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Chemistry and electrical properties of surfaces of GaN
and GaN/AlGaN heterostructures

Tamotsu Hashizume,® Shinya Ootomo, Susumu Oyama, Masanobu Konishi,
and Hideki Hasegawa

Research Center for Integrated Quantum Electronics (RCIQE), Hokkaido University,
Sapporo, 060-8628, Japan

(Received 9 January 2001; accepted 7 May 2001

Chemical and electrical properties of the surfaces of GaN and GaN/AIGaN heterostructures were
systematically investigated by x-ray photoelectron spectros€¥p\p), capacitance—voltage, and
current—voltage measurements. Fromsitu XPS study, relatively smaller band bending of 0.6 eV

was seen at the GaN §2) surface grown by radio frequency-assisted molecular beam epitaxy on
the metalorganic vapor phase epitaxy GaN template. After exposing the sample surface to air, strong
band bending took place at the surface. The surface treatment jOMdolution and N plasma

was found to reduce the surface Fermi level pinning. Surface passivation process of GaN utilizing
SiN, film by electron-cyclotron-resonance assisted plasma chemical vapor dep@&i@iBrCVD
achieved low interface state densityx20'cm 2eV 1. No pronounced stress remained at the
SiN, /GaN interface, which was confirmed by Raman spectroscopy. The presg@NECR-N,

plasma treatment was also found to be effective in realizing well-ordered and nearly oxide-free
surface of a GaN/AlGaN heterostructure. The subsequent passivation process using the ECR-CVD
SiN, film enhanced the drain current in the gateless GaN/AlGaN high electron mobility transistor.
A surface passivation process utilizing an ultrathin Al-oxide layer reduced leakage current and
improved gate controllability of two-dimensional electron gas in the Schottky gate contact
fabricated on the GaN/AlGaN heterostructures. 2@01 American Vacuum Society.

[DOI: 10.1116/1.1383078

[. INTRODUCTION groups*~® However, there are a few reports on the processed
~ GaN surfaces such as chemically treated surfaces, plasma-

GaN and related heterostructures are now well establisheglasteqd surfaces. etc.. and on the surfaces of GaN/AIGaN
as materials for the production of high-power/high-frequency, e terostructures, in spite of the fact that the understanding of
devices such as high-electron mobility transist4&EMTS) these surfaces is necessary for the development of actual

and heterojunction bipolar transistors. These are key dev'cecsigevice fabrication process. For the final stage of surface pas-

for the next-'generatmr] wireless commuplcatlon sySternSsivation, the use of thick insulating films is indispensable. In
e.g., International Mobile Telecommunications-20001T-

2000, with ultrahigh speed and large-volume performance.thls regard, S(_everal studies on |nsulator-sem|c0ndL_(¢8)r .
. . 2 Cstructures using GaN have been performed. Pioneering

Reproducibility of the device fabrication process and reI|-Works on the GaN IS structures using deposited insulatin

ability of the device operation are indispensable for realiza; g dep 9

; 7 8
tion of high-performance wireless systems. In fact, surfacef'_ImS were reported by Casey al.” and Sawadat al.” Ther-

g . .
trap related effects have been reported very recently fop €N etal. repor.tedla remote plasma process mclud!ng sepa-
GaN/AlGaN HEMT devices, namely a significant frequency-r_""te plasma OX|dlaot|on of GaN and deposition of thick Si0
dependent collapse or the so-called “direct curr@tg-to-  1'm- Hong etal.™ have very recently demonstrated the
radio frequency(rf) dispersion” in drain current? Due to ~ C&0s(G:03)/GaN system with low interface state density.
; i i i - For the GaN/AIGaN structures, Gree al? have demon-

the high doping and the degradation of the crystalline quallt)): ) DT X
of an AlGaN layer with a relatively higher Al content, poor Strated that the use of az8i, passivation layer improved rf
Schottky contact properties, especially large leakage currenperformance 2°f a GaN/AlGaN HEMT, "{‘”d_ Kahn and
were often observed in GaN/AIGaN HEMT devices. ThisCo-workers''? recently reported the fabrication of the
significantly affects the noise performance of HEMT Metal—oxide—semiconductor GaN/AlGaN HEMT and its po-
devices® Thus, understanding and controlling surface prop-tential of high dc and microwave performance. However,
erties of GaN and GaN-based heterostructures is of the utdterface properties of GaN and AlGaN IS structures are not
most importance for their reliable performance with successfully understood and surface passivation processes of GaN
ful surface passivation. and GaN/AlGaN heterostructures are not well optimized.

