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Discrete surface state related to nitrogen-vacancy defect on
plasma-treated GaN surfaces

Tamotsu Hashizume® and Ryusuke Nakasaki®
Research Center for Integrated Quantum Electronics (RCIQE), Hokkaido University, Sapporo,
060-8628, Japan

(Received 7 December 2001; accepted for publication 23 April 2002

Detailed studies on the defect-related surface states of plasma-expGsed surfaces were carried

out. An anomalous flat portion appeared in the metal—insulator—semiconductor capacitance—voltage
characteristics for the sample exposed tg plasma, corresponding to a localized peakEat

—0.5 eV in the surface state density distribution. Atomic-force microscope and x-ray photoemission
studies revealed the formation of Ga droplets onpthsma-treated GaN surfaces, caused by the
desorption of nitrogen atoms in the form of NH These results suggested that a
nitrogen-vacancy-related state near the conduction-band edge was introduced on the
H,-plasma-treated GaN surface. No such effects took place onjHpalma-treated GaN surfaces.

© 2002 American Institute of Physic§DOI: 10.1063/1.1485309

Recent progress in high-power/high-frequency field-crowave power of 100 W. The deposition rate was 1.0 nm/
effect transistors based on GaN and its related heterostruain. The thickness and refractive index of the deposited
tures has demonstrated that they are key devices for nextiims, determined by ellipsometric measurements, ranged
generation high-density communication systems. Howeveffrom 40 to 60 nm and 1.9 to 2.0, respectively. A ring-shaped
these devices still have surface/interface-related problem§hmic contact was formed on the GaN surface where the
including frequency dispersion in drain currénigrge gate deposited Sil was removed using buffered hydrofluoride
leakage currerft® and lack of suitable surface passivation (BHF) solution(Fig. 1). Ti/Al (20/80 nm alloy was annealed
structure’ Furthermore, the device processing involves vari-at 600 °C for 2 min. Then, an Al gate electrode with a diam-
ous kinds of surface treatments and junction formation stepsgter of 400um was formed on the SiNayer by a conven-
which may introduce defects on processed GaN surfaces. Tipnal vacuum deposition process. An HP 4192A LF imped-
control these surface issues effectively, systematic investig&ance analyzer was used f@-V measurements, with a
tion of the properties of defect-related surface states becomégeasurement frequency and a bias sweep rate of 100 kHz
inevitable. However, experimental confirmation on theand 100 mV/s, respectively. The surface chemistry of the
chemical and electrical identity of surface defects on GaNplasma-treated GaN surface was studied using an x-ray pho-
has been largely lacking. toelectron spectroscopyXPS) system(PHI 16000 with a

In this letter, we report the identification of a defect- monochromated AK«a x-ray source liv=1486.6 eV).
related state on a GaN surface exposed to electron— Figure 2 shows the measured MCS-V curves and cor-
cyclotron-resonancéECR) excited H, plasma. Schottky- responding surface Fermi-level positions at a given gate bias
junction-type structures are often used for the detection ofor the SiN./GaN samples. Dotted lines indicate the calcu-
deep levels in bulk materials. However, they are not suitabléatedC—V curves based on the accumulation, depletion, and
for the assessment of surface states located near the batersion behavior for the interface-trap free MIS structure.
edges because of the large leakage near the flatband condin effective electron mass of 018y, an effective hole mass
tion. Thus, a metal—insulator—semicondudtdiS) structure  0f 0.8 mg, a dielectric constant of 9.5, and an energy gap of
was employed in the present investigation. 3.39 eV were used in the calculation for GaN at room tem-

The sample structure is schematically shown in Fig. 1Perature. It is noted that the difference in the calculated
We used a Si-dopedntype GaN layer g=1-2  curvesis due to the difference in the thickness of,SiNns.
%107 cm™3) grown on a sapphire substrate by metal—The SiN./GaN structures showed go@-V characteristics,
organic vapor-phase epitax¥OVPE). The typical value of ~ consistent with the previous resuttés shown in Figs. @)
electron mobility at room temperatuf&T) was about 500 and 2b), the measure@—V curves for the samples with,N
cn?/V's. GaN surfaces were treated in \NBH solution at
50 °C for 10 min followed by treatment in Bor H, plasma

excited by the ECR source with a microwai&75 GH2 Ti/Al Al (gate)

power of 50 W at 280 °C for 1-15 min. In the same chamber, —

a SIN, film was subsequently deposited on the plasma- —

treated GaN surfaces at 280 °C by ECR-assisted chemical- n-GaN (2 um)

vapor depositiofECR CVD) using N, and SiH, with a mi- AIN buffer layer
Sapphire substrate

¥Electronic mail: hashi@rcige.hokudai.ac.jp
Ypresent address: YokohanR & D Laboratories, Furukawa Electric Co. FIG. 1. Schematic illustration of the MIS structure.

