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Electrical and chemical characterization of the Schottky barrier formed
between clean n-GaN(0001) surfaces and Pt, Au, and Ag

K. M. Tracy, P. J. Hartlieb, @ S. Einfeldt, and R. F. Davis
Department of Materials Science and Engineering, North Carolina State University, Raleigh, North
Carolina 27695-7907

E. H. Hurt and R. J. Nemanich
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

(Received 28 March 2003; accepted 12 June 2003

Platinum, gold, and silver formed abrupt, unreacted, smooth, and epitaxial metal—-semiconductor
interfaces when deposited from the vapor onto cleaype GaN(0001) films. The Schottky barrier
heights, determined from data acquired using x-ray photoelectron spectroscopy, ultraviolet
photoelectron spectroscopy, capacitance—voltage, and current—voltage measurements agreed to
within the experimental error for each contact metal and had the values©01120.9+0.1, and
0.6x0.1eV for Pt, Au, and Ag, respectively. The band bending and the electron affinity at the clean
n-GaN surface were 0:30.1 and 3.3 0.1 eV, respectively. The barrier height is proportional to the
metal work function, indicating that the Fermi level is not pinned at the GaN surface. However,
discrepancies to the Schottky—Mott model were found as evidenced by a proportionality factor of
0.44 between the work function of the metal and the resulting Schottky barrier height. The sum of
these discrepancies constitute the interface dipole contributions to the Schottky barrier height which
were measured to be 1.4, 1.3, and 0.7 eV for Pt, Au, and Ag, respectively. 2003 American
Institute of Physics.[DOI: 10.1063/1.1598630

I. INTRODUCTION contact. However, all of thex situtechniques investigated to

. . . date, including dilute HC*13193334hoiling aqua-regia
GaN-based compounds are being extensively mveStIEHCI:HNos(S:l)], 16.23.26 py ffered oxide etch®32 and

gated for applications in biue and ulivaviolet emitting opto- KOH,?>?°result in an incomplete removal of the aforemen-
electronic and high-frequency microelectronic devices. The.

achievement op-type GaN has allowed the development of ?r?ned co:tamm;args. ?ontacts Sifb quﬁe;tkly bdeposLt]eq hc;n
blue and green light emitting diodésEDs), blue emitting ese contaminated surfaces resuft in Schotiky barrer heights

laser diodes, and nitride-based heterojunction bipolafat @re dependent on the applied bias. As this is in sharp
transistord—* GaN-based metal—semiconductor field effectcontrast to the ideal behavior described by thermionic emis-
transistors (MESFET)®7 and metal—semiconductor—metal sion theory, the ideality factors reported for these contami-
photodetectoréMSM)8~1% have also been realized. The de- hatéd contact structures are routinely much larger than 1. It
velopment of thermally stable rectifying contacts with largeh@s also been suggestethat the interfacial contamination
breakdown voltages and low leakage currents are particularlip responsible for the disagreement between the Schottky
important for the MESFET and MSM device structures. Thebarrier heights measured using current—voltage \() and
future improvement of each of these devices rests in part ofapacitance—voltageC(-V) techniques.

a detailed understanding of the metal/semiconductor inter- As all of theex situcleaning methods noted above result
face of the rectifying contact. in only a partial removal of the native O and C contamina-

Numerous studies have investigated P£2° tion, it is reasonable to assume that significant nonuniformi-
Au,t213:20-30333%nd AgH3134rectifying contacts on the  ties are produced in the remaining contamination across the
—GaN(0001) surface. The large work function of these metn-GaN surface. Metal contacts subsequently deposited over
als as well as the fact that they form abrupt, unreactedhese nonuniform areas would result in isolated regions of
metal—semiconductor interfaces that are reported to be thethe interface with a low Schottky barrier height, as the re-
mally stable to 600 °& makes them excellent candidates for moval of surface contamination results in a local reduction of
MESFET devices. The realization of ideal Schottky contactshe barrier height. It has been suggesfatat these nonuni-
for the aforementioned device applications depends in largfrmities in the Schottky barrier height would also be mani-
part on the properties of the underlying semiconductor surfest in ideality factors in excess of 1.
face. As suchp-GaN films are often prepared using ar In situ surface preparation methods, including ultrahigh
situ pretreatment that is intended to remove native O and Gacuum (UHV) annealing® Ga metal deposition and
contamination at the semiconductor surface that would Pregesorptiort:32*8and multiple cycles of N-ion sputtering fol-
clude the formation of an intimate metal—semiconductorigyed by UHV annealingISA)?° have been explored in an
attempt to overcome the deficiencies of #esitumethods
dElectronic mail: pjhartl@clemson.edu outlined above. Wiet al?° showed that ISA procedures are

0021-8979/2003/94(6)/3939/10/$20.00 3939 © 2003 American Institute of Physics



Tracy et al.