Chemical and electronic properties of clean GaN surfaceEurthermore,in situ characterization of epitaxially grown
and metal/GaN interfaces processed in an ultrahigh vacuuisurfaces is desirable for improving optical and electronic
(UHV) environment have been investigated by severaproperties of GaN-based heterointerfaces.

In this article, we present a systematic investigation on

dElectronic mail: hashi@rcige.hokudai.ac.jp chemical and electrical properties of surfaces of GaN and
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xa; = 0.25 oscillation in magnetoresistance characteristics at 2 K, and
i-AlGaN (3 nm) the electron concentration determined from the Landau plots
MOVPE -MBE “'g'fi'(‘)‘ézfmn_g‘) of the oscillation was in good agreement with the value ob-
n-GaN (2 mm) | [ 1GaN 04 um) | N @ nm) tained by the Hall measurement at the same temperature.
(13 107 em?) G'V'OVPE TGN O5umy These results clearly indicated the existence of two-
n-GaN (2 um) N (6 :lum) dimensional electron gg@DEG) at the GaN/AlGaN hetero-
LT-GaN (20 nm LT-GaN (20 nm - : i
(_ ) ( ) -GN (0.2um) interface.
sapphire sapphire sapphire
substrate substrate substrate B. Surface passivation process
(a) (b) © In view of actual device fabrication process, a surface

Fic. 1. Schematic illustrations of GaN and GaN/AlGaN sample structuresPassivation process started from a simple wet treatment in
(@) MOVPE n-GaN, (b) rf-MBE n-GaN, and(c) MOVPE GaN/AlGaN het-  Organic solvents at RT and in an NBH solution at 50°C
erostructure. for 5-10 min. Then GaN and GaN/AlGaN surfaces were
processed in electron-cyclotron-resonafEER) excited N
plasma at 300 °C for 1-5 min with microwave.75 GH2
power of 50 W. Final passivation was performed by the
deposition of SiN film on the sample surface at 280 °C by
CR assisted plasma chemical vapor depositi&CR-

GaN/AlIGaN heterostructures for the optimization of a sur-
face passivation process. Homoepitaxial GaX @) surface
grown by molecular beam epitaxyMBE), chemically

treated surface, and plasma treated surface were charact ) . . . R
: i f oGP ; VD) using SiH, and N,. We obtained a diffractive index
ized by x-ray photoelectron spectrosc S. Electrical value of 1.98 for the deposited SiNilm. Thickness of the

properties of the surfaces of GaN and GaN/AIGaN hetero- enosited film ranaed from 40 to 60 nm
structures with surface passivation were evaluated b P ' rang ’
As an ohmic contact foF—V andC—V measurements, a

capacitance—voltage t-V) and current-voltage 1€V) 1\ ri/a contact ring was deposited on the surfaces of

methods. GaN and GaN/AlGaN followed by the annealing at 600 °C
for 2 min in N, ambient. The Pt/Au contact and the Al con-

Il EXPERIMENT tact with a diameter of 50@m were used for the Schottky

A. GaN and GaN/AlGaN sample structures and metal—insulater—semiconduct@vIS) structures, re-

Figure 1 shows schematic illustrations of GaN andspectwely.

