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Dry etching

GaN continues to grow in importance for the high-brightness light emitting
diodes (LEDSs) in the visible and ultraviolet wavelength regions. For the case of the
highly efficient LED, several critical problems must be addressed, such as high hole
concentration in p-type GaN (p-GaN) and low-resistance ohmic contact in the
fabrication processes for the devices. High-quality ohmic and Schottky contacts are
required for the improvement of these devices. The ohmic-contact characteristics of
metal contact on p-GaN have been relatively established. Only afew studies of barrier
height on p-GaN have been reported in the literature, likely due to the difficulties in
measuring diodes with large leakage and large series resistance. The contacts tend to
exhibit very leaky Schottky characteristics. Consequently, the mechanism of current
flow through the interface has not been established and the exact value of Schottky
barrier height has not yet been estimated. The p-GaN ohmic-contact technique
reported in our previous published paper shall be applied in this study. Good ohmic
contacts will help to obtain the actual p-GaN Schottky characteristics. In addition, the
applications of the dry etching and an excimer laser treatment in the fabrication of
p-GaN Schottky contacts will induce the formation of the surface defects on the
p-GaN surface, the pinning of the Fermi level on the p-GaN surface and the
enhancement of the Schottky barrier height at the metal/p-GaN interface. So in this
plan, we are devoted to improve the p-GaN Schottky contact.
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Barrier height values of Ni contacts to Mg-dopedype GaN(p-GaN) were obtained from current—
voltage measurements in this study. The induced deep level defect band through high Mg doping led
to a reduction of the depletion layer width in theGaN near the interface and an increase in the
probability of thermionic field emission. It also resulted in an increase in current flow under forward
bias condition, which was not analyzed using the thermionic emission model. Further, the calculated
barrier height value of Ni contacts @GaN using the thermionic field emission model is in good
agreement with the value of 1.9 eV obtained from x-ray photoelectron spectroscopy
measurements. @005 American Institute of PhysidDOI: 10.1063/1.1890476

GaN has a 3.4 eV direct gap at room temperature an@0 min in N, ambient. According to the Van der Pauw-Hall
has attracted a lot of interest because of its application toneasurements, we calculated the hole concentration to be
optical devices in the short-wavelength region. Other device8.6x 10'" cm3. The samples were cleaned in chemical clean
that have been demonstrated so far include ultraviolesolutions of trichloroethylene, acetone, and methanol.
Schottky barrier photodetectors, solar-blind Schottky photoPlanar-type Schottky contacts were formed by electron-beam
diodes, metal-semiconductor field effect transistors, and higavaporation. Using the lift-off technique, Ni/Au
electron mobility transistors:* High-quality ohmic and (5 nm/5 nm ohmic contacts were deposited and annealed at
Schottky contacts are required for the improvement of thes&00 °C in air ambient for 10 min. The fabricated process of
devices. Since the sum of the barrier height of thand  ohmic contacts combined with the low specific contact resis-
p types equals the band gap 3.4 eV, a high barrier height isance has been previously reportédsood ohmic contacts
expected after the metals have been deposited on tHeelp to obtain the actual Schottky characteristics floav
p-GaN?> Recent reviews and studies of Schottky contactmeasurements. Then, K6 nm) Schottky contact with circu-
properties orp-GaN have been publish8d** Some reported lar patterns(200 um in diameter was directly deposited.
values for barrier height for different metals are The Schottky diodes were measured by th& method us-
0.49-0.50 eV for P2 0.57 eV for Au® 0.65 eV for Tiand  ing a Keithley Model-4200-SCS/F semiconductor character-
1.3 eV for Pd? For Ni there is a fairly large discrepancy in ization system at 300, 350 and 400 K, respectively.
reported values, ranging from 0.49 to 2.87 &A% Conse- Figure 1 shows the typical semilog current density—
guently, the mechanism of current flow through the interfacevoltage (J—V) characteristics of Nig-GaN Schottky diodes
has not been established and the exact value of the barriat 300 K. The fitting curve using the TFE model is also
height has not yet been estimated using the current—voltagghown in Fig. 1. Yuet al” indicated that the slope of In-V
(I-V) measurement. The observed barrier height valueurves could not be analyzed using the thermionic emission
from capacitance—voltagéC—V) measurements has been (TE) model, due to the carrier transPort with a tunnel com-
reported” However, Yuet al” did not obtain the barrier ponent. In addition, these repdrts* provide theoretical
height value from thé—V measurements. In this study, the analysis of current tunneling through a Schottky barrier
barrier height value of the Np-GaN samples was first suc- (d¢g). The J-V characteristic in the presence of tunneling
cessfully obtained from the-V measurements. Further, the can be described by the relatdn’
calculated barrier height value of Ni contactgt@aN using

the thermionic field emissiofifFE) model is in good agree- 10° —
ment with the value of 1.9 eV obtained from x-ray photo- —~ 4 PR
electron spectroscopyXPS) measurements. E 1078 ¢

The epitaxial layers used in the experiments were grown < 107
on c-plane sapphire substrates using a metalorganic chemical :5 s
vapor deposition system. Trimethylgallium, ammonia, and g 107
bis-cyclopentadienylmagnesium were used as the Ga, N, and g 10"}
Mg sources, respectively. An undoped GaN buffer layer with g - = observed data
a thickness of 650 nm was grown on the sapphire substrate at 3 10 T ThE regime
520 °C, followed by the growth of a Mg-dopgEGaN layer 10° —
(762 nm at 1100 °C. Mg concentratioffMg]) was ~6 00 03 06 09 12 15
% 10" cm® for all samples. The grown samples were an- Voltage (V)

nealed for the purpose of generating holes at 750 °C for
FIG. 1. J-V curve of Ni/p-GaN Schottky diodes under forward bias con-

dition at 300 K and the fitting curve to th&-V characteristic in the TFE
¥Electronic mail: rzr2390@yahoo.com.tw regime.