J. Appl. Phys., Vol. 94, No. 6, 15 September 2003

3940

"augjAyivoiolyo =301
‘wnnaeA ybiyennm-AHN
‘leauue pue Japnds UOIN=VS]|
JuswaInsesw A=
‘JusWaINseaW |[eHe

‘pauodal Jou=4N

€€ 4N veT N 19T 68°0 N O% 'IOH 44 0T>6V'2 0ST By
43 dN 1GT dN dN L0 uondiosep pue “dep e HO'HN:4HN:4H dN 000T by
1€ dN 91 200 dN L0 uondiossp pue ‘dap e O#H “(0T:T)O°H:4H © 40T X9 0.T By
€T ¢ OTXT~ #2T dN 99'0 ¥S'0 dN [OH amnip 4ayse ewseld O e, 0T XTI 0S¢ by
(1a:10oH)jouedoudosi
o€ N 98'T-12'T N N 88'T—80'T dN ‘loueylsw ‘suclsde ‘301 dN 000T ~ ny
2. 006
62 dN 4N STT 4N dN Buiresuue AHN eibal-enbe pue HOM 10y e, 0T>XC'T dN ny
€e N 't N S0'T 160 N OH ‘IoH q 9T0T>S¥'2 0ST ny
0z N N €T 4N N VSl dN N 4N ny
8z ;0T 9T N N TT1-80 dN OH “(0T:T)OH:4H ‘soluebio ' 0T X2 dN ny
12 N N N ST'T 6T'T N N N N ny
Joyooye |Adoidosi
9z N T dN 9T'T 860 N ‘loden eibarenbe Buijiog e, 0T X, oot ny
sz 6 0TK v0'T N 10T 16°0 dN dN g 40T>9°9 112 ny
144 4N yT°T dN 20T 80 dN O#H “(0T:T)O*H:HO"HN dN 00¢€ ny
|oyooe ‘sjuanjos dlueblo
tord ot OT X €0'T 4N 76°0 ¥¥8°0 dN “eibarenbe Buijiog g 40T>9°9 YA YA ny
12 4N STT N €0T €0'T N O%H bBuiiog ‘O°H:HOM q ,:0T X9 dN ny
2z N ST'T N €0'T €0'T dN dN q,:0T X9 dN ny
asull O%H
z1 , O0TK v0'T 4N 860 88'0—98'0 dN ‘|OH @N[Ip ‘wndsap © ', 0TXT 0SZ ny
6T 4N 2eT dN T 880 dN af:10H ‘soluebio dN 0ze d
8T 9 OTXT~ 121 N 0T €0'T N 3094 e, 0T& 09 ‘0Z€ ‘09T ‘08 d
LT dN S0'T dN Tt 680 N (ot:1) OH:309 e, 0T&T 00t ‘002 ‘00T id
LT N TT N 12T eT'T 4N (ot:1) OH:309 e 0T K6 00V ‘002 ‘00T d
|oyoole ‘sjuanjos dluebio
91 6 0TI S0'T-200°T N 90T'T TT 4N “elbarenbe Buijiog dN GL d
OH “(0T:T)O°H:HOHN
ST dN LT dN 1T 17T 4N ‘ewseld © e, 0TXC SL d
1 N LT N TT Tt dN 4N q,:0T%x€E dN d
OH ‘IOH amjp
Z1 9 0TX S0'T 4N 9T'T 80'T-T0'T 4N ‘wnasap © e, 0TXT 052 d
T N 4N N N N N N 4N N id
0z N N S9'T N N vSI N 4N N id
souslePy  (V)AOT— u loyoey ne)sdx ‘@ (A A-D%  (AB)A—-1%D Juswiean JusweaNNYS X8 (g-wo) (wr)srswrelp 1981U0D
1e abexean Aipeap| nis ul abreyo 10B1U0D
paziuo|

"NEe@-$1081uU00 ANoyoss Jo saipns [eluswiiadxe pauodal jo Arewwns ‘| 37av.L



J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Tracy et al. 3941

effective for obtaining clean and ordereetype GaN sur-  °C on Si-terminated, on-axis 6H-SiC(0001) substrates. The
faces. In this case a large portion of the damage induced byurtzite films were oriented in tHe001] direction and were
N-ion sputtering was subsequently recovered by highpresumed to be Ga terminatétf! C—V measurements ac-
temperature annealing. The Schottky barriers of Pt and Aguired using a Hewlett Packard 42842V measurement
contacts deposited on ISA-prepareeGaN surfaces were system and a MDC mercury probe station indicated a net
calculated from the results of x-ray photoelectron spectroimpurity concentrationNip—N,) of 1x 10 cm™2.
scopy (XPS) spectra to be 1.65 and 1.3 eV, respectively. Tungsten was subsequently sputtered onto the backside
Kampenet al.* measured the Schottky barrier of Ag and of the SiC substrates to assist in radiative heating of the
Pb contacts om-GaN surfaces prepared using @R situ  transparent samples throughout fhesitu preparation pro-
treatment in HF:NEF:NH,OH in conjunction with a Ga cess. Prior to loading, the films were cleaned sequentially in
deposition and desorption technique. A previous sttty trichloroethylene(TCE), acetone, and methanol ultrasonic
the same authors suggests that this surface preparatifaths for 10 min each, followed by a 10 min dip in 49%
method results in clean and ordered surfaces with Upwarﬁydrochloric acid and a 10 s rinse in deioniz&) water.
band bending of approximately 0.4 eM-V measurements The details of the effects of this cleaning process have been
revealed barrier heights of 0.82 and 0.73 eV and idea”%ublished elsewher®. The samples were fastened to a mo-
factors(n) of 1.57 and 1.28 for the Ag and the Pb contacts,yphdenum plate and subsequently attached to a molybdenum
respectively. In this case the large ideality factors perSiSteJample holder, which facilitated the transfer process through-
even though tr_\e native surface contaminzation was apparently; the experiment. There was an approximate 10 min inter-
removed. Similar to the study by Wat al* the absence of 4| petween extracting the sample from the DI rinse and
additional independent measurements of the barrier heightaging it into an integrated surface analysis and growth sys-
makes it difficult to identify the source of the nonideal be- o, operating at a base pressure of-(1)x 10~° Torr and