GaN/AlGaN sample structures. High-quality epitaxial GaN o

wafers grown by metalorganic vapor phase epitaxyc' Characterization methods
(MOVPE) were supplied by Hitachi Cable Ltd. A buffer The surface chemical properties of GaN and GaN/AlGaN
GaN layer(LT—GaN) was grown on a sapphire substrate atsamples were characterized by XPS. The XPS measurement
low temperatures (500-550 °C) followed by the growth ofsystem(Perkin Elmer PHI 1600LCconsists of a spherical
Si-doped GaN layer at 1000 °C. Typical values of electroncapacitor analyzer and a monochromated# x-ray source
concentration and mobility of the Si-doped layer at room(hv=1486.6 eV). The XPS system is connected to the MBE
temperaturgRT) is 2X 10" cm™2 and 500 crAV's, respec- growth chamber and ECR—CVD chamber through the UHV
tively. transfer system with a base pressure ok °Torr,

As a clean reference GaN surface, a homoepitaxial Gakherebyin situ XPS characterization of the MBE-grown or
layer was grown by the rf-radical assisted molecular beanplasma-processed surfaces is available. The binding energies
epitaxy (f—MBE) on MOVPE GaN template, as shown in of the spectra were carefully calibrated through separate
Fig. 1(b). The substrate temperature was 650 °C. The nitromeasurements of Cup3;, Ag 3ds,, and Au 4f;, peak
gen radical beam was produced with rf power of 200 W andoositions. Atomic force microscopAFM) observation of
nitrogen gas flow ratio of 2.5 sccrcorresponding to 5 GaN surfaces after various types of surface treatments was
X 1075 Torr). The growth rate was about 04Am/h. Streak carried out using a Nanoscope(Digital Instruments C—V
reflection high-energy electron diffraction pattern with (2 curves were measured at RT using a HP 4192A LF imped-
X 2) reconstruction was maintained during the growth, indi-ance analyzer. In order to avoid the impact of the series
cating that the grown layer had the Ga-terminatedresistance of the epitaxial GaN and AlGaN layers on the
surfacet®* The full width at half maximum of the x-ray C—V measurements, characterization took place at a fre-
rocking curve from the homoepitaxial GaN layer became theqyuency of 100 kHzC—V curves were recorded at a sweep
same as that of the MOVPE GaN. rate of 100 mV/s.

The heterostructure sample consisting of GaN and
Alg,:Ga 7N layers grown by MOVPE, as shown in Fig. Ill. RESULTS AND DISCUSSION
1(c), was also supplied by Hitachi Cable Ltd. Typical values o
of the electron coelpcentrai/ion and mobility of the heterostruc—A - XPS and AFM characterization of GaN surfaces
ture sample at RT were 2510 cm™2 and 1300 crfiV's, Figure 2 shows Ga@®and N Is in situspectra obtained
respectively, comparable to those reported in the literaturéfrom the rf-MBE grown GaN (X 2) surface andex situ
In addition, the sample showed clear Shuvnikov—de Haaspectra from the air-exposed surface. After exposing the

J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul /Aug 2001
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Fie. 2. XPS Ga @ and N Is in situspectra obtained from the rf-MBE  Fig. 3. (g) O 1s spectra of the MOVPE sample after the air exposure and the
grown GaN (2<2) surface anex situspectra from the air-exposed surface. NH,OH/N, plasma treatments, ar{ti) change in the XPS integrated inten-
sity of the O Is level normalized by the N 4 level.

sample to air, noticeable peak shift toward lower binding

energies was seen in both Gd and N Is specf[ra. In addi- due to the removal of natural gallium oxide layer, which
tion, an asymmetric feature of the Gd &vel with a shoul- made the surface nearly oxide-free

der at higher binding energies, as shoyvn in the inset of Fig. Figure 4 shows the positions of éurface Fermi lel)
2(a), and the narrower energy separation between thesN 1for various GaN surfaces. The value Bf; was determined

and Ga Auger electron spectroscaiyES) peaksFig. 2b)] by the peak position of the GadXore level where the value

were observed at the air-exposed surface. This feature a .
well as a high intensity of the Osllevel indicated that an 0f 17.8 eV corresponds to the separation between thed>a 3

: . ._level and the valence band maximum, .*>*?°We con-
air-exposed GaN surface was covered with a natural oxid o .

: . . . irmed that theE;g positions estimated by the NsTore level

layer including a Ga-oxide component. The rigorous decon-

volution of the Ga 8 and N 1s spectra led to the conclusion and the valence band spectra were identical to the results

that the air-exposed surface exhibits Ga-rich phase and thESiPOWH in Fig. 4 Note that thg data for the-plasma trgated

. . . sSurface and SiN(2 nm)-deposited surfaces were obtained by
Ga0; is the dominant component in the surface natural ox- .
ide in situ XPS measurements.

