JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 11 1 DECEMBER 2002

X-ray photoemission determination of the Schottky barrier height
of metal contacts to n—-GaN and p—GaN

K. A. Rickert and A. B. Ellis
Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706

Jong Kyu Kim and Jong-Lam Lee
Department of Materials Science and Engineering, Pohang University of Science and Technology,
Pohang, Korea

F. J. Himpsel
Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706

F. Dwikusuma and T. F. Kuech?
Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706

(Received 1 July 2002; accepted 10 September 2002

Synchrotron radiation-based x-ray photoemission spectroscopy was used to study the surface Fermi
level position within the band gap for thin metal overlayers of Au, Al, Ni, Ti, Pt, and Pd-gBaN

and p—GaN. Nonequilibrium effects were taken into account by measuring the Fermi edge of the
metal overlayer. There are two different behaviors observed for the six metals studied. For Au, Ti,
and Pt, the surface Fermi level lies about 0.5-eV higher in the gap-figpe than fomp-type GaN.

For Ni, Al, and Pd, the surface Fermi level position is independent of doping, but varies from one
metal to the other. Results for Ni, Pd, and Al fit a modified Schottky—Mott theory, while Au, Ti, and

Pt demonstrate a more complex behavior. Atomic force microscopy was used along with
photoemission to investigate the growth mode of each metal on the GaN surfac200®
American Institute of Physics[DOI: 10.1063/1.1518129

INTRODUCTION ing six metals on identically prepared samples was carried
out, allowing a direct comparison of the surface electronic

The development of high-quality GaN growth tech- properties. The object in studying single metals is to deter-
niques has opened many device applications. GaN has a dihine what parameters, if any, of the metal affect the elec-
rect band gap of 3.4 eV, which leads to shorter wavelengthronic properties of the contact.
light emission that is used in a variety of optical applications,  Previously, we have reported on the effects of HCI and
including light emitting diodesand laser diodes. GaN also KOH treatments on both-GaN andp—GaN®* The effect of
has advantages in high-power deviées. these treatments on the surface chemistry was correlated with

The large band gap of GaN makes the formation of low-the electronic properties through monitoring changes in the
resistance ohmic contacts more difficult than for many othemovement of the Gad core level. The KOH treatments led
[lI-V semiconductors. Contacts tp-type GaN have been to a decreased Ga/N ratio on the surface for hothand
particularly challenging, since it is difficult to grow samples p—GaN. Onp—GaN, KOH treatment leads to a decrease in
with a high enough carrier concentration to promote fieldband bending and therefore to a reduction of the surface-
emission through the Schottky barrier. Due to the complexitybarrier height. Onn—GaN, HCI treatment led to a higher
of metallurgical contacts, various approaches have beeBa/N ratio relative to the untreated surface and to a decrease
tried, including chemical surface treatmefits, plasma in band bending and surface-barrier height. The contact re-
cleaning® 1% metal deposition techniquesputtering, elec- sistance f.) is determined by the surface-barrier heighg
tron beam, or thermal depositigh ~*3contact annealing ina through

Kg F{qq}B
ex

variety of ambient$*'® and use of bilayef§7® or
multilayers®-?! of various metals. po=— 278

Most previous studies have focused on the electronic qA*T kT
properties of a single metal on eitherGaN orp-GaN sur-  \yherek, is Boltzmann's constant is the electron charge,
faces. Results from these studies are difficult to COMParg s the effective Richardson’s constant. ahis tempera-
directly due to the differences in sample carrier concentrag, e (Kelvin). A small reduction in the surface-barrier height

tion, surface preparation prior to deposition, and in the techyj have a large effect in reducing the contact resistance in
nigues used to characterize the contact electronic pmperti%:thottky barrier-based contacts.

(current-voltage, capacitance-voltage, and internal photo-  gynchrotron-based x-ray photoemission spectroscopy
emission. In this investigation, a systematic study compar-can pe used to investigate the surface electrical properties
during metal deposition on GaN samples. A photon energy is
dElectronic mail: kuech@engr.wisc.edu chosen for a specific core level to minimize the electron es-
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cape depth, which results in an enhanced surface T
sensitivity?> The metal forming the contact is depositeed 1
situ within an ultrahigh vacuum chamber, and the measure-
ments can be made as a function of metal coverage. The
direct measurement of the surface-barrier height avoids com-
plications and assumptions associated with other measure- 3--
ments. For example, defects at the semiconductor-metal in- Z.
terface can lead to complications in current-voltageVj g-