havior. The contact structures, experimental conditions, a”@quipped with XPS, UPS, low-energy electron diffraction
corresponding barrier heights from previously reported StUd(LEED), electron beam metallization, and chemical vapor
ies of Pt, Au, and Ag Schottky contacts ortype GaN are cleaning facilities.

summarized in Table I. An ammonia-based high temperature chemical vapor

The following _sections detail the result_s and conclusi(_)n roces&! was used to obtain clean, stoichiometrigype
of a comprehensive study of the chemical and electric

aN surfaces. To achieve these surfaces, the sample was

properties of Pt, Au, and Ag Schottky contacts deposited Ofhitially heated to 508 10 °C, whereupon the ammonia flux
n-type GaN(0001) films which have been pretreated using ay,55 introduced. The sample was then heated ta-&8° C

NH; -based, high temperature chemical vapor clgavC). and held for 15 min at a process pressure of:(9

XPS and ultraviolet photoelectron spectroscdbfPS were  « 15-5Torr. As the distance between the ammonia doser
employed to evaluate the chemical and electrical propertieg,q the sample was 5 cm, the partial pressure of ammonia
of then-GaN surface in the pretreated and metallized states;; (e sample surface may have been as much as an order of
The Schottky barrier heights were meastiredituand were 1, qnityde greater than the system pressure. Upon cooling to
subsequently compared & situ measurements that were g4+ 10 °C the sample was immediately transferred in ultra-
made on the same contact structures usin/ andC—V  high yacuum(UHV) for photoelectron spectroscopy mea-
techniques. The use of a combination of four independen{,;ements and subsequent metallization. The surface tem-
characterization methods provided a unique opportunity Qe atyre was monitored throughout the process with an Ircon
study the details regarding Schottky barrier formation on,¢areq pyrometer at an emissivity setting of 0.5. Tempera-

clean and ordgred-QaN surfaces. ) ) tures outside the operating range of the pyrometer
A companion article concerned with the electrical, struc—(<600 °C) were determined using the thermocouple
tural, mechanical, and microstructural characteristics of the,, nted immediately behind the sample.

as-deposited and  annealed interfaces  of the  ypg measurements were made using a Fisons XR3 dual
P(111)/GaN(0001) and Au(111)/GaN(0001) assembliegnqde x-ray source coupled to a Fisons CLAM I hemi-

investigated in the present research has been publiStied. _spherical electron energy analyzer with a mean radius of 100
was determined that the growth mode of the Pt and Au thin,, operating at a base pressure of 0~ °Torr. The reso-

films followed the two-dimensional Frank—van der Merwe | sion of the analyzer was 1.0 eV, although the absolute peak
model. Both of the as-deposited metal films were abruptygsitions could be measured to within 0.1 eV. All core level
unreacted, monocrystalline, and epitaxial with Aspectra were fit using a nonlinear “S” type Shirley
(111)//(0001) relationship with the GaN. The rectifying be- backgroun®“® and a mixed Gaussian—Lorentzian peak
havior of both contacts degraded after annealing at 400 ° pe. UPS measurements were made using an Omicron

for 3 min; they became ohmip after annealing at 600 AG) HIS13 gas discharge lamp together with a RHK 500 mm
or 800 °C(PY for the same time. mean radius hemispherical electron energy analyzer. A nega-
tive 4 Volt bias was applied to the sample throughout the
measurement to overcome the work function of the spec-
trometer. The analyzer was operated with a resolution of ap-
The 1.1um thick, Si-doped GaN thin films used in this proximately 0.1 eV. All spectra were acquired at an operating
study were grown via organometallic vapor phase epitaxy ompressure of (Z3)x 10~ ° Torr while the base pressure of the
a 0.1um thick AIN buffer layer previously deposited at 1150 system was<3x 10 °Torr. The Fermi level position was

Il. EXPERIMENT
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determined from UPS measurements made on clean Ni films.
Pt (99.999%, Au (99.9999%, or Ag (99.999% were

deposited onto the GaN(0001) surface at room temperature

using an electron-beam evaporation system with a base pres-

sure of 2< 10~ %Torr before and less thanx610~° Torr dur-

ing deposition. Typical deposition rates were 0.09 — 0.12

nm/s. Prior to deposition onto the sample surface, approxi-

5A Pt
mately 5 nm of metal was evaporated while a shutter covered WA
the sample surface to remove contamination that might have Y
accumulated on the source metal surface. The thickness of Zii/LM