Figure 3a) shows the O & spectra of the MOVPE The fresh MBE-g_rovyn (_2<2) surface showeét; to_Ile
: at 2.7 eV abovés,, indicating the upward band bending of
sample after the air exposure and the JOHI/N, plasma

treatments. Two peaks corresponding to the O—H Boid 0.6 eV. It is well known that the nitrogen-ion bombardment

and the GgO, bond"*8appeared at the air-exposed surface®’ the Ga deposition followed by the UHV annealing

After the NH,OH/N, plasma treatments, drastic reduction of
the O 1s peak was observed. In addition, this process real-

value after the series of surface passivation process. This is

ized a shoulderless feature of the Gal8vel and clear sepa- ?‘i <+ E(bulk) -
ration of energy peaks between the N dnd Ga AES sig- T 30} ‘ .
nals. The effect of the surface treatments on the reduction of 2 ‘ °
natural oxide layer on the GaN surface was summarized in W o5l LI ) ]
Fig. 3(b), in terms of change in the XPS integrated intensity T ‘

of the O 1s level normalized by the N 4 level. As men- é’ sol ! ¢ ¢ ]
tioned earlier, a high intensity of the Gspeak appeared on 8 MBE GaN ‘

the air-exposed surface. After the \BH treatment, signifi- 8 x2) | MOVPE GaN

cant decrease of the oxide components was observed. Further § 15¢ ‘ ]

reduction of oxide components was achieved by the surface —_—

- air NH4OH NH40H/ NH4OH/
treatment in the ECR—Nplasma. The plasma process was N2 plasma N2 plasma/
also effective in removing surface contamination. The Ga St
3d/N 1s intensity ratio became close to the stoichiometric Fic. 4. Positions of surface Fermi leveE(,) for various GaN surfaces.

JVST B - Microelectronics and  Nanometer Structures
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Al2p / Ga3d
O1s/ Ga3d

(b) NH,OH / N, plasma

Fic. 5. AFM images of the GaN surfaces after the JO#i and ECR
N,-plasma treatments.

10 20 30 40 50 60 70
Electron escape angle (deg)

at 800_59290 °C realized  clean (dl)-ordered G.aN Fic. 6. Integrated XPS intensity ratios of Alp2Ga 3d and O 1s/Ga 3d
surfaceg:>* These clean (¥1) surfaces showed relatively obtained from the GaN/AlGaN heterostructure surface as a function of the
strong band bending. Bermudézand Wu and Kahhcon-  electron escape angle.
cluded that the band bending of 0.8—0.9 eV existed at such
(1% 1) surfaces. Stronger bending of about 2.1 eV was re-
ported by Dhesi and co-workef$In comparison, ouin situ ~ NH,OH treatment completely maintained the surface
XPS study showed smaller band bending on the MBE-growsmoothness showing the characteristic feature dominated by
(2x2) surface. Theoretical calculatidis® predicted that monolayer steps. The rms value comparable to that of the
the (2x2) reconstruction is the most stable structure for theas-grown sample was obtained even after the plasma treat-
(0001 Ga-terminated surface. ment process, as shown in Fighh

The position ofg;; was found aEv +2.0 eV for the air-
exposed MOVPE GaN sample, indicating relatively strong
band bending of 1.3-1.4 eV. Wu and K&hand Wolter
et al® reported similarE position at the air-exposed The air-exposed surface of the MOVPE GaN/AlGaN het-
MOVPE GaN surface. The surface included natural oxidesrostructure sample exhibited highly nonstoichiometric
and contamination, and showed a nonstoichiomef@a-  phase with large amounts of natural oxidésigure 6 shows
rich) feature. This probably causes the strong band bendinghe integrated XPS intensity ratios of Ap2Ga 3d and O
The surface band bending is sensitive to contamination, dists/Ga 3d as a function of the electron escape angle. The
order, and defects at the surface since the Fermi level posair-exposed sample exhibited complicated composition dis-
tion is governed by the balance between the surface charggbution in depth. In particular, steep increase of Al and
and the ionized donors in the depletion region. In contrast t® 1s intensities at shallower escape angles indicated that the
these results, Bermudezoncluded that smaller band bend- Al-oxide component is dominant on the topmost surface. The
ing of 0.4 eV appeared at the oxidized and contaminated\l 2 p core-level exhibited broad spectra with a peak binding
GaN surface. The reason for the discrepancy is not clear yeénergy very close to that of AD;, and asymmetric spectra