0003-6951/2002/80(24)/4564/3/$19.00 4564 © 2002 American Institute of Physics
Downloaded 24 Feb 2006 to 133.87.26.100. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 80, No. 24, 17 June 2002 T. Hashizume and R. Nakasaki 4565

SiN,/ n-GaN system SiN,/ n-GaN system
100 ; ‘ 10" , ‘ RS ;
80 {a) Np plasma/imin___ |0 N, plasma H, plasma g
o0 e £ 1013} ] 5
desl o N% ] 5 min j”
40 |ideal e~ : 12 . 5
................ S g 10 15m|n ) &éf gﬂ@
20 | measured 32 = L ]
...“2 () 1011 | /1@
0 ‘ 4 W 1 min & 4
20 -15 10 5 0 5 'O 1 min
— LU 1010 ! ! L L L : L
'S 140 [©) 1y plasmartmin ] o £ ts 2 4 o ts 2 40
b 1‘218 (0) e plasmafim? i '.g Ev EcEis Ec Ey EcErs Ec
o =
-1 0
8 100 8_ FIG. 3. Interface state densityp() distributions of the Sil/n-GaN struc-
o] 80 2 = tures calculated by the Terman method.
.g 60 ideal g
Q- 40 ------------------- -3 Q . . . . . . . .
8 % meaaured E showed similaD;; distributions with minimum values rang-
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140 , i , S— % N,-plasma treatment increased the density of continuous in-
120 | (¢) H, plasma/5min ' 0 S terface states. On the other hand, a localized surface state
100 | ;] A ‘g was found at approximately E.—0.5eV  for
80 n H,-plasma-treated surfaces, as shown in Fig. 3. The density
60 [ igeal -2 of the discrete defect state was increased with treatment time.
40 7\ 3 The total density of the defect state was estimated to be 2.1
20} measured X 10'? cm2 for the 5 min treated sample.
0 — -4 In order to investi he origin of this discr
%0 15 10 5 0 5 order to investigate the origin of this discrete state,

atomic-force-microscop@dFM) observation aneh situ XPS
analysis were performed on the plasma-treated GaN surfaces.
FIG. 2. Measured and ide@-V curves of the Silj\/n-GaN samples. The ~Figure 4 shows AFM images of GaN after treatment in H
solid lines indicate surface Fermi leveE{) positions. plasma. As-grown MOVPE GaN exhibited a smooth surface
with a root-mean-squar@ms) roughness of 0.28 nm. The,H
and H, plasma treatments for 1 min were very close to theplasma trgatment for 1 min.m_aintained the §urface morphol-
calculated ones. Furthermore, a clear, deep depletion beh Q9. showing the chargcterlstlc f_eature_dor.nlnated by mono-
ior was observed at room temperature. This deep depletigﬁ‘yer steps, as shown in the left image in F|g'. 4. Many of the
feature without inversion characteristics is typical for wide-Ste.ps were terminated by the large dark plts'at .the edges,
gap semiconductor MIS structures such as,$&C (Ref. 7) which could b_e corre_zlated _to the surface termination of the
and AIN/SiC? since the generation rate of the minority car- edge-screw-mixed dislocationSA comparable rms rough-

riers (holeg is extremely low at room temperature. In fact, ness value of 0.31 nm to the as-grown sample was obtained.