10A Pt

Intensity (au)

the deposited metal layers was increased stepwise from 0.02

nm to a maximum of 75 nm. The thickest films of 70 — 75 (@) |Cen
nm were used to approximate a “bulk” layer of the respec- anaa. e
tive metals. 24 23 22 21 20 19 18 17 16

Following the completion of the aforementionausitu Binding Energy (V)

experiments, the samples were removed from vacuum and
patterned using photolithography. First, 1@0n diameter
Schottky contact pads were formed using positive photoresist
and etched in aqua-regf&:1:1HCI: HNO;: H,O) at 85 °C
for 10 s, in aqua-regia at room temperature for 5 s, and in
nitric acid at room temperature f®d s for Pt, Au, and Ag,
respectively. The samples were then placed in a deionized
water bath for 30 s and rinsed in acetone and methanol for

1 min each to remove the photoresist. Second, A@0wide _@M
ohmic contact rings surrounding the pads were formed using WWM’//‘\\VM
negative photoresist, thermal evaporation of(89.999%, e \

and a metal lift-off process. Thie—V characterization was MM
performed using a Keithley 236 source measure @it.V (b) ‘ '

curves were recorded under reverse bias at a frequency of 1 401 400 399 398 397 396 395 394
MHz using a Hewlett Packard LCR meter. Binding Energy (eV)

Intensity (a.u.)

IIl. RESULTS

Pt 4f
A. X-ray photoelectron spectroscopy  (XPS) M
Following the CVC process the O and C signals at the %

surface were reduced below the detection limit of the XPS,

. . . :: 15A Pt
which is approximately 0.3 at. 9.The Ga & and N X core > M
level photoelectron peaks obtained from the CVC treated g 10A Pt
surfaces were fit with single peaks located at 20041 eV E isAPt TN

[full width at half maximum(FWHM) =1.3eV] and 398.0
+0.1eV (FWHM =1.2eV), respectively. The peak posi-
tions were consistent from one film to the next as evidenced
by the plot in Fig. 2. The Ga/N ratio on the clean surfaces,
determined from the peak areas of the GaBd N I core
levels and corresponding sensitivity factdGa 3, 0.310
and N X, 0.420, was calculated to be-1.03 for all films
used in this study. FIG. 1. XPS(a) Ga 3 (b) N 1s, and(c) Pt 4f core level photoelectron peaks

Changes in the band bending at the surface with subses a function of the thickness of a Pt film deposited on a chemical vapor
quent metal depositions were monitored using the Gedde cleaned n-GaN s_unface. All spectra were acquired using Mgy (hv
level. Figure 1a) shows progressive shifts to lower bindin =1253.6 eV) radiation.

g prog g

energies to a total of 0.8 eV with sequential Pt deposition
through 0.5 nm. Similar spectra for Au and Agot shown
indicate total shifts of 0.5 and 0.2 eV, respectively, towardsfraction of the interface®> Subsequent Pt, Au, and Ag depo-
lower binding energies after depositing a total of 0.5 nm Ausitions in excess of the thicknesses noted above did not result
and 1 nm Ag. The as-deposited Pt, Au, and Ag/GaN interin additional shifts in the Ga®Bpeak energy. These shifts in
faces were abrupt, unreacted, and epitaxial as evidenced Ipeak energy are assumed to reflect a 1:1 correspondence
the constant value of the FWHM of the Gal 8ore level with changes in the band bending at the surface. The direc-
spectra throughout each deposition and as revealed by higtien of the core level shifts is consistent with that expected
resolution transmission electron microscopy and electron diffor large work function metals on-type GaN wherein the

[SAPt

L2APt e
Clean
(0 bt el g freer
68 69 70 71 72 73 74 75 76 77 78
Binding Energy (eV)
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o1 TUTTTT o L S is that since it is based on differences in core level energies,
I A Ag/GaN | ] the result is not sensitive to small calibration variations. Us-
. _ g Qggﬂ" _ ing Eg=3.4eV, Egy=3.0eV from the UPS me?nsurements
: ] presented below and the core level shlﬁ‘&re—. Ecore from
! ] the XPS measurements, Edl) results in ¢;'=1.2
200 F ] +0.1eV, ¢2'=0.9+0.1eV, and$p9=0.6+0.1eV. Note
. [ ] that identical values are obtained for either the Ga or N core
3 o5l Gasd ] levels.
S 3980 F S .
Q [ B. Ultraviolet photoelectron spectroscopy (UPS)
qéa 3975 F _ Figures 3a)—3(c) show the evolution of the respective
S [ {’\é i i i i ] UPS valence band spectra with sequential Pt, Au, and Ag
5 [ N1s ] depositions. Assuming an electron effective mass, carrier
712F 3 concentration, and a room temperature band gap o, 20
710k Ptaf ———- 50—+ 481.0x10"cm™3, and 3.4 eVf8 respectively, the position of
i ] the VBM is predicted to be 3.3 eV below the Fermi level. A
B40F puap, OO pP-00— linear fit of the high kinetic energy side of the spectrum
368.4 - indicates that the VBM on the cleamGaN surface is located
3682 Ag4dse é—% 3.0x0.1eV below the Fermi levelHg=0 eV). Therefore
[ e il ] the upward band bending and the electron affinity at the
0 2 5 10 20 50 clean surface were calculated to be D@1 and 3.1
Metal thickness  [A] +0.2 eV, respectively.
FIG. 2. Positions of the Gad3N 1s, Pt 4, Au 4f, and Ag 4l XPS core level The bulk GaN feature located at13.4+0.1eV exhib-
photoelectron peaks acquired for different thicknesses of Pt, Au, and Agited a pronounced shift to lower binding energies with se-
respectively. quential Pt, Au, and Ag depositions. Maximum shifts of 0.8