After the surface treatment in the NBIH solution at with a shoulder including the G@; component appeared in
50 °C for 10 min, the surface natural oxide was reduced, athe Ga 31 core level® Such a natural oxide layer can be
shown in Fig. 3. However, thE&g position did not change removed after the NfOH/ECR—N plasma treatments, as
from the position at the air-exposed surface. The followingindicated by the shaded squares and open triangles in Fig. 6.
surface process in ECR-excited plasma was found to have A significant reduction of the Odlintensity is seen, and the
an effect on the reduction of the surface band bending, asomposition does not vary with depth from this surface. In
shown in Fig. 4. TheE;g position moved up to 0.4-0.5 eV fact, the surface treatment led to symmetric features in both
above the position of the air-exposed sample. The depletioAl 2p and Ga 3 spectra where the peak positions of these
of N atoms was found at the air-exposed sample, leading tepectra were very close to those of the Al-N bond and the
the vague separation of the N And Ga AES levels, as seen Ga—N bond. From the relative XPS sensitivity factors, the Al
in the bottom trace in Fig.(®). The Ga-to-N ratio was 1.12 composition was calculated to be 0.23, in reasonably agree-
at the air-exposed surface, consistent with the result of Wunent with the value of 0.25 obtained from the separate x-ray
and Kahr? The ECR-N plasma treatment seems to partially diffraction measurement. Thus, the present,QH/ECR-N
recover or terminate N-deficiency related defects. The subplasma treatment was found to be effective in realizing well
sequent deposition of SiNilm by ECR—CVD realized fur- ordered and nearly oxide-free surface of a GaN/AlGaN het-
ther upward movement of surface Fermi level, indicatingerostructure.
pronounced passivation effect. In order to improve Schottky gate properties on the

Typical AFM images of the GaN surfaces after the GaN/AlGaN HEMT structure, a passivation approach was
NH,OH and ECR N-plasma treatments were shown in Fig. attempted. The process started from the formation of ultra-
5. The as-grown MOVPE GaN exhibited smooth surfacethin (1 nm) Al layer on the NHOH-treated GaN/AlGaN sur-
with a root-mean-squarérms) value of 0.23 nm. The face at RT using & cell in the MBE chamber. Then the

B. XPS characterization of GaN /AlGaN surface

J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul /Aug 2001
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Al2p 1014
L L B L B e By E _N/,|GN,| B I |
- R metalic Al - F  [SiNx/n-Ga 10KHZ
[ [ metalicAl ] L 08 !
- Al oxide and — 1013 L O-8fcalculated ”(\)AOI_I:HZ‘ T
[ | natural oxide ] E 04f ‘]
o ¥ E —~ [ o.2lmeasured 1
g - AlGaN Al-O K — - L 00 ; . Vg (V)
S > 20 -10 0
2 L N qp12 L
er ] £ 3
> e o /
.g - R s i SiO,/n-GaN )
£ f Al oxide 1 1011 & SiNy/n-GaN .
- AlGaN - E E
N ‘ 4 F NH4OH 3
C §, after UHV anneal N NH4OH /N plasma ]
PP IPRTEPI AR APUPETE AT NPT A 1010 l i 1 1 ! |
80 78 76 74 72 70 68 E -3 25 -2 15 -1 -05 O
Binding Energy (eV) v E-E. (eV) Ec

Fic. 7. In situ XPS Al 2p spectra of the NiDH-treated GaN/AIGaN/Al ;g pjstributions of interface state densif,() of the fabricatech-GaN
sample prepared in the MBE chambiey before and(b) after the UHV 5 gtryctures. TypicalC—V data obtained from the NJOH/ECR-N

anneal at 700 °C for 10 min. plasma passivated sample were plotted in the inset.