. . valence band
measurements of the surface-barrier hefghtapacitance- region
voltage (CV) determinations of the barrier height can also be (:ilo)
complicated by these defects, which alter the space-charge N
region and affect the measured flat band volZg@he
surface-barrier height fop—GaN, ®g ,, can be determined ey J S
from the binding energy of a given core levéf and the 46 48 S50 52 60 65 70 75
energy difference between that core level and the valence- Kinetic Energy (eV)
band maximunE,.; according to Eq(2), as reviewed in a
recent article by Tun@“ FIG. 1. The left-hand spectrum shows the Gh®re-level photoemission
’ peak onn—GaN without a metal overlayer. The right-hand figure presents
Dy p= | EB| —Ev_c¢ 2 the spectrum of the valence-band region. A linear fit is used to determine the

kinetic energy of the valence-band edge. These two spectra determine the

value ofE,_c, as indicated by the double arrow.
EXPERIMENT

The n—GaN samples were grown using metal-organic
vapor phase epitaxyMOVPE), on c-plane sapphire with a
20-nm GaN buffer layer followed by 1.&m of Si-doped initially acquired as well as data for increasing metal cover-
n—GaN. The carrier concentration at the sample surface iage. This process continued until the metal overlayer became
4-7x10® cm 3, as determined by capacitance-voltagethick enough so that the underlying Ga 8ore-level peak
measurements. The samples were treated with HCI;H.:2  could no longer be detected. This procedure was carried out
by volume, for 2 min. The samples were mechanicallyin turn with Au, Ti, Ni, Pt, Pd, and Al on identically prepared
masked and then 150-nm-thick Ti patches were deposited asubstrates of both—GaN and)—GaN. The spectrometer was
the edges with an electron-beam evaporator to provide elecalibrated using a clean Ta foil to determine the conversion
trical contacts. Finally, the samples were annealed irfrom the measured kinetic energy to the binding energy via
ultrahigh-purity Ar at 800 °C for 30 sec. the effective spectrometer work function.

The p—GaN samples were grown by MOVPE oiplane The binding energy of the Gad3core-levelEg is used in
sapphire substrates. An undoped GaN layer with a thickneshe determination of the surface-barrier height at each metal
of 1 um was grown, followed by the growth of @m-thick  coverage, Eq(2). This conversion is only possible under
p-type GaN doped with Mg. The GaN:Mg samples were an-equilibrium conditions. In our study, nonequilibrium effects
nealed at 800 °C for 4 min by rapid thermal annealiR§A)  were evident, since the measured Fermi edges on our semi-
under a N atmosphere to activate the Mg acceptors. The netonductor samples were not aligned with the reference Fermi
concentration of holes in the film was %30 cm 2, and edge of the Ta foil. These effects could be due to a surface
hole mobility was 15.8 cAiV s, as determined using room- photovoltage effect or to a resistive voltage drop at the con-
temperature Hall-effect measurements. Before the depositioiacts of the sample and at the depletion region below the
of Pt on thep—GaN, which was used to form broad areasurfacé®and are mentioned in Ref. 4. These effects lead to a
ohmic contacts, the samples were cleaned using ultrason@ghange in the band bending and can complicate the measure-
baths in beakers of acetone for 5 min and beakers of isopranent of the surface-barrier height as previously observed
pyl alcohol for 5 min, followed by a deionize(Dl) water  during the investigation of Au deposition on GaN via
rinse for 10 min. Samples were blown dry with, Nthen  photoemissio®?’ The broad area ohmic contacts to GaN
dipped into boiling aqua regia solution for 10 min. The reduced such effects but could not eliminate them com-
samples were next rinsed with DI water for 10 min, and therpletely. Nevertheless, the surface Fermi level can be deter-
once more blown dry with Bl Pt ohmic contacts were sub- mined even under nonequilibrium conditiof¥sThe valence-
sequently deposited with a thickness of 300 nm, usingband and Ga & core-level spectra on the surface without
electron-beam evaporation under a vacuum of less than Betal deposited are used to determine the energy difference
X107 Torr. between these two level&(.c), which is a bulk property of