+0.1 and 0.5:0.1 eV were achieved for 0.5 nm thick Pt and

Au films, respectively; a 02 0.1 eV shift was observed for a
shifts are toward lower binding energye., the bands bend total Ag thickness of 0.2 nm. Subsequent shifts with addi-
upward towards the surfacerhe magnitudes and the direc- tional metal deposition could not be observed due to the
tions of the shifts in the N d.core level with sequential Pt, attenuation in the intensity of the bulk feature. The agree-
Au, and Ag depositions are equivalent to those for the ha 3 ment between the magnitude and direction of the shifts ob-
as shown by example in Fig(l) for the sequential deposi- served for the bulk feature in the valence band spectra and
tion of Pt. The latter results provide additional evidence inthose observed for both the Gd &nd N I core level spectra
support of the interpretation of the observed shifts as changesiggest that the bulk feature itself may be a core level peak
in band bending rather than chemically induced shifts associated with Ga and/or N.

The 4 doublet structures for Pt and Au{4,and 4f 5, The high kinetic energy side of the valence band spectra
as well as the d doublet structures for Ag (@, and 45, for sequential Pt, Au, and Ag depositions is magnified in
did not shift with increasing metal thickness, as illustrated inFigs. 4a)—4(c), respectively. The leading edge in each spec-
Fig. 1(c) for Pt. They are located at 7t10.1 and 74.4 trum is shifted towards the Fermi level with increasing metal
+0.1eV, 84.:0.1 and 87.%#0.1eV, and 368.30.1 and thickness. Fermi level emission is observed for 1.0, 0.5, and
374.3+0.1eV for Pt, Au, and Ag, respectively. The separa-0.2 nm thick Pt, Au, and Ag films, respectively, which sub-
tion of these peaks is consistent with those measured for bulkequently marks the onset of the metallic properties of the
metals**“®> Moreover, the FWHM values of 1.2 eV for Pt thin films. Figure 4b) also shows a feature marked by f8r
and 1.0 eV for Au and Ag did not change with the metalthe thicker Au layers which corresponds to a known surface
thickness. The photoelectron peak positions of all the specstate at the Au(111) surfaé®® The UPS valence band
tral lines discussed above are summarized in Fig. 2. spectra may also be employed to determine the Schottky

Schottky barrier height$SBH) were determined from barrier height using Eq2).
the XPS data using the relation shown in Ef. This equa- _ m
tion was previously employed by Waldrop and Gfff for $e=Eq~ (Er—Evam), )
the calculation of the SBH of metals on SiC and GaAs.  Eypg, is the position of the VBM at the onset of electronic

bg=E,—El_ +(E. _EM 1) equilibrium, wherein the leading edge no longer shifts with

B~ "9 TveMm core  —core’» additional metal depositiotf. The direct determination of
Eg is the band gapEg,. is the binding energy of the semi- E(g,, is very often difficult, as the metallic features tend to
conductor core level peak following metal depositié,, dominate in the high kinetic energy region of the spectrum
is the initial binding energy of the core level peak, &g, and cover the signal from the VBM. FiguregaB-3(c)
is the binding energy of the valence band maxim(wBM ) clearly show that the metdtband signals located at5 to 0
of the semiconductor. All binding energies are measure@V, —8 to —5eV, and—8 to —4 eV for Pt, Au, and Ag,
relative to the Fermi energy. An advantage of this approachespectively, are the most prominent features in the spectra.
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Binding Energy (eV) FIG. 4. (a) — (c) Expanded view of the high kinetic energy region for Figs.
3(@)—3(c), respectively.