sample was annealed at 700 °C for 10 min in an UHV envi- . . .
ronment(base pressure:>210 °Torr). The basic idea of of 0.22my, an effective hole mass of O, a dielectric

this process is to convert the natural oxide on the Alganconstant of 9.5 and an energy gap of 3.39 eV were used for

surface to the Al oxide (AD3) by use of the reduction re- GaN at room temperature.

action of natural oxide with active metallic Al driven by the Sil\lln / Gcglr\ln g?rﬁi?l?re;vgrlo:v:% rzigtirzl-e?all?) w”gite?r:fsai‘tc e(,)f ?2,;_
large heat of formation of ADs. x y y

Figure 7 showsin situ XPS Al 2p spectra of the face states. The measur€d-V curves were very close to the

NH,OH-treated GaN/AlGaN/Al sample prepared in the cie:)I;:]u\Is;er(ej Zgre]isévigd :lrjrlﬁie?r?qztre;eillse;ngezquznl(Zigr:SFl)oir-
MBE chamber. In spite of the fact that Al was evaporated aﬁ ' ' P dep

. . avior was observed at room temperature, as shown in the
room temperature in an UHV environment, the Al 8pectra . . . ) . . .
. : . o inset of Fig. 8. This deep depletion feature with no inversion
clearly included an oxide component (8k) in addition to

the metallic Al and the Al-N bonds. Judging from the capacitance characteristics is typical of wide-gap semicon-

iy i 27 i~28
escape-angle dependence of the pl@nd O I peak inten- ductor MIS structures such as SiSiC?>” and AIN/SIC*

sities(not shown herg an interfacial layer resulting from the because the generation rate of the minority cariiectes is

reaction between Al and natural oxide was formed at theextremely low at room temperature. The 1haracteristics

Al/AlGaN interface. Such a layer structure (Abxides) was asa fL.mCti.O”.Of t_he applied gate voltage showed good linear
found to convert to the AD; layer completely after the behavior, indicating the presence of deep depletion by pro-

UHV thermal annealing at 700°C for 10 min, as shown innounced band bending. From the slope of the plots, the car-

the bottom trace in Fig. 7. Note that the AI-N peak origi- rier density of n-GaN layer was determined to be 1.7

7 A3 2010 cm™2 ob-
nated from the AlGaN layer underneath the topmost AI-X.101 cm °, very close to the value of 2:010'cm .Ob.
: tained from the Hall measurement. These results indicated
oxide layer. Thus the present UHV process allows us to for

. . L rr%hat the control of surface potential of GaN over a remark-
the GaN/AlGaN/ultrathin Al oxide passivation structure. ably wide range was achieved in the SiGaN interface. As
shown in Fig. 8, the NEODH/ECR-N plasma passivation
process achieved lo®;, value of 2< 10**cm 2eV L. These
results were consistent with the reduction of the surface band

Electrical properties of the passivated GaN surface werbdending at the passivated GaN surface, as confirmed by XPS
investigated using a MIS structure with a thiGd0—60 nm  analysis (Fig. 4). Furthermore, the Raman spectroscopy
SiN, film. Figure 8 shows distributions of interface state den-study revealed that no stress was found at the present
sity (D) of the fabricated Si/n-GaN structures. For com- SiN,/GaN structure.
parison, theD; distribution of the Si@/n-GaN interface Based on these results, the present ,8H/ECR-N
was plotted. TheéD;; distributions were calculated by apply- plasma passivation followed by the deposition of thick SiN
ing the Terman method to the measugdV curves at room film was applied to the surface of GaN/AlIGaN heterostruc-
temperature. TypicaC—V data of the Sil/n-GaN sample ture. Figure 9 shows thke-V characteristics of the gateless
with the NH,OH/ECR-N plasma treatment were plotted in GaN/AlGaN HEMT structure with and without surface pas-
the inset of Fig. 8. Also shown is the calculated curve basedivation. The drain to source distance ig®. Enhancement
on the accumulation, depletion and inversion behavior foiof drain current was observed for the structure with the sur-
the MIS structure. For calculation, an effective electron mas$ace passivation. Similar effect on the drain current as well

C. Electrical properties of passivated GaN and
GaN/AlGaN surfaces

JVST B - Microelectronics and  Nanometer Structures
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Fic. 11. Profiles of electron concentration near the GaN/AlGaN interface as
a function of distance from the top AlGaN surface. The meas@ed/
curves on the Pt/Au Schottky gates are shown in the inset.