0003-6951/2005/86(12)/122109/3/$22.50 86, 122109-1 © 2005 American Institute of Physics
Downloaded 19 Mar 2005 to 163.23.208.249. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1890476

122109-2 Yow-Jon Lin Appl. Phys. Lett. 86, 122109 (2005)

J=JyexplqV/IEy), (1)
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whereJ is the observed current density of Schottky diodes Voltage (V)

under forward bias conditiomi’ (m"=0.6mg, my is the mass  rig, 2. Forwardi-V characteristic of Nip-GaN Schottky diodes as a
of hole at rest® is the hole effective mass,(e=9.5, £¢iS  function of temperature.
the permittivity in vacuunt® |ls7 the dielectric constant of
GaN,A" (A =103.8 A}/C”? K?)™is the effective Richardson pigh Mg doping. We conclude that the creation of a large
constant ofp-GaN, h is Planck’s constany/ is voltage,qis  number of DLDs inp-GaN leads to the reduction of the
the electron charge is the doping concentration, argdis  depletion layer width in the-GaN near the interface, an
equal to(Er-Ey)/q. Ey is the valence band maximum and increase in the probability of the TFE, and gives rise to large
Er is the position of the Fermi leveE was assumed to be forward leakage. Consequently, the forward current transport
equal to 0.1 V in this study. According to the fittidgversus  with a tunnel component is not analyzed using the TE model.
V curve of samples using Eg&l)—(3), the value ofEy, Eq, In order to further confirm whether the barrier-height
and g¢g can be calculated to be 66 meV, 65 meV, andyalue of Ni/p-GaN Schottky diodes is 1.8 eV or not, XPS is
1.8 eV, respectively. Then, the calculated valée-7  ysed to study the surface Fermi level position within the
X 10" cm3) of N using Eq.(4) is similar to[Mg], which  pand gap for Ni overlayer op-GaN. XPS measurements
indicated that the tunneling current under forward bias conwere performed using a monochromaticld), x-ray source.
ditions took place because of the high Mg dopig the  The barrier height was determined from the XPS data using
deep level defect(DLD) band induced by high Mg the following relatiorf**?This equation was previously em-
dopingl."**° Kwak et al*® have suggested that the current ployed by Tracyet al? for the calculation of the barrier
transport at the metal/high Mg dopgeGaN interface was heights(qe¢,) of metals onn-GaN:
dominated by a DLD band which was induced by high Mg ) )
doping. Kwaket al*® have also suggested that the DLD band ~ q¢n=Eg — E'v + (Ere— Egord = Ec — (Ecore= Evo)  (5)
had a large density defect, over#@m size, existing in
the p-GaN films and that the density of the DLDs increased
as[Mg] increased. In addition, Shiojimet al*® have found
carrier capture and emission from acceptor-like DLDs for
Ni/p-GaN Schottky diodes. Further, it is worth noting that
the calculated value &,/ KT is slightly larger than 1, which  ~. ) core )
implies the current transport processes a tunnel compéﬁent.g'eS are meas_ured relative to the. For the CalCl.Jlat'Qn of
On the other hand, the observed current is too small to obtaiH1e barrier heightgqgy) of Ni/ p-GaN, the equation is ex-
the fitting parameters for th&-V characteristic in the field pressed as
emission(FE) regime for Nifjp-GaN. This suggests that the
FE model cannot be used to study tiég of Ni/ p-GaN in 7
this case. In addition, thEy, of 65 meV is not much greater e E =178 eV—
than kT (kT=26 meV, at 300 K, so the FE will not take ve
place.13 The effective resistance of the Schottky barrier in the
FE regime is c31uite low, so the FE model is often used for
ohmic contact:

Figure 2 shows the typical semilaly-V characteristics
of Ni/p-GaN Schottky diodes at 350 and 400 K, respec-
tively. The fitting curves using the TFE model are also shown
in Fig. 2. We find that the barrier heights can readily be
obtained by fitting thel—V curves using Eq9.1)—(3). From
the TFE theory, a linear fit to the data for theV measure- Ga 3d
ments at 350 K yieldsEy=67 meV and q¢g=1.8 eV, core level
whereas a linear fit to the data for theV measurements at 24 20 1'6"" 2
400 K yieldsE;=68 meV andy¢g=1.8 eV. Both values for
the Schottky barrier height are in good agreement with the Binding Energy (eV)
Value- Ca-ICUIated fog—V measurements at- 30-0 K. Thesg re- IG. 3. The left-hand spectrum shows the Gd Gore-level peak on
sults indicate that a TFE model can quantitatively expla_ln th‘{-GaN without a Ni overlayer. The right-hand panel presents the spectrum
observed large forward leakage currents due to the existenegine valence-band region. A linear fit is used to determine the energy of the

of the induced high density of the acceptor-type DLDs byvalence-band edge.
Downloaded 19 Mar 2005 to 163.23.208.249. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

Eg is the band gap of the semiconductg;,. is the binding
energy of the semiconductor core-level peak following metal
deposition E is the initial binding energy of the core-level
peak,Ey is the initial binding energy of th&,, of the semi-
conductor, and, ¢ is equal to(E,,.~E,). All binding ener-
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FIG. 4. Ga 3l core level at the Nip-GaN interface. The binding energy is
referenced to the Fermi level.

q¢p = E’:cijre_ Evc (6)

where EN is the binding energy of the-GaN core-level
peak following Ni deposition.

Figure 3 shows an example of the Ga &re level and
the valence-band spectrum collected omp-&aN sample
without a Ni overlayer. Thé&,, ¢ is calculated to be 17.8 eV.

This value is in good agreement with the value of 17.8 eV

reported by Hashizumet al,?* BermudeZ?’ Waldrop and
Grant®® and Wu and KahA’ Figure 4 shows the Gadore

Appl. Phys. Lett. 86, 122109 (2005)

current flow under forward bias conditions, which was not
analyzed using the TE model.
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The effect of reactive ion etching-induced defects on the surface band bending of heavily Mg-doped
p-type GaN(p-GaN) was investigated in this study. According to the observed results from x-ray
photoelectron spectroscopy and secondary-ion-mass spectrdSibf§) measurements, we found

that the formation of more nitrogen-vacancy-related defects created near the surface by reactive ion
etching technique would lead to an increase in the surface band bending, a shift of the surface Fermi
level toward the conduction-band edge, the reduction of the current flow at the metal/gtched
-GaN interface, and an increase in the barrier height at the metal/etel@aN interface. In
addition, from the SIMS measurements, it is suggested that the depth of the nitrogen-deficient
near-surface region resulting from the dry-etch process is about 60 r200® American Institute

of Physics[DOI: 10.1063/1.1894580

I. INTRODUCTION represents a suitable technique choice for the fabrication of

) . heavily Mg-dopedp-GaN Schottky diodes with good quali-
The recent progress in GaN-based optoelectronic degjeg

vices, such as blue light-emitting diodélsEDs) and laser

diodes(LDs),* 3 points to the need of a deeper understandin

of the optical and electrical characteristics of Mg-doped" EXPERIMENTAL PROCEDURE