FIG. 3. UPS valence band spectra from th&aN surface following both 1N this case thEE\n?BM could only be observed for thin Ag
chemical vapor cleaning and sequental Pt, (b) Au, and(c) Ag metalli-  films, as the Ag signal was not very intense in thd to O
_zatl_on._The band bending is induced by the deposition of all three metals angd\/ range. For the Pt and Au cases the shift in the bulk GaN
is indicated by the movement of the core level feature located atfeature located at-13.4+0.1eV was observed to metal
~—13eV. All spectra were acquired using the He | photon life ( ) T h

=21.2 eV). The binding energy is measured with respect to the Fermi levefhicknesses as large as 1.0 nm; it was used as a reference,

(Ee=0eV). since the peak position relative to the VBM remained con-
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stant. Therefor&\s,, can be calculated according to E8) %107 r— >
below whereAE,,y is the maximum shift in bulk feature 7 Sibver
with respect to the initial 1x10* \
EVem = Evem + AEpui 3 ot |
position on the clean surface. Note that this procedure was < 1 GoM
tested for the case of Ag wherein the shifts in the bulk feature £ 1x10® 1
were found to be equivalent to those observed for the VBM = 1
shown in Figs. &) and 4c), respectively. The Schottky bar- © o] Eatnum
riers calculated according to Eg$2) and (3) were 1.2 \
+0.1, 0.9-0.1, and 0.60.1 eV for Pt, Au, and Ag, respec- 2
tively. R
The work function of the metals can be determined using
the following expression: @) 1107 Pt
10 8 6 4 2 0 2
dm=hv—W, (4) Applied Bias (V)
wherehv is the energy of the incident photo(&l.2 e\j and X
W is the width of the spectrum. The latter values were deter- 1x10%
mined to be 15.50.1, 15.9-0.1, and 16.&0.1eV for Pt, 1
Au, and Ag, respectively. This results in work functions of 1x10°
5.7+0.2, 5.3:0.2, and 4.4 0.2eV for Pt, Au, and Ag, re-
spectively. <
= 1x10% §
g
C. Electrical measurements 3 <+ Platium

1x10"0 1
Representative semilogarithmic plots of the V data ]

for the Pt, Au, and Ag contacts are shown in Figa)5All %1072 1

contacts exhibited rectifying behavior. The leakage currents

at —10V bias were less than 1 nA, 90 nA, and 0.8 mA for b 1x1o-147” I
the Pt, Au, and Ag contacts, respectively. The breakdown 0 02 04 06 08 1 12
was “soft” for all contacts with leakage currents increasing Applied Bias (V)

under reverse bias by a factor-6f10 per 10 V for Pt and Au

and a factor of 2 to 3 per 10 V for Ag Catastrophic break-F'G- 5. (a) Semilogarithmic plot of the current—voltage<V) characteris-

d d b 80 d _ 75V —60 d tics for Pt, Au, and Ag Schottky contacts on chemical vapor clear@dN.
own occurre etween— an ! an (b) Expanded view of the forward current region(&).

—50V, and—50 and—40V for the Pt, Au, and Ag contacts,

respectively. Subsequent measurements revealed that the

contact structures were no longer rectifying, with nonllnear]cor Pt and Au and approximately 2 decades for Ag. The

symmetric current flow being observed for both forward and,;” . . . . . .
rgverse bias 9 deviation at higher voltages is due to the series resistance of

The | -V characteristics for all contacts studied Werethe GaN film. Extrapolating the linear region to the ordinate

) . : provided Schottky barrier heights of 1.49.01eV, 0.87
vrCi(t)r??Le(aorlrrleif)lzigc Egﬁiis:%?o?;low’ which are consistent +0.01eV, and 0.580.01eV for Pt, Au, and Ag, respec-

tively. The theoretical value for the effective Richardson
- qV— IR constarft® (26.4 A cm 2K ~?) is assumed in calculating the
I=lo-| ex nkT | 7)° ) Schottky barrier heights. The slopes of these regions resulted
lo=A-A** T2.g" 9 ¢e/kT (6)
. x . :
congaﬁtthies fﬁ:ﬁgﬂ?ﬁ?ﬁ ch:; theisifrflzcitéveealﬁlcg irtgf’f n The C—V data for Pt and Au contacts are shown in Fig.
A 9é y 6. The capacitance of a metal-semiconductor junction as a

is Boltzman’s constanfT is the temperature, and,, is the . . . .
Schottky barrier height. If one assumes a negligible seriefsunCtlon of voltage is described by Eqr), whereA is the

resistance and that>3kT/q, a plot In{) versusV should contact greavbi s the built-in vo'ltagey Is the 'applleld volt-
. . . age,N is the donor concentratios,. is the dielectric con-
reveal a linear region which extends over at least two de- . .
. . . .stant of the semiconductor, ahd T, ¢,, andq have their
cades of current. The Schottky barrier height and ideality -
. usual definitions.
factor are calculated from theintercept and slope, respec-
tively. Expanded views of the plots of the-V data pre-
sented in Fig. &) are shown in Fig. &) over the range from A2
0to 1.2 V. Linear regions occur from 0.5t0 0.9V, 0.1 to 0.5 &Z Qe 89-N
V, and 0.1 to 0.2 V for the Pt, Au, and Ag contacts, respec- s o d
tively. This corresponds to a current range of over 5 decadeghe carrier concentration may be extracted from the slope of

in respective ideality factors of 1.#40.01, 1.13-0.01, and
1.20+=0.1 for the Pt, Au, and Ag contacts.

