.

found to produce nitrogen—vacancy-related defect levels at

The current collapse effects have often been observe@aN and AlGaN surfaces, while the treatment in ECR-N

GaN/AlGaN SG HFETs under quiescent gate stress

plasma improved the electronic properties of surfaces. The

pulse-mode gate stre¥s'2*3"The collapse is also induced deposition of SiQ film on GaN and AlGaN surfaces induced
by drain stres$:®3’The mechanism for the current collapse high-density interface states, due to unexpected and uncon-
is not clarified yet. Since a Sihbased surface passivation trollable oxidation reactions on the surfaces during the depo-

dramatically reduces the current collapsé; **some models

sition process. In comparison, the $iGaN passivation

based on the electron trapping by surface states have bestructure prepared by ECR CVD with the,ddlasma pre-

proposed:'® As described in the Sec. Il A, the jplasma

treatment showed good interface properties with the mini-

treatment producebl—vacancy related defects on GaN andmumDj value of 1x 10'cm 2eV L. No pronounced stress

(a) Schottky-gate HFET  (b) Al,O;-gate HFET

0_7 T F T I TTT | TTT | TTT I T I— :I LI I TTT | TTT I TTT I L
=06 Vps=15V 1 EVps=15V E
€ ,sLnormalmode /3 normal mode E
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I /stress 1 £ 3
2 03 mode 3 E stress
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Fic. 20. | ps—Vgs characteristics ofa) the Schottky-gate HFET ang) the

Al,O; insulated-gate HFET before and after the gate stiégs, indicates
the initial gate voltage stress.
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remained at the SiNGaN interface. Excess leakage currents
based on the Fowler—Nordheim tunneling were observed in
the SiN, /Al sGa&, ;N structure, due to a relatively small con-
duction band offsetAE., of 0.7 eV between SiNand

Al Ga N. A novel Al,Oz-based passivation structure was
successfully formed on the AlGaN surface by molecular
beam deposition of Al and the subsequent ECRplasma
oxidation.In situ XPS analysis showed a band gap of 7.0 eV
for the formed A}O3 layer with a thickness of 3.5 nm and a
sufficiently large AE: of 2.1 eV between AIO; and

Al :Ga /N. The GaN/AlGaN insulated-gate HFETs having
the Al,Os-based passivation structure showed a good gate
control of drain currents up t&/¢s=+3V and achieved
drain saturation current of 0.8 A/mm. The observed maxi-
mum g,,, value is 120 mS/mm. No current collapse was ob-
served in the AIO; IG HFETSs. These results indicate a re-
markable advantage of the present@d-based passivation
structure for GaN/AlIGaN HFETs, leading to the reliability
improvement of AlGaN/GaN HFETSs.
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