p-type GaN(p-GaN). An important area in dry etching is the The epitaxial layers used in the experiments were grown
characterization of damage which is produced in the Semion C-p|ane Sapphire substrates using a meta|-organic
conductor through the bombardment of energetic ions. Thighemical-vapor deposition system. Trimethylgallium, ammo-
induced damage, which may exist as vacancy complexegia, and biscyclopentadienylmagnesium were used as the Ga,
dislocations, and recombination centers, can degrade the og, and Mg sources, respectively. An undoped GaN buffer
tical and electrical performances of devices. However, Veryayer with a thickness of 650 nm was grown on the Sapphire
little work has been done in investigating dry etch-inducedsypstrate at 520 °C, followed by the growth of a Mg-doped
defects in respect to heavily Mg-dopgdGaN. In this ar-  GaN layer(762 nm,3.6< 107 cmi™®) at 1100 °C. The grown
ticle, we report the findings from a study of the effect of samples were annealed for the purpose of generating holes,
reactive ion etching-induced defects on the electrical properat 750 °C for 30 min in N ambient. The Mg concentration
ties of heavily Mg-dopeg-GaN. We find that according to  ([Mg]) was 6x 10'° cm™3 for all samples. Th¢Mg] in Mg-

the observed result from x-ray photoelectron spectroscopgdoped GaN was measured using SIMS. The samples were
(XPS) and secondary-ion-mass spectroscéfyMS) mea-  cleaned in chemical clean solutions of trichloroethylene, ac-
surements, the nitrogen-vacancy-related defects induced tone, and methanéleferred to as as-cleangeGaN). Then,

the reactive ion etchingRIE) technique will lead to an in-  some of the as-cleaned samples were etched using the RIE
crease in surface band bending and a shift of the surfacechnique in BGJ plasma with a rf power of 150 W. During
Fermi level toward the conduction-band edge. In additionthe etching process, the BClow rate was 5 SCCMstan-
from the SIMS measurements, it is suggested that the depilard cubic centimeter per minitaend the chamber pressure

of the nitrogen-deficient near-surface region resulting from ayas 4 Pa. The etched depth is 100 nm. The etched sample
dry-etch process is about 60 nm. Upprtype doping, the was referred to as etchgeGaN. The as-cleaned and etched
changed donor defect formation energy will decrease in tansamples were then inserted into the vacuum chamber of a
dem with the Fermi-levekEg) position*® The nitrogen-  ESCA PHI 1600 system. We took a A4, peak and a Cu

vacancy-related defect is easily formed in aN films  2p, ., peak for energy reference purposes.
and the native defect g-GaN* According to the theoretical

predictions‘f the only native defect with a relevant concen-
tration in p-GaN is the nitrogen-vacancy-related defests
a result, we deduce that further nitrogen-vacancy-related de- Figure 1 shows the Gadore-level XPS spectra on the
fects may exist in thg-GaN near-surface region following as-cleaned and etch@dGaN surfaces. We found that the Ga
etching. Another goal of this paper is to show that the RIE3d core-level spectra of the etched sample shift toward the
high binding-energy side, compared with that of the as-
Author to whom correspondence should be addressed; electronic maifl€@ned one. This indicated that the Ghcdre-level spectra
rzr2390@yahoo.com.tw of the as-cleaned sample after etching treatment underwent a

[ll. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. Ga 38 core-level XPS spectra of as-cleaned and etqi€ihN. depth from surface (nm)

shift of 0.7 eV, and that the etching treatment gave rise to @F;%p?éfepth profiles of Ga/N ratios of the as-cleaned and etpheaN

shift of the surface Fermi level toward the conduction-band

edge, resulting in an increase in the surface band befding. . . .
In Fig. 1, we also found that the full width at half maximum nitrogen atomic concentration on the etched sample. This

in the Ga @l spectra of as-cleanagGaN is slightly larger indicatgs that the RIE technique may cre.ate more nitrogen
than that of etcheg-GaN. This may be due to that the fact valcanues ?n th? sqiln-GaN surfgce. Thﬁ_ nr:trqgen—vacazcy—
that the contaminant and residual oxides ongh@aN sur- '€ ated .de ect leve ""P3°V‘? t. EF’ Which 1S -hear the
face were removed during the etching process. conduction-band edglé', will ionize and the nitrogen-
Figure 2 shows the XPS spectra of the as-cleaned anypcancy-related defects will become the dominant positively
etchedp-GaN surface near the valence-band edge regiorﬁharged donors in t_he etched sample. For the preservgtion of
The valence-band maximufvBM) is defined in a standard the char_ge ”e“tra"_ty_ on the etcheaGaN surfac_e, an in-
way by the linear extrapolation of the low binding-energyCrease in the p03|_t|ve charge fo_r the ext_r|n5|c nltroge_n—
edge of the valence-band spectrum. In Fig. 2, we can see thgﬁca”CY defects will lead to an Increase in _the negqtlve
the VBM of the as-cleaned and etched samples is found &"2r9€ in the surface space-charge region, an increase in the
1.0 and 1.7 eV below th&., respectively. In addition, for surface band bending, and a shift of the surface Fermi level
the as-cleaned or etched samples, the binding energy of tﬁgward the conductlon-panq edge. Qn the other hand, it has
Ga 3 core level (18.8 eV for the as-cleaned sample andbeen shown that reactive |on4 etchimglype GaN surface
19.5 eV for the etched sample, as shown in Fig.with improves the contact resistantevhich can be attributed to

respect to the VBM is 17.8 eV, which is in good agreementthe formation of extrinsic donor-type nitrogen-vacancy-
with previous resyltdo-11 related defects. The suggestion is consistent with the above

To investigate the characteristics of defects induced b);esult of XPS analysis. Besides, we found that the reduction
RIE technique, the as-cleaned and etclieGaN surfaces of the surface state, related to nitrogen-vacancy defects on
were measured using XPS quantitative analysis. The relativifl® P-GaN surface, led to a reduction in the surface band