The photoemission experiments were done on the MarksaN and therefore independent of metal coverage. Figure 1
Il and 6 M TGM beamlines at the University of Wisconsin- shows an example of the Galore-level and the valence-
Madison Synchrotron Radiation Center in an ultrahighband spectrum collected on an-GaN sample without a
vacuum chamber equipped with a Cylindrical Mirror Ana- metal overlayer. When metal is deposited on the sample sur-
lyzer (CMA). After the deposition of ohmic contact patches face, the edge of the valence-band maximum can no longer
described above, the samples were loaded into the chamblee seen, since it is obscured by the signal originating from
and photoemission data for the sample without metal washe metal overlayer. The Fermi edge of the metal, which
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FIG. 3. The position of the Fermi level within the band gapnefGaN is
FIG. 2. The left-hand spectrum displays the Ga &re level ofn—-GaN shown with respect to the valence-band maximum. For the squares, the
after the deposition of 0.4 nm of Au on the surface. The right side included=ermi edge was determined at the sample surface for each coverage of Au,
the Fermi edge measured on the same sample. These spectra generat@hich takes nonequilibrium effects into account. For the circles, a Ta foil
value of Eg (double arrow that is free of nonequilibrium effects. was used as a reference for the Fermi edge.

indicates the Fermi level position at the semiconductor surton of nonequilibrium effects. The difference between these

face, can now be observed. two sets of data can be related to the magnitude of the non-

Figure 2 shows he Gadcor el ad e permi edge ST efect and ca e sen o dectease i ncrcas-
spectra of am-GaN sample with a 0.4-nm Au overlayer. a%iﬁerentgar;d erroneous surface-barrigr height arti%ulgrl
These spectra determine the Ga Binding energyEg rela- gnt. p y

tive to the Fermi-leveEg . Nonequilibrium effects shift both at low coverages. . .

the Ga 3l core level and the Fermi edge by the same amount To compare the position of the F_erml level on both
but the difference irEg remains unaffected. Since the peak n-GaN angp-GaN, the data from the directly measured Au
shift changes with coverage, the Au Fermi edge needs to Fermi level aft_er each de_p_osmon of Au are shown in Fig. 4.
measured for each coverage to ensure an accurate deterﬁfﬂe Au _Fe_rml level position fom-GaN is a_bo_ut 9'5'9\/
nation of Eg. The p-type surface-barrier height is deter- |gh_er v_wthm the band gap thaf? _f(pr—GaN_. Similar infor-
mined using Eq(2) by combiningEg at each coverage with mation is shown for the deposition of Ni om-GaN and
Ey.c, determined from the surface without metal, as show

-GaN in Fig. 5. Unlike the case of Au, the Ni Fermi level
in Fig. 1. The Ga 8 peaks were fit to a Gaussian function to

or both n—-GaN andp—GaN appears at the same location
determine the peak center. The first derivative of the Ferm!”

ithin the band gap within experimental error; a preliminary
edges is fit to a Gaussian, as well, and used to determine e ston of these results for Au, Ni, and Ti was reported
Fermi-level energy after each metal deposition.

previously?® The same analysis was done for the other three
When the samples were removed from the analysi

énetals, and the summary
chamber they were analyzed via tapping mode atomic force

microscopy(AFM) in order to determine the surface mor- Conduction Band
phology and the growth mode of the metal on the sample 3.2 - Minimum
surface. g 2.8 -

F 524 - TEF F ¥ FFq1s
RESULTS =24] -1t

S 204 I 19

The effects of chemical treatments on the Fermi level of g & . _ ] . s &
- . o s =3 16 ¢

the bare surface were described in detail in the publications & 2 ] T
listed as Refs. 3 and 4. The results for the effects of metal '0;3 g 12+
deposition on the chemically treated GaN surfaces are de-2 é) 0.8 - = n-GaN
scribed in this work. Figure 3 shows the plot of the Fermi- E’ 0.4 °© p-GaN
level position within the band gap .v.vith respect to the @ o Valence Band
valence-band maximum for the deposition of AumaGaN. 0.0 — T T e
One set of data, indicated by the circles, represents the posi- 0.2 Au thicknessl(nm)

tion determined wittEg, which was determined with the Ta
foil Fermi edge as our reference. The other set of data, indiElG. 4. The position of the Fermi level within the band gamefGaN and
cated by the squares, is frof; determined with the Au p—GaN is shown with respect to the valence-band maximum. The Fermi