KT
2| V- V-

)
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4x10™ TABLE Ill. Summary of experimentally determined values for Pt on
1 GaN(0001).
] Pt/GaN(0001) This work Literature
3x10™+
. Schottky barrier heighteV] : XPS 1.2:£0.1 1.65(Ref. 20
e Schottky barrier heighieV] : UPS 1.2:0.1 NR
e Gold — Xy «— Platinum Schottky barrier heighteV] : 1 -V 1.15+0.01 0.88-1.13
S 20"y (Refs. 11-19
o ] Schottky barrier heighteV] : C—V 1.24+0.05 0.91-1.27
< (Refs. 11-19
1x10™ 1 Metal work function[eV] 5.7+0.1 NR
Ideality factor 1.140.01 1.002-1.7
(Refs. 11-19
3 A T W W W NR=not reported.

-35 25 15 05 05 15
Applied Bias (V)

FIG. 6. Capacitance—voltag€¢ V) characteristics for Pt and Au Schottky Pt and Au contacts deposited orGaN surfaces previously

contacts on chemical vapor cleaneaN. The ordinate is the square of the tregted using an ISA process. Sporlmal.zg investigated

ratio of the contact aregt) and the capacitanc(e). Pth-GaN and Auf-GaN interfaces via depth profiling XPS
and observed an interface that was significantly more diffuse.

a plot of A% C2 versusV. The intercept on the voltage axis However, anin situ investigation from the same study did

provides a quantitative measure of the Schottky barrief°t reveal any interdiffusion or reaction at the contact inter-
height according to Eq(8) face and attributed the diffuse quality of the depth profiles to

large differences in the sputtering yields for Pt, Au, and GaN.
There were also significant amounts of both C and O con-
tamination at the interface, which would preclude the forma-
tion of an abrupt metal-semiconductor interface.

The experimentally determined values for the barrier
heights and ideality factors obtained in this work as well as
those reported in the literature are summarized in Tables Il—-
V. It should be emphasized that the different techniques em-
ployed in the present research show consistent results in

kT
$g=VitVot q 8

V; is the intercept on the voltage axig, is the difference
between the conduction band minimum and the Fermi level
andk, T, andq have their usual definitions. The slopes in Fig.
6 were measured to be—9.3x10® and —9.9

x 108 cem?/F?/V for Pt and Au, respectively. This corre-
sponds to a net impurity concentration in the GaN of 1.6

10 e @ ing that the dielectri tant of thi terms of the calculated values of the SBHs. HExesituand
cm —assuming that tne dielectric constant oTthis Ma-, i measurements agree to within the calculated experi-

terial is 9.0. The intercepts were 1.16 and 0.86 V for Pt anci'nental error for each metal studied. However. e V

ﬁu', hrtespfe itg’::% 1T(1/|s c(:jo(r)re;sﬁt)gnldsv tfo ﬁfhozkx barrlermeasurements resulted in consistently larger barrier heights
eights of Z. ~Levando. - €V 1or F1 and Au, re- compared to those obtained using theV technique. Good

spectively.C—V measurements were not made on themg/ agreement with SBHs reported in the literature is found for

GaN Schottky contact structures. The values for eachyq oq g off —v and C—V measurements but deviations
Schottky barrier height and the corresponding techmqu%re found for the photoelectron emission experiments.

from which the initial data were acquired are shown in Table The ideality factors reported for the three metals are in

. general agreement with our values. This is also nearly true
for the breakdown voltages for Pt and Au. However, the
reported values of the leakage currents under reverse bias

Pt, Au, and Ag formed an abrupt, unreacted metal-range over several orders of magnitude. The cause of this
semiconductor interface, as evidenced by the constant fulpread is not clear; however, it is likely due to the prepara-
width at half maximum(FWHM) for the Ga 8l photoelec- tion of the interface as well as the bulk material. For in-
tron peak with sequential metal deposition. The absence dftance, films grown by different techniques and/or on differ-
additional peaks in the Gad3N 1s, and the corresponding ent substrates can have different microstructures, surface
metal spectra, indicating the formation of alloys, lends fur-terminations, polarities, defect densities, and bulk densities.
ther support to this conclusion. These results agree witfTherefore care must be taken when comparing device param-
those from a previous study by Wi al?° that investigated ~eters from various samples.

IV. DISCUSSION

TABLE II. Summary of Schottky barrier heights and corresponding experimental technique.

Contact  Metal work functioq®) &, -V (eV) Ideality factor(n) @,C-V(eV) &, 6 XPS(eV) @, UPS(eV) leakage at-10V (A)

Pt 5.7#0.1 1.15-0.01 1.140.01 1.24-0.05 1.2-0.1 1.2-0.1 1x10°°
Au 5.3*0.1 0.870.01 1.13:0.01 0.96-0.05 0.9:0.1 0.9:0.1 9x10°8
Ag 4.4+0.1 0.58:0.01 1.26:0.01 NR 0.6:0.1 0.6:£0.1 8x 104
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TABLE IV. Summary of experimentally determined values for Au on 3¢
GaN(0001).
. - 25
Au/GaN (0001 This work Literature [ slope = 0.92
Schottky barrier 0.9+0.1 1.15-1.3 L 2
height[eV] : XPS (Refs. 20 and 29 g [ slope =10
Schottky barrier 0.9+0.1 NR - \ -
height[eV] : UPS 2 | siope = 0.39
Schottky barrier 0.87+0.01 0.8-1.88 ¥ [ 4
height[eV] : 1 -V (Refs. 12,13,21-28,30,33 5 T ?
Schottky barrier 0.96+0.05 0.94-1.16
height[eV] : C—V (Refs. 12,13,21-27,33 05 -
Metal work function 5.3+0.1 NR " siope = 0.4
[eV] 0
Ideality factor 1.130.01 1.03-4 3 35 4 45 5 55 6