Ga/N atomic concentration ratio was determined from théagndlng by 0.25 eV in a previous stutlyin contrast, more
integration of Ga & and N I peaks. In this work, the exact nitrogen-vacancy-related defects created near the surface by
sensitivity factor forp-GaN was not known so’the Ga/N the RIE technique will lead to an increase in the surface band

ratio on the as-cleanggtGaN surface was taken as 1. Con- bendi'ng ofp-GaN. , i
sequently, the Ga/N ratio on the etchedsaN surface was Figure 3 shows the depth profiles of Ga/N ratios of as-

calculated to be 1.5. XPS surface analysis revealed a |0Wé:[!eanedp-GaN an_d_etcheqb-GaN, respectively. The inten-
sity of Ga SIMS divided by that of N SIMS equals the Ga/N

ratio. In Fig. 3, we find that the Ga/N ratio of etched samples
is larger than that of as-cleaned samples in the near-surface
region. This implies that more nitrogen-vacancy-related de-
fects were formed in the etchgdGaN films. We also find
that the depth of the nitrogen-deficient near-surface region
resulting from a dry-etch process is about 60 nm. The value
is in good agreement with the value of 40—60 nm reported
by Caoet al’® and Kentet al’

Figure 4 shows the current—-voltage-V) characteristics
of Ni/Au (20/20 nm, deposition used an electron-beam
evaporator contacts on as-cleaned and etche@aN. The
gap spacing of the Ni/Au metals pads is 2B1. Thesd -V
characteristics were observed using the transmission line
FIG. 2. XPS spectra of the as-cleaned and etqh@hN surface near the Method(TLM). The fabrication process of the TLM pattern
valence-band edge region. has been reported previouéFy.T he |-V characteristics of

Intensity (arb. units)

Binding Energy (eV)
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metalsp-GaN interface. On the basis of this evidence, we
as-cleaned p-GaN concluded that the regions of Schottky contacts of high Mg-
| - - - etched p-GaN dopedp-GaN could be etched by the RIE technique after the
formation of good ohmic contacts, and more nitrogen-
vacancy-related defects were producedpi®GaN near the
surface, suppressing an effect of the acceptorlike DLDs on
p-GaN Schottky diodes. Therefore, following the deposition
of metals on the etched Schottky contacts of heavily Mg-
doped p-GaN samples, we expect that the higher barrier
height and smaller leakage current will be easily obtained.
This will be further investigated in the future. Finally, we
predict that the application of the RIE technique in the fab-
rication of p-GaN Schottky diodes will result in the forma-
FIG. 4. 1-V characteristics of Ni/Au contacts on as-cleaned and etchedion of a high barrier height and a smaller leakage of current
p-GaN. at the interfaces.

Current (p A)

Voltage (V)

the TLM patterns were measured using a Keithley Model/V. CONCLUSIONS
4200-SCS/F semiconductor characterization system. Com- |, summary, the effect of defects created by the RIE

paring thel -V curves shown in Fig. 4, thie-V curve for the  gchnique on the electrical properties of heavily Mg-doped
as-cleaned sample is better than that of the etched sample. ngaN has been investigated. We found that the formation of
addition, thel -V curve for the as-cleaned sample, with & more nitrogen-vacancy-related defects created near the sur-
smaller turn on voltage and larger slope, is superior to that of; ¢ by the RIE technique would lead to an increase in the
the etched sample. The worse performance of the etchghywnward band bending. This indicates that the etching
samples is attrlputable to the formation of_the hlgher barrietreatment gives rise to a shift of the surface Fermi level to-
between the Ni/Au andb-GaN and an increase in the \ a4 the conduction-band edge, which is in good agreement
nitrogen-vacancy-related defects, suppressing an effect of ity the observed result from the measurements of the
acceptorlike deep level defett$DLDs) on the carrier trans- valence-band spectrum. Dry etching could be useful for the

port at the Ni/heavily Mg-doped GaN interfaces, as well asqrmation of the high barrier height and the low leakage of
the reduction of the hole concentration and the probability of, ,rent at the metals/heavily Mg-dopeeGaN interface.

the tunneling transmission tgggugh the DLD band for holesrys act offers hope for the application of the RIE technique
at the metalp-GaN interfacé>?°The explanation for thisis i, the fabrication process of heavily Mg-dopesGaN
given later. Besides, in Figs. 1 and 2, we can see that thgchoitky diodes with good qualities. We plan to experimen-

downward surface band bending of the etched samples ingy fapricate such Schottky diodes in the near future.
deed increases. This indirectly implies that an increase in the
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We have employed the photoluminesceri&.) and surface photovoltage spectroscdi@PS
measurements to study the effectydH,),S, treatment on the optical and electrical properties of
p-type GaN(p-GaN) in this study. From the PL and SPS measurements, it is suggested that the
(MgesVn)?* (Mgg.Ga vacancies occupied by Mg;\hitrogen vacancigscomplexes near the
p-GaN surface region were transformed into tgg,-Sy)® (Sy:N vacancies occupied by)S
complexes aftetNH,),S, treatment, which resulted in the reduction of th@.8-eV PL intensity

and the increase of the hole concentration near @@aN surface region. @005 American
Institute of Physicg DOI: 10.1063/1.1926404

In recent years, GaN-related wide band gap semicondudhe hole concentratich.This can explain why(NH,),S,
tors have become the materials of choice for the fabricatiotreatment is useful for the improvement of the electrical
of light emitting diodes operating in the green, blue, andproperties of ohmic contacts @GaN.
violet regions of the visible spectruhf. The fabrication of The epitaxial layers used in the experiments were grown
high-quality ohmic contacts on- and p-type GaN is essen- on c-plane sapphire substrates using a metal-organic chemi-
tial for improving the performance of optoelectronic devices.cal vapor deposition system. Trimethylgallium, ammonia and
However, ohmic contact formation fotype GaN(p-GaN) bis-cyclopentadienylmagnesium were used as the Ga, N, and
alloyed has been difficult to realize due to the absence oflg sources, respectively. An undoped GaN buffer layer with
metals having a work function larger than thatpeGaN and  a thickness of 650 nm was grown on the sapphire substrate at
the absence op-GaN having a higher hole concentration. 520 °C, followed by the growth of Mg-doped GaN layer
Recently, several groups have employaiH,),S, treatment (762 nm, Mg concentration =610'° cm™®) at 1100 °C. The
which was designed to improve the electrical properties offown samples were annealed for the purpose of generating
ohmic contacts tq-GaN>™ Lee et al. suggested that the holes, at 750 °C for 30 min in Nambient. The samples were
reduction of contact resistivity is due to direct contact of ptcleaned in chemical clean solutions of trichloroethylene,
on the cleanp-GaN surface, via shift of barrier height for aceétone, and methandteferred to as as-cleanquGaN).
holes at the Pp-GaN interfacé. Jang and Seong have indi- 'hen, some of the as-cleaned samples were dipped into a
cated that surface treatment led to an increase in the hofd/Ha)2Sx solution (S=6%) at 60 °C for 30 min[referred
concentration op-GaN and the occurrence probability of the © @S (NHu);S,treated p-GaN]. The as-cleaned and
field emission for holes at the PtGaN interfacé. However, (NHa)2Sctreated samples were then measured via PL and
the effect of (NH,),S, treatment on optical properties of Surface photovoltage spectroscBPS. The SPS measure-
p-GaN has not been investigated further. To date, the reldeNts, which used normalized incident light mtgn&Were
tionship between the optical and electrical properties o .erformed at normal incidence using a fixed grid and probe
p-GaN with surface treatment has also not yet been WelIght c_hopped at 200 Hz. SPS IS a powerful tool_for the
understood. For this study, we demonstrate ttNi;),S, Investigation of surfac_e electronic _structur_e, which ha_s
treatment results in the reduction ef2.8-eV photolumines- proven to be an extensive source of information about opti-
cence(PL) intensity of the heavily Mg-dopeg-GaN sample. cally active surface states at clean and real sgrfaces of vari-
We deduce that théViga,V)?* (Mge, : Ga vacancies oc- ous semiconductors, as well as surface with monolayer