. ! B . edge was measured on the sample for each coverage of Au. A separation of
Fermi edge measured on the sample surface directly. Thigs ey within the gap is seen for the Fermi-level position betweeGaN

latter set should be considered to be free from the contribuandp-GaN.
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Conduction Band TABLE I. The Fermi level position within the 3.4-eV band gap of GaN in

o 32 Minimum the limit of thick metal overlayers. The surface barrier heightg) in
:g electron volts are given for each metal deposited on bwottaN and
; o~ 28 p—GaN. The literature values for the work functiod () in electron volts
8 ?__,’ 24 and electronegativity x(,,) for each metal are also shown.
3‘5 ?0 20 ! !—‘E—!—E_LH—PI 2.0 n—GaN, position p—GaN, position
g = 1.6 Metal @, xn of Er with respect n—-GaN, of E¢ with respect
g deposited (eV) (eV) to VBM (eV) &g, (€V) to VBM, ®g , (€V)
> ..D 1.2 a n'GﬁN
2 g 08 o Al 428 1.61 2.6:0.1 0.8-0.1 25:0.1
E F Ti 433 154 2.&0.1 0.6:0.1 2.3:0.1
&‘) 04 Au 51 254 2501 0.9-0.1 1.9t0.1

0.0 Valence Band Pd 5.12 2.20 1501 1.9-0.1 1.5:0.1

: 0'1 N ;M,,ximum Ni 515 1.91 2.60.1 1.4-0.1 1.9:0.1

" Ni thickness (nm) Pt 5.65 2.28 1.80.1 1.6£0.1 1.4+0.1

FIG. 5. A plot similar to Fig. 4 is presented for Ni as the metal overlayer.

Stranski—KrastanoySK).3%3! These growth modes will ex-
of results is shown in Fig. 6. Far(p)—GaN, & is equal to  hibit different dependencies on surface metal cove¥age
the difference between the conductigmalence} band mini- |
mum and the Fermi-level position within the band gap. The  Frank—van der Merwe Growthl—s=e(*7’”, ©)
band gap of GaN is taken to be 3.4 eV. The surface-barrier 0
height results are summarized in Table I. I

Two types of pinning behavior are observed for the met-  Volmer—Weber Growth -==(1—6)+ gel""™, (4
als in this study. For Au, Ti, and Pt, the Fermi pinning level °
for n—GaN is about 0.5-eV higher in the gap than for
p—GaN. However, the pair of pinning positions are not at the
same place within the band gap for each metal. For Ni, Pd,
and Al, the pinning positions fon—-GaN andp—GaN are +0e ", ©)

very close or nearly identical within the band gap. The Fermiyheret is the film thickness and is the attenuation length
level pinning position may shift higher or lower for the spe- of the electrons, both in nanometetsrepresents the frac-
cific metal. tional surface coverage reached prior to the island growth in
The intensity of the Ga@ core level from the substrate three dimensions, anglis the thickness of the growing film
will be decreased by the presence of the metal overlayer. That occurs via layer-by-layer growth before the islanding
intensity of the Ga @ core level before () and after each  pegins®*3* The attenuation length of the electrons is calcu-
deposition (s) is used to create a rati/l,. The depen- |ated from the thickness of a monolayer of the growing ma-
dence of this ratio on the thickness of the metal depositegerial and the kinetic energy of the substrate core level
describes the grOWth mode of the metal on the GaN Surfac%|ectr0n?5’36 For Pt, the mono'ayer thickness was approxi_
The three modes of growth considered in this study aremated by 0.25 nm. When using a photon energy of 75 eV, the
Frank—van der Merwe(FM), Volmer—Weber(VW), and  kinetic energy of a photoemitted GalZore-level electron
will be 49.5 eV. An electron with this kinetic energy will
have an attenuation length of 0.35 nm when passing through

I
Stranski—Krastanov Growthl—S =(1—-g)el "9V
(o]

Conduction Band Minimum a Pt overlayer. A plot of the observeg/1, ratio for deposi-
. tion of Pt on botin—GaN ando—GaN substrates is shown in
n-GaN . . . -

3.0+ o pGaN Fig. 7 along with the relationship calculated for each of the

[] three growth modes.