: . : imilar AFM images were observed for the,JNlasma
the deep depletion behavior disappeared when the sam . 2
b dep bp ptreated surface. After the 5-min,Hblasma treatment, how-

was illuminated by an UV lamp. In this case, the saturation th ¢ foat h d drasticallv. L b
behavior of capacitance was clearly observed due to the phg_ver, € surtace feature changed drastically. Large numboers

toexciting minority carrierS:!° These results indicated that of bright particles with a diameter of about 20-30 nm were

control of the surface potential of GaN over a remarkablyfound on the treated GaN surface, as shown in the right-hand

wide range was achieved on surfaces treated jrahd H

plasma for 1 min. H, plasma 1min H, plasma 5min

On the other hand, the long-time, Hblasma treatment : _;'
-

Gate voltage (V)

caused anomalous—V behavior, as shown in Fig.(®. A
flat portion appeared in th€—V curve in the bias ranging :
from —5 to 0 V, probably due to the pinning of the surface -
Fermi level. This strongly indicates the existence of a local-
ized interface state nedt.—0.5eV, which could supply
excess positive charges and block the gate control of the .
surface potential. The interface state densiby) distribu- —
tions of the fabricated SiNn-GaN structures were esti-
mated by applying the Terman method to the measGretf
curves® and the results are plotted in Fig. 3. The interfaces
treated in the Bl plasma showed continuols; distribution
with a relatively low densityless than &K 10'2 cm 2eV™1).

In particular, the minimum D; value of 1

x 10' cm~2? eV~ was obtained in the 1 min treatment pro-

cess. The control sample surfag@ot exposed to plasma FIG. 4. AFM images of the ktplasma-treated GaN surfaces.
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tributes to the conduction-band edge, supplying free elec-
:$ trons in GaN. On the other hand, recent results of calcula-
- V' H, plasma/smin tions using the Green’s function method by Yamaguchi and
: Junnarkar predicted that the/y defect can form an s-like
T discrete deep level d&.—0.3 eV. Thus, these suggest the
H, plasma/1min possibility thatVy-related clusters and/or defects may act as
[ donor-type deep levels. In fact, we observed clockWiise/
e hysteresis with a large voltage shift towards the negative bias
2 19 18 7 16 15 14 only for the sample treated in the,Hplasma for 5 min,
Binding energy (eV) . . .
M supporting the assumption that\§-related state is donor
24 22 20 18 16 14 type and supplies excess positive charges at the GaN surface
Binding energy (eV) . . . . .
in the deep-depletion condition. From this voltage shift and
FIG. 5. XPS Ga @ core-level spectra of the GaN surfaces after the treat-th€ value of insulator capacitance, the defect state density

rﬁetailic Ga

Ga-N
Ga 3d ‘/bond

NH,OH

XPS Intensity (arb.units)

ments in NHOH solution and H plasma. was estimated to be 1410 cm™?, reasonably in agree-
ment with the value calculated from th@; distribution

. - . . hown in Fig. 3.

image in Fig. 4. In addition, smaller dark pits also appearedS 9

In summary, a discrete defect state was detected on
?—|2-plasma-treated GaN surfaces using a MIS structure. An
. anomalous flat portion appeared in te-V curve, corre-

f F|tg?]ureGS ;howfs the )t(PStGda:J_&:ore;_I'evell stpectra(;aken sponding to a clear discrete peakEt—0.5 eV in theDy
rlom ePhat surfaces frea eth 'nGMﬂ Sofu 'on an dHt td'stributions at the insulator—GaN interface. AFM and XPS
plasma. Fhotoemission from the Loal surface was detecledy i revealed the formation of Ga droplets on

using an electron escape angle of 15°, implying that the ObI'—Iz—plasma-treated GaN surfaces due to the desorption of ni-

tained spectra reflected information from the topmost regioqrogen atoms in the form of NH Such surface reactions

(within 1.5—-2.0 nmu. It was found that three spectra have theCould introduce a/y-related donor state around 0.5 eV be-

same Ga—N bonding component. queve_r, the gnlarged POl5w the conduction-band edge. No such effects took place on
tion of the spectra shows that the higher intensity of photo-N _plasma-treated GaN surfaces
emission was obtained in the binding energy range of 18.0— 2 '

19.0 eV for the sample treated with, Hblasma for 5 min. The authors thank M. Kihara of Hitachi Cable Ltd. for
This energy range corresponds to the binding energy of mesupplying the MOVPE GaN wafers. This work was partly
tallic Ga bonding(typically, 18.5 eV, showing that the GaN supported by a grant-in-aid for Scientific ReseafBh (No.
surface after the fiplasma treatment for 5 min has a con- 11555081 and (C) (No. 11650309 from the Ministry of
siderable amount of metallic Ga component. This result exScience, Education, Sports and Culture, Japan.
plicitly suggests that a large number of particles observed at
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