9
) o~ . coverage.
cupied by Mg, \{ : nitrogen vacancigscomplexes near the Figure 1 shows the room-temperature PL spectrum of the

p-G%N surface region were transformed into tgca  as-cleaneq-GaN and(NH,),S,-treatedp-GaN, respectively.
-Sy)” (Sy @ N vacancies occupied by)Somplexes after sing a He—Cd laser as an excitation source, &8-eV
(NH,),S, treatment, which led to the reduction of donor-type p|. pand was only observed for the all samples due to the
V-related states near the surface region and an increase figavily Mg doped? According to the reported result by
Kaufmann et al,** we find that the generation of the

aAuthor to whom correspondence should be addressed; electronic mair~2.8-€V PL band may _be attribyted to the Mgand_
rzr2390@yahoo.com.tw Mge+Vn complexes. In Fig. 1, we find that the PL intensity

0003-6951/2005/86(20)/202107/3/$22.50 86, 202107-1 © 2005 American Institute of Physics
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FIG. 3. Room-temperature SPV spectra @) as-cleaned and(b)

Photon energy (eV) (NH,),S,-treatedp-GaN in the higher photon-energy region.
FIG. 1. Room-temperature PL spectra @ as-cleanedp-GaN and (b)
(NH,),S-treatedp-GaN. et al. have suggested that the reduction of jevy led to
the reduction of the observed2.8-eV PL intensit)}.6
; 7
of the (NH,),S,-treatedp-GaN is lower than that of the as- In a previous report] we have demonstrated that the S

cleanedp-GaN. An explanation for this will be given later. atoms might occupy nitrogen-related vacancies near the
Figure 2 shows the room-temperature surface photovolttNHy),S,-treated p-GaN surface region. In addition, Oh

age (SPV) spectra of the as-cleaned afNH,),S,-treated et al. have suggested that PL is sensitive to material

p-GaN samples, respectively. The slope changes indicatedsurface'® Besides, we predict that the neutfdlge—Sy)°

one gap state, whose position relative to the conduction bangbmplex will not play the role of the compensating donor.

minimum E; (valence band maximurk,) can be deduced according to the reported results by Let al.® Jang and

from the position of the downwartipward slope changes geong and Leeet al,® we find that the current-voltage char-

; 2,13
in the spectré’(. We can see that the upward slope change, cteristic of the metaléXH,),S,treated p-GaN sample is

t~3.07 eV indicat lati fad tate, situat
‘13 §7Oeve aég%'gatﬁ;poféj i\éo(r)17oe$ ggﬁgfez et;)glu?ned 4hdeed better than that of the metals/as-cleapeGaN
" v U X 4

Fig. 2@]. This state is attributed to théMgg.Vy)?* sampIeE? This indirectly implies that the formation the r_weu—
complex*** Kaufmann et al. have suggested that the tral (MgesSy)® complexes near the-GaN surface region
MgesVn complex may exist in the heavily Mg-doped may lead to an increase in the hole concentration and the
p-GaN layer® The Mgs—Vy complex which is double do- improvement in the electrical properties of the metals/
nors resulted in the reduction of the hole concentration in théNH,),S,-treated p-GaN sample. A proof for this will be
heavily Mg-dopecp-GaN sampleé>*°However, in Fig. 20),  given later. On the other hand, we can also see that the
we did not find population of a donor state, situatecEat  gownward slope change at 2.9-3.0 eV indicates population
+3.07 eV. This suggests theiH,),S, treatment resulted in - o an acceptor state, situated at 0.4-0.5 eV aboveEihe
the removal of the donor-typ@ggs—Vy)*" complexes near [denoted byA, in Fig. 2a)]. The acceptor state is attributed
the p-GaN2 surface region. We deduce that_ that theto the contamination-induced surface stéte., the native
(Mggs—Vy)™ complexes near the-GaN surface region were  ije o carbon-related contaminatjdfl Hartliebet al® in-
transformed into théMggs—Sy)” complexes afte(NH,),S, dicated that the band of surface states may extend as far as

-S.)0 - _
treatment and théMgg4-Sy)” complex near the-GaN sur 0.6 eV above th&,, according to the reported results by Wu

face region prefers a neutrality charged state, which results in . .
the redgL:ctiopn of the obuservle}:aiz s-gv PL intt\el\llqslity Kir% 'Bnd KahR? and Bermude?! However, the native oxide and

carbon-related contamination on thesaN surface could be
effectively removed usingNH,),S, treatment? As a result,
we do not find population of the acceptor state for
(NH,),S,-treatedp-GaN [shown in Fig. 2b)].