(Refs. 12,13,21-26,28,30 83 Metal work function (eV)

NR=not reported. FIG. 7. Work function dependence of the Schottky barrier heig§BH) for

metal contacts om-GaN. The slope is calculated for data taken from this

. . . . . work (¢), Wu et al(Ref. 20(A), Bermudezet al.(Ref. 38(X), and the
The predicted Schottky barrier height is now consideredschottky—Mott modelm).

based on the electron affinity obtained in this study and Eq.
(9), which is consistent with the Schottky—Mott model.

Dn= bPm— Xsc- (9)  tron affinity and upward band bending at the cleaGaN

Substituting the experimentally determined values for thesurface were 3.5 and 0.75 eV, respectively. Assuming that the

metal work functions resulted in Schottky barrier heights ofAI’ Ti, Mg, Pt and Au work functions are 4.28, 4.33, 3.7,
2.6, 2.2, and 1.3 eV for Pt, Au, and Ag, respectively. The fac5.7, and 5.3 eV, respectively, the interface dipole contribu-

that these values are significantly larger than those detetp-Ons were calculated to be 0.15, 0.42, 0.55, 0.55, and 0.55

mined from the experimental da&PS, UPS, and —V) eV for Al, Ti, Mg, Pt, and Au, respectively. In this case the

presented above suggests that there is an additional interfaSIOpe of the line was calculated to be0.39. Although the
dipole that results in a reduction of the Schottky barrier by Ope is approximately the same as that found in the present

; research, the interface dipole contributions to the Schottky
1'4’F1.'3’ an7d Or']7 thfk?r I;’t, Au,dand Ag% ;ﬁspgcﬂv?&/. barri barrier heights for Au and Pt are significantly smaller. This
heighl'?li)rr? thz 3\,\';5”( fi ncefciF())in oefnfr?eocon?actc rﬁetgl 'Ia'rr?ee ifference may be attributed to the effects of the ISA surface
Schottky—Mott model predicts a 1:1 correspondence be[_)reparatlon process as evidenced by the fact that the values

tween changes in the Schottky barrier height and an increu':lf(-)r the electron affinity and band bending at the prepared

) . i . urface are significantly larger than those from the present
ing or a decreasing metal work function and is subsequentl};vork. As the Schottky barriers were determined using pho-

shown .W'th a slopg of 1. Th_e slope of the line deuarmmedtoemission measurements alone, the observed differences as
from this research is- 0.44 which suggests that although theC mpared to the present research may also be attributed to

Schottky barrier height shows some dependence on the met, all differences in equipment calibration

work function there is a significant contribution from both Bermudezet al%® investigated the elecirical and chemi-

extrinsic and intrinsic surface states as well as metal induced,, properties of Al and Ni metals deposited BiGaN sur-

B cnore & ot e o e 18608 roviously reaed Using @ Ga depotion and desor
P "tion technique. The electron affinity and upward band

20 ; i i i
ertievs\‘/%?xl'ﬂ'n&lzsfjuatzﬂéhste;fggéa;zgg;&%mﬁ;ﬁ()p' bending at.the cIean-G.aN surface were 250.3 and 1._4
surfaces pr’evi;)usl)'/ tre:';tted using an ISA technique. The eleg—V’ respectively. Assuming thaF the Al an_d Ni work f_uncuons
’ are 4.28 and 5.15 eV, respectively, the interface dipole con-
tributions were calculated to be 0.32 and 0.25 eV for Al and
TABLE V. Summary of experimentally determined values for Ag on Ni, respectively. In this case the slope of the line was calcu-
GaN(0001) lated to be~0.92. The effects of the surface preparation
technique are again manifest in the difference between the
interface dipole contribution measured for Al by Bermudez
Schottky barrier heighfteV] : XPS 0.6-0.1 0.7(Ref. 30 and that found in the study by Wet al?° In this case the

Ag/GaN (0000 This work Literature

Schottky barrier heigheV] : UPS 06-0.1 NR dependence of the Schottky barrier height on the metal work
Schottky barrier heighteV] : | -V 0.58+0.01 0.54-0.89 . .

(Refs. 13,3138 function is the strongest that has been reported to date and
Schottky barrier heighteV] : C—V NR 0.66-1.61 closely approaches the Schottky—Mott limit.

(Refs. 13 and 38 For each of the studies above the differences in the in-
Metal work function[eV] 4.4+0.1 NR terface dipole contribution for different metals deposited on
Ideality factor 1.26:0.01 1.24-1.6

identically prepared surfaces may be attributed to the contri-
butions from MIGS. The effects of MIGS has been thor-
NR=not reported. oughly investigated by Kampeet al.®? However, the effects

(Refs. 13,31-383
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