251 g [] Tapping mode AFM images were collected from the
}: 1 [ samples upon removal from the UHV chamber. AFM images
< 207 Al Ti 3 g % from the baren—GaN surface and the Au- and Ni-deposited
8 ] .28 433 A samples are shown in Fig. 8.

g 154 [ Ni
:i‘ 1 . pa B g
1.0
, 512 5,65 DISCUSSION
0.5 Figure 7 indicates that Pt is not growing in a layer—by—
] ) layer (FM) fashion since the intensity ratio does not asymp-
0.0 Valence Band Maximum totically approach zero. The growth behavior may be follow-
Metal Used ing either the VW or SK growth. The plots for the

FIG. 6. A summary of the Fermi-level positions at the thick coverage ex-phomemISSIOn Intensity ratio as a f.unCtlon of Overlayer
treme, for botn—GaN andp—GaN is given for various metals to illustrate thickness for the other 5 metals indicate the lack of FM

the two types of Fermi-level pinning. growth and the existence of VW or SK growth.
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1.0
© n-GaN data

B p-GaN data

0.8 3 ——FM Calculation

v \\ - -~ VW Calculation, 8=0.85

0.6 1\ * - - - SK Calculation, 8=0.85, g=5 nm

20 nm

L/,

=0,
P
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FIG. 7. The intensity of the Gadcore level before I(;) and after each
deposition () is used to create a ratiQ/l,. The intensity ratio¢/l,, is
plotted as a function of film thickness for the deposition of Pt metal on both
n—GaN ando—GaN. The expected ratio as a function of thickness is plotted
for each of the three growth modes: Frank—van der Merwe, Volmer—Weber,
and Stranski—Krastanov growth.

20 nm

0

From the AFM results, the Au is clearly forming islands
with a size of approximately 50—60 nm in diameter and
about 6—9 nm in heigHhtFig. 8b)]. The AFM image of the
Ni-deposited sample appears smooth, indicating that if is-
lands are formed they are smaller than the resolution of the
AFM measurement~10 nm or they have grown and coa-
lesced[Fig. 8(c)]. The root-mean-square@ms) roughness
was determined from the>22 um? AFM images. The rms
roughness on the bare-GaN was~0.78 nm. With a 10-nm
Au layer, the rms roughness was increased-087 nm and
a 10-nm Ni layer possesses a value~d#.76 nm. The AFM
results for deposition of Ti, Al, Pd, and Pt aor-GaN are
similar to what is shown for the Ni sample for bgtk- and
n—GaN. The Au is clearly forming islands in the image. The
other five metals could possibly be forming islands, but they
are not observed as illustrated for Ni or-GaN. Although
there have been reports of layer—by—layer growth in the lit-
erature for Pd? Pt3” and Au®® there has also been evidence
for island formation. Island formation was observed via

. . . 5
AFM for Pd, Au, and Al grown at room tem eratie3® FIG. 8. The atomic force microscope images of &2-um- area of the
9 P sample surface dB) the baren—GaN surfacérms roughness of0.78 nnj;

The Su_rfajce'bamer he|ght v_alues _determmed n thIS(b) n—GaN with 10-nm-thick Au overlayefrms roughness of-1.87 nmj;
study are similar to values found in the literature for relatedand (c) n-GaN with 10-nm-thick Ni overlayefrms roughness 0f-0.85

systemgTable 1l). When possible, these values are reportechm).
in the table for the specific combination of sample doping,

chemical pretreatment, metal, and surface-barrier height GaN and hmi GaN. si Il of
measurement technique, closest to those used here. n-GaN and an ohmic contact gn-GaN, since ail of our

The Schottky—Mott relationship predicts that, fertype g?etalsf havebp,> ;. Thz SChOtth&M?tt thﬁo%)alsohpre—
semiconductors, whed ,>®, the contact is rectifying; icts, forn—type semicon l_JCtorS Wit ess.t anbp,, that
but when®, <., the contact is ohmic. Fqu—type semi- the surface-barrier height is equal to the difference between

conductors, the contact is ohmic when,>®,, and the the work function of the contact metdi,, and the electron
contact is rectifying ford, <®,. For GaN “with no  affinity x of the semiconductor sample, given by Eg).**

X 10 ecm~3, the work function® is reported to be 4.2 Pg =D Xs- )
+0.2 eV The value has been calculated via photoemissio
experiments on a biased sample according to(Eq.