Figure 3 shows the room-temperature SPV spectra in the
higher photon-energy region. We find that the peak at 3.382
eV represents the band-to—band transition for as-cleaned
p-GaN [shown in Fig. 8a)]. Similarly, we also find that the
peak at 3.396 eV represents the band—-to—band transition for
(NH,),S,-treated p-GaN [shown in Fig. 8b)]. The larger
band gafEy) of the (NH,),S,-treated sample than that of the
v e as-cleaned sample is four(dhown in Fig. 3, due to the

27 28 29 30 31 32 33 reduction of the gap state density during thH,),S,
Photon energy (eV) treatment>* This band-gap shiffAE,) is associated with
FIG. 2. Room-temperature SPV spectra () as-cleaned and(b) the Burstein—Moss shift and this shift enerd@®) can be writ-

(NH,),S,-treatedp-GaN. ten ag®
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The electrical properties of Ni/Au and Au contacts pitype GaN(p-GaN) were investigated in

this study. From the experimental result, it is suggested that the current-voltage characteristic of
Au/Ni/p-GaN is better than that of Ap/GaN. The secondary-ion mass spectroscopy
measurements revealed that hydrogen is effectively removed fropr@eN layer by the existence

of the Ni film. These results suggest that a Ni film of Au/pliGaN significantly enhances
hydrogen desorption from thgGaN film, which leads to an increase in the hole concentration, the
occurrence of the tunneling transmission for holes at the interface, and the improvement of electrical
properties of Au/Nip-GaN. © 2005 American Vacuum Socief{pOl: 10.1116/1.1835312

[. INTRODUCTION Il. EXPERIMENTAL PROCEDURES

. - . The epitaxial layers used in the experiments were grown
GaN .has. drawn much mtergst as.a promising material f%n c-plane sapphire substrates using a metalorganic chemical
the faprlcatlon of lop.toel'ectronlc deV|'ces be(?a'use qf th_e SUGapor deposition system. Trimethylgallium, ammofiés),
cess in commercialization of blue light-emitting diodes. and bis-cyclopentadienylmagnesium were used as the Ga, N,
To date, the contact resistance is not low enough to be agind Mg sources, respectively. An undoped GaN buffer layer
plied for blue laser diode because there is no metal with avith a thickness of 650 nm was grown on the sapphire sub-
high work function comparable to that pfGaN. In order to  strate at 520°C, followed by the growth of @aGaN layer
manufacture low-resistivity ohmic contacts, various contac{762 nm at 1100°C. Mg concentratio[Mg]) was 9
schemes have been investigatetf. In recent years, the x 10 cm for all samples. Th¢Mg] in p-GaN was mea-
Au/Ni/p-GaN ohmic contacts annealed in air have beerfured using secondary-ion mass spectrosa@ys). The
studied extensively because they provide low specific conta@oWn samples were annealed at 750°C for 30 min in nitro-
resistances and high transpareﬁ‘dﬁ.Kim et al. concluded  9€N ambient using a thermal annealing furnace for the pur-

that the improvement of oxidized Ni/Au contact properties isPOS€ of generat|r!g holé8. The sfpe.cmc. contact resistance
. . . . . was measured using the transmission line metfiad/) for
due mainly to the formation of an intermediate NiO layer

her th h . vatior® Oi "Ni/Au or Au contacts top-GaN. A Ni/Au (50/600 nm)
rather than to an enhancementgitype activatiorr. Qiao et metal mask was employed to form rectangular mesa regions

al. indicated that the presence of oxygen dulr(i)ng annealingith dimensions of 10& 100 um?. A reactive ion etching
appears to increase the conductivity of fr&aN.™ Koideet  system was used with Bghas to etch the-GaN wafers.
al. indicated that the reason for reduction of the contact reThe dimensions of the metal contact pads in the TLM pattern
sistance by the oxygen gas addition was believed to be due tgas 100< 100 um?. The gap spacings between the contact
formation of thep-GaN epilayer with high hole concentra- pads were designed to be 5, 10, 15, 25, 35, 50, andr60
tion, caused by removal of hydrogen atoms that bonded witi\fter the removal of the metallic mask, the samples were
Mg atoms*! Mistele et al. suggested that the layer structure cleaned in chemical cleaning solutions of trichloroethylene,
of the Ni/Au layers do not seem to be that important than thedcetone, and methan@s-cleaneg-GaN). The surfaces of
selection of the annealing g&The previous studiés'® the as-cleane@-GaN samples were treated with aqua regia
were focused on the effect of annealing in a partial oxyger{Or 10 min prior to respective dep‘?s'“on of the Ni/Au
ambient on electrical properties of ohmic contacts to(20/20 nm and Au(40 nm metals using an_electron-beam
. . evaporator. Next, the contacts were treated in a rapid thermal
p-GaN. To our knowledge, the formation mechanism of

hmi ¢ AU/Nip-GaN led und . annealing furnace at 300°C for 1 minr 2 min) under ni-
ohmic contacts of Au/Nip-GaN annealed under nitrogen trogen ambient. The current-voltage-V) characteristics of

ambient and the effects of Ni film on electrical properties ofio 1 patterns, before and after annealing, were measured

Ni/Au ohmic contacts tg-GaN have not yet been well un- ysing a Keithley Model-4200-SCS/F semiconductor param-
derstood. In this study, we find that a Ni film plays an im- eter analyzer.

portant role in the formation of Ni/Au ohmic contacts to
p-GaN. According to the experimental result, we deduce thaf||, EXPERIMENTAL RESULTS AND DISCUSSION
a Ni layer onp-GaN enhances the activation of the acceptor

. : ) Figure 1 shows the respectivie-V characteristics of
and improves the ohmic performance of Au/pHGaN.

Au/Ni/p-GaN and Aup-GaN, measured between metal
pads with a gap spacing of 2Bom. The Au/Ni/p-GaN
¥Electronic mail: rzr2390@yahoo.com.tw sample does not show a linear—V behavior. The
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Fic. 1. Typicall-V curves of(a) Au/Ni/p-GaN and(b) Au/p-GaN before

) Fic. 2. Typical |-V curves of(a) Au/Ni/p-GaN annealed at 300°C for
annealing. 1 min, (b) Au/p-GaN annealed at 300°C for 1 min, arid) Au/Ni/p
-GaN annealed at 300°C for 2 min.

Au/p-GaN sample does not also show a linéak curve.
However, in Fig. 1, we find that thie-V characteristic of the (Cameca IMS-4f systemFirst, Au and Ni/Au were depos-
Au/Ni/p-GaN sample is better than that of the AwGaN ited on all p-GaN surfaces. Next, these samples were an-
sample. On the other hand, Qiabal. suggested that the Au nealed at 300°C for 1 migor 2 min) in nitrogen ambient.
layer has a larger work function than the Ni Iafl%rThis To remove the Au(Au/Ni) film, the annealed Ay-GaN
implies that the contact conductivity of the AprGaN  (Au/Ni/p-GaN) samples were treated in aqua regia solution
sample may be higher than that of the \NGaN sample. for 10 min, rinsed in deionized water for 1 min, and dried by
This cannot explain why thd-V characteristic of the a nitrogen blower. Next, these samples were measured using
Au/Ni/ p-GaN sample is better than that of the AwGaN  SIMS. Figure 8a) shows the SIMS profile of hydrogen con-
sample. An explanation for this will be given later. tent for the as-cleaneg-GaN samples. Figure(8) shows