Fic. 9. 1-V characteristics of the gateless GaN/AIGaN HEMT structure
with and without Si surface passivation.

as the rf characteristics were demonstrated in the The Schottky gate controllfab.ilit% of 2DEG was evaluated
GaN/AlGaN HEMT with the SjN, passivation layef.Our by measuringC—V characteristicé? Figure 11 shows the
detailed XPS study on GaN surface indicated that the redudrofiles of electron concentration near the GaN/AlGaN inter-
tion of surface band bending by passivation could enhancéce as a function of distance from the top AlGaN surface.
the 2DEG density at the GaN/AIGaN interface, and that thelhe measure€—V curves are shown in the inset of Fig. 11.
reduction of surface states could suppress surface-trap ré slight decrease in capacitance at zero bias is probably due
lated effects. to the insertion of the Al-oxide layer. The value of the ca-
Finally, a surface passivation approach, as described iﬁacita_nce change corresponded to the equivalent .inc_:rease of
Sec. Il B, was attempted to improve Schottky gate properlhe th|CkneSS.0f theAIGaN |a.yer to be 15 nm. This is very
ties in the GaN/AlGaN HEMT structure. Figure 10 comparesclose to nominal thickness of the Al-oxide layer when we
|-V characteristics of the P/Au Schottky contacts with and@Ssume the dielectric constaag, of the Al oxide(e.g., s of
without an Al-oxide interface layer fabricated on the Al20s=8.9) is close to that of AlGaN ¢=9.0). For the
NH,OH-treated surface of GaN/AlGaN heterostructures. InAl-oxide inserted contact, the pinch-off voltage is 0.3-0.4 V
the forward bias region, good linearity of the log)£V smaller than that of the normal contact, and steep onset be-
relation was obtained for the contact with the Al-oxide inter-havior was seen in th€-V curve. _
face layer. This contact showed relatively small ideality fac- As shown in the carrier profiles, the high electron concen-
tor, n, of 1.17, similar to the normal Schottky contact. This tration was observed at the AlGaN/GaN interface, similar to
means that the insertion of the Al-oxide layer did not disturbthe results reported by Yat al*®® and Manfraet al® This
current transport based on the thermionic emission procesildicated the existence of 2DEG at the interface. Away from
Significant improvement in the—=V characteristics was seen the heterOinterface, the electron concentration falls off
in the reverse bias region, i.e., the reduction of reverse lealgharply and then saturates in the profile obtained from the
age current in about two orders of magnitude_ This seems tA'-OXide inserted contact. This is consistent with the gl’OWth
be due to the formation of uniform ultrathin Al-oxide layer design, as shown in Fig(d). On the other hand, the electron
on the AlGaN surface. concentration gradually decreases even in the undoped GaN
layer region for the profile obtained by the normal contact, as
indicated by the broken line in Fig. 11. Steep increase of the
leakage currentFig. 10 seems to be one of possible reasons

10 ‘ "" T for such behavior. These results indicated that a surface pas-
o~ 10° sivation structure using an ultrathin Al-oxide layer is effec-
5 . tive in improving the Schottky gate control of 2DEG in
§ e GaN/AlGaN HEMT structures.

G 10
3 / IV. CONCLUSION
e 10° [PYAd]
g - e We have investigated chemical and electrical properties
G 10° Mo - of surfaces of GaN and GaN/AlIGaN heterostructures for the
oS TR T AT optimization of a surface passivation procels.situ XPS
5 4 3 2 40 1 2 study revealed that relatively smaller band bending of 0.6 eV

Voltage (V) existed at the GaN (2 2) surface grown by rf—MBE on the
Fic. 10. I -V characteristics of the Pt/Au Schottky contacts with and without MOVPE GaN template. The air-exposed ;aple showed
an Al-oxide interface layer fabricated on the MbH-treated surface of §trong band bending. The surface treatment in,QH solu-
GaN/AlGaN heterostructures. tion and ECR N plasma was found to reduce the surface
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