20 nm

0

'l\lso, within the Schottky—Mott model the barriers to
n-GaN @g ) andp-GaN @3 ,) for a given metal should

O=Ep+PcouateVy (6)  sum to the band g4p
whereV,, is the applied biasky, is the kinetic energy of the ®p nt+Pg p=Egap (8)
slow secondary electron threshold, afgy, is the work and hence
function of the CMA detectd® According to this value, all
the metals studied should form a rectifying contact on  ®g ;=Egap= (Py— xs)- 9
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TABLE Il. Surface-barrier heights measured for metals on GaN, using a (a)
variety of measurement techniques, for comparison to the results reported

here.
Metal deposited n-GaN,®g , (eV) p-GaN,®g , (eV) n-GaN
Al 0.6, 0.82 all ohmic =22
Ti 0.45P 0.475¢ 0.450 0.65 % 20-
Au 0.9/ 0.96+0.2 2.48 15 EP“
Pd 0.94, 1.07, 0.92 0.53 o
Ni 113 2.4+0.2 5161
Pt 1.57,1.52,18 0.5 = 1.4
3Reference 54. "Reference 61. £ 12
PReference 55. iReference 62. g Linear Fit
‘Reference 56. IReference 63. 104 An I S=0.7
‘Reference 57. Reference 64. § 0.8
°Reference 58. 'Reference 65. E
Reference 59. mReference 13. % 067
9Reference 60. 0.4 4

L

42 44 46 48 50 52 54 56 58
Metal Work Function (eV)

As expected, for the metals that exhibit a single pinning
position, Ni, Al, and Pd, the sum of theg , and®g , values
shown in Table I, is very close to the GaN band gap. In this (b)
respect, Ni, Al, and Pd, could be considered to follow
Schottky—Mott-like behavior. For GaNys=4.14 has been
reported™® Our results do show a deviation from thieg
values predicted by the Schottky—Mott theory using the
above value for electron affinity. The Schottky—Mott theory
also predicts a linear dependence of the surface-barrier
height on the work function of the metal used in the contact
with a slope of unity. While perfect Schottky—Mott behavior
is not observed, the dependence of barrier height on the work
function can still be described by a linear relationship. The

X

E

»
(34
1

Surface Barrier Height, P, (eV)
p
[—J

slope paramete® is defined as follows:
Adg 1.6-.
S= Aq)msl. (10 ia]
The results of this study are plotted as a function of the metal 124

work funcyon in Fig. 9, and yield a rqughly linear trend.. For 42 44 46 48 50 52 54 56 £3
n—GaN|[Fig. 9a)], a slope of~+0.7 is observed. Previous Metal Work Function (V)
reports fom—GaN show slopes of 0.43 and 0.81fpr analy-
sis of photoemission-acquired barrier heights with sample§IG. 9. The measured surface-barrier heights are shown as a function of the
with different premetallization preparations; and O.ééﬁ)r work function of the metal used for the contact formation. Resultg(dpr
. . . . n=GaN and(b) p—GaN.Sis the slope of a linear fit.

plasma-treated samples with surface-barrier heights acquired
with -V curves. Also, a slope of 0.97 has been reported for
-V and CV measurements on KOH-treated-GaN grown
on SiC*5 For p—GaN|[Fig. 9b)], a slope with a value of interface or surface electronic states in a model of the
~—0.8 was observed. Koidet al. also reported a slope of Schottky barrier formation. The virtual gap states model as-
—0.6 for p—GaN samples treated with a buffered hydrofluo-sumes that a continuum of gap states exists in the band gap,
ric acid (HF) solution prior to metal deposition, with the as calculated from Schdinger’s equation for complex wave
surface-barrier height being calculated fromi-V  vectors present at the semiconductor surféddeine pro-
measurement®. Our results are in general agreement withposed the MIGS(metal-induced gap statesnodel, which
these previous studies. leads to a linear relationship between the barrier heights and

The Schottky—Mott model assumes that there is no inthe electronegativity difference between the semiconductor
terfacial layer between the metal and the semiconductor anand the metaf? There is, however, no such apparent trend of
that there are no surface states on the semiconductor. Ftre results from this study with the electronegativity differ-
example, GaAs does not follow the prediction of theence between the semiconduct@@aN electronegativity,
Schottky—Mott rule as shown in the literature compilation of A y=1.23) and the meta},, (listed in Table I). Spiceret al.
measured surface-barrier heigitand this deviation is at- proposed the unified defect model, in which the deposition of
tributed to electronic states at the metal-semiconductor intermetal atoms creates defects on the semiconductor surface
face. A variety of models have been proposed that includéhat give rise to donorlike and acceptorlike stdte$® This
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mechanism would lead to a separate pinning positiomfor  “K. A. Rickert, J. Sun, A. B. Ellis, F. J. Himpsel, and T. F. Kuech, Appl.
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