Figure 2 shows the respectiveV characteristics of the the SIMS profiles of hydrogen content of AnGaN an-
annealed Au/Nip-GaN sample and the annealed nealed at 300°C for 1 min. Figure(@ shows the SIMS
Au/p-GaN sample, measured between metal pads with a ggmrofiles of hydrogen content of Au/NptGaN annealed at
spacing of 25um. The Au/p-GaN samples were annealed at 300°C for 1 min. Figure @l) shows the SIMS profiles of
300°C for 1 min in nitrogen ambient. Some of the hydrogen content of Au/N@g-GaN annealed at 300°C for
Au/Ni/p-GaN samples were annealed at 300°C for 1 min in2 min. It is noteworthy that the hydrogen content of the
nitrogen ambient1-min-annealed Au/Nig-GaN samplg 1-min-annealedor 2-min-annealedAu/Ni/ p-GaN samples
Some of the Au/Nip-GaN samples were annealed at 300°Cis lower than that of the annealed AuGaN sample or that
for 2 min in nitrogen ambien{2-min-annealed Au/Nig  of the as-cleaned-GaN samples. This is in good agreement
-GaN sample We find that the 1-min-annealed Au/Ni/ with the previous repojrf that the Ni film significantly en-
-GaN samples show an approximate lindadV behavior hances hydrogen desorption from tpeGaN film, which
with a specific contact resistance of X302 () cn?. Simi-  leads to an increase in the hole concentration and the im-
larly, the 2-min-annealed Au/Np-GaN samples also show provement of electrical properties of Au/NiHGaN. As a
an approximate linea—V behavior with a specific contact result, the Ni film enhances activation of Mg acceptors as
resistance of 4.2 1072 ) cn?. On the other hand, we find catalysts at low temperature, causing the improvement of the
that thel-V curve of the annealed Ap/{GaN sample is electrical properties of Au/Ng-GaN, as shown in Figs. 1
similar to that of the unannealed ApHGaN sample. Accord- and 2. We also find that thie-V characteristic of the 2-min
ing to the experimental result, it is suggested that a Ni film-annealed Au/Nip-GaN sample is better than that of the
played an important role in the ohmic contact formation of1-min-annealed Au/Nig-GaN sample, because the hydro-
Au/Ni/p-GaN. gen content of the 2-min-annealed Au/liGaN sample is

In order to clarify the effects of the Ni film on electrical lower than that of the 1-min-annealed Au/NiGaN
properties of the Au/Nip-GaN sample, we investigated the sample, as shown in Figs. 2 and 3. On the other hand, Rick-
hydrogen content in thp-GaN film by SIMS measurements ert et al. have indicated that the barrier-height value of

JVST B - Microelectronics and Nanometer Structures
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IV. SUMMARY

In this study, thel-V characteristics of Au/Nig-GaN
and Au/p-GaN, and the effects of Ni layer on contact resis-
tivity of Au/Ni/ p-GaN have been investigated. SIMS mea-
surements have revealed that the Ni layer pBaN en-
hances the activation of the acceptor, as well as the
occurrence of the tunneling transmission for holes at the
Ni/p-GaN interface, and improves the ohmic performance of
Au/Ni/p-GaN. This is probably due to the catalytic effect of
Ni for the hydrogen desorption.
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In this study, the current density-voltage (J-V) characteristic of Schottky
diodes of indium-tin-oxide (ITO) contacts to p-type GaN (p-GaN) has been
investigated. The calculated barrier-height value of ITO/p-GaN samples using
the thermionic field-emission (TFE) model is 3.2 eV, which implies that the
work function of ITO is equal to 4.3 eV. The result is supported by J-V mea-
surements of ITO/n-type GaN Schottky diodes. On the other hand, the barrier
height of ITO/p-GaN was also determined from x-ray photoelectron spec-
troscopy (XPS) data. The analysis of the XPS spectral shifts indicated that this
observed barrier-height value of ITO/p-GaN by XPS is in good agreement with
the value of 3.2 eV obtained from J-V measurements.

Key words: Gallium nitride (GaN), indium-tin-oxide (ITO), Schottky barrier

height, thermionic field emission (TFE), x-ray photoelectron

spectroscopy (XPS)

INTRODUCTION

Recently, well-known transparent conducting films,
such as indium-tin-oxide (ITO), have found wide use
as electrodes for light-emitting diodes and Schottky
photodiodes."™ Both high-quality ITO ohmic* con-
tacts to p-type GaN (p-GaN) and ITO Schottky® con-
tacts to n-type GaN (n-GalN) were reported. However,
to our knowledge, p-GaN Schottky diodes using ITO
Schottky contacts were not reported before. Because
the sum of barrier height of n and p types adds up
to the bandgap 3.4 eV, the high barrier height is
expected after the deposited metals on the p-GaN.?
However, the contacts tend to exhibit very leaky
Schottky characteristics.®*” In a previous report,®

Yu et al. found the current transport with a tunnel

component because of defect states located in the
near-surface region of p-GaN. Therefore, the slope of
In current-voltage (I-V) could not be analyzed using
the thermionic emission (TE) model.® To our knowl-
edge, observed barrier height of p-GaN Schottky
diodes by I-V measurements was not reported before.

(Received October 20, 2003; accepted May 28, 2004)

1036

In this work, the applications of the thermionic field-
emission (TFE) and field-emission (FE) models in the
study of Schottky barrier heights of ITO on p-GaN
from I-V measurements are reported. According to
the result of fitting the parameters to the current
density-voltage (J-V) characteristic in the TFE
regime for ITO/p-GaN, the barrier-height value is
about 3.2 eV. In addition, according to the Schottky
theory, the work function of ITO was calculated to be
4.3 eV. This is supported by J-V measurements of
ITO/n-GaN Schottky diodes.

EXPERIMENTAL PROCEDURE

The epitaxial layers used in the experiments were
grown on c-plane sapphire substrates using a metal-
organic chemical-vapor deposition (MOCVD) system.
Trimethylgallium (TMG), ammonia (NH;), and bis-
cyclopentadienylmagnesium (CP,-Mg) were used as
the Ga, N, and Mg sources, respectively. An undoped,
GaN buffer layer with a thickness of 650 nm was
grown on the sapphire substrate at 520°C, followed
by the growth of a Mg-doped p-GaN layer (762 nm)
at 1,100°C. The Mg concentration ([Mg]) was 6 X
10" ¢m~® for all samples. The [Mg] in p-GaN was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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measured using secondary ion mass spectroscopy.
The grown samples were annealed for the purpose of
generating holes at 750°C for 30 min in an Ny ambi-
ent. The samples were cleaned in chemical clean so-
lutions of trichloroethylene, acetone, and methanol.
Planar-type Schottky contacts were formed by elec-
tron-beam evaporation. Using the liftoff technique,
Ni/Au (5 nm/5 nm) ohmic contacts were deposited
and annealed at 500°C in air ambient for 10 min.
The fabricated process of ohmic contacts with low
specific contact resistance has been reported by Ho
et al.? Good ohmic contacts help to obtain the actual
Schottky characteristics from I-V measurements.
Then, prior to depositing ITO (300 nm) on Schottky
contacts with circular patterns, the samples were
dipped into a 60°C (NH,)yS, solution for 30 min. The
(NH,),S, surface treatment will lead to obtaining the
Schottky limit of the barrier height of metals/p-GaN.
The Schottky dots were 200 um in diameter; the sur-
rounding ring of the ohmic contact was 400 pm in
inner diameter and 600 um in outer diameter. The
ITO films were deposited by a radio-frequency (13.56
MHz) sputtering system. During the ITO deposition,
argon and oxygen were used as the sputtering gases,
and the substrate holder was not cooled. The diodes
were characterized using I-V measurements with a
Keithley Model-4200-SCS/F semiconductor parame-
ter analyzer.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the J-V curve of ITO/p-GaN Schot-
tky diodes under forward-bias condition at room
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Fig. 1. The J-V curve of ITO/p-GaN Schottky diodes under forward-
bias condition at RT and the fitting curve to the J-V characteristic in
the TFE regime.
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temperature (RT) and the fitting curve to the J-V
characteristic in the TFE regime. These previous
reports'®! provide theoretical analysis of tunneling
current through a Schottky barrier (q¢p). The J-V
characteristic in the TFE regime can be described by
the relation:'*!

J = JS exp [(qV — IR.,)/E()’—l] (1)

EO = EOO coth (E()O/kT) (2)
A*T[nEoq@p-V-EI*® E g«

Jo= AT NR. . 3

0= cosh@og WD) PR By P RI)

Eoo = (qh/4m) (N/m*e)°® (4)

where Rg is the series resistance, m* (m* = 0.6 m,,

m, is the mass of hole at rest)'? is the hole effective
mass, € (€ = 9.5¢,, &, is the permittivity in vacuum)"’
is the dielectric constant of GaN, A* (A* = 103.8
Alem?K?)™ ig the effective Richardson constant of p-
GaN, h is Planck’s constant, V is the voltage, q is the
electron charge, N is the doping concentration,® and
¢ is the energy difference between the valence-band
maximum (Ey) and the Fermi level (Ep). According
to a previous report,’ the Ep is located at 0.13 eV
above the Ey of p-GaN with a hole concentration of
2 % 10 cm~? at 300 K. In this study, a hole concen-
tration of 3.6 X 10'7 cm ? was obtained from Hall
measurements. Therefore, the & was assumed to be
equal to 0.1 eV in this study. The observed J-V curve
of ITO/p-GaN Schottky diodes, as shown in Fig. 1,
was fit using Eqgs. 1-3. According to the fitting result
(Fig. 1), the value of Eq and Eqo could be calculated
to be 66 meV and 65 meV, respectively, and the
value of Rg is about 25 kQ. The large series resis-
tance is attributed to the large spacing between
Schottky and ohmic contact.” The deduced value of
Eoo is likely to contain a tunneling component
caused by defect states located in the near-surface
region of the semiconductor in addition to the accep-
tor concentration (N) expressed in Eq. 4. The value
of N was estimated to be 7 X 10 ¢cm ? using Eq. 4.
The N of 7 X 10" e¢cm ? is similar to [Mgl, which
indicated that the tunneling current under forward-
bias condition is attributed to the deep-level defect
band induced by high Mg doping.'® Kwak et al.'®
suggested that the current transport at the metal/
heavy Mg-doped p-GaN interface was dominated by
a deep-level defect band induced by high Mg doping.
In addition, Yu et al.® indicated that the acceptor
concentration was found to be 10'® em? in the near-
surface region of p-GaN when [Mg] in the doping
layer was about 10'°-10%° cm ™ ®. They found that the
value was ~100 times higher than the hole concen-
tration of ~10'7 cm ™ ? obtained from Hall measure-
ments.® Our experimental result of the N (or [Mg])
of 6-7 X 10" c¢m ? yielding a hole concentration
of 8.6 X 10'7 cm ? is consistent with the reported
values.'” Besides, the q¢g of ITO/p-GaN samples was
calculated to be 3.2 eV using Eq. 3. For the ITO/
p-GaN Schottky diodes, the q¢p is also given by!®
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1038

q(])]-; ) P Eg == WITO = 3.2 eV (5)

where Wiy is the work function of ITO, y (x = 4.1
eV)" is the electron affinity of GaN, and E,(E, =34
eV) represents the bandgap of GaN at RT. The work
function of ITO was calculated to be 4.3 eV using
Eq. 5. The estimated work-function value of ITO is
similar to the values reported by Milliron et al.?° and
Niiesch et al.!

On the other hand, the J-V characteristics in the
FE regime are given by'°

J = Jrexp [(qV)/Epo] (6)

B TA*T _qfp
* = RO stk TOy 2 &\, ()
C; = (2Eo0) " In[—4q(0B — V)] 8)

The observed current is too small to obtain the fit-
ting parameters to the J-V characteristic in the FE
regime for ITO/p-GaN. This suggests that the FE
model cannot be used to study the q¢ in this case.
In addition, the Eqo of 65 meV is not much greater
than kT, so the FE will not happen.'® To our knowl-
edge, the effective resistance of the Schottky barrier
in the FE regime is quite low, so the FE model is
often used for ohmic contact.'®

To further confirm whether the barrier-height
calculation and the work-function calculation in the
TFE regime are correct, the ITO/n-GaN Schottky
diodes have to be fabricated, and the J-V character-
istics of ITO/m-GaN Schottky diodes must be under-
stood. The epitaxial layers of n-GaN samples used in
this work were grown on c-plane sapphire (0001) by
the MOCVD technique. An undoped GaN layer with
a thickness of 650 nm was grown on the sapphire
substrate at 520°C, followed by a 1.2-um-thick
n-GaN layer doped with Si at 1,050°C. For the
n-GaN layer, the carrier concentration and mobility
were 6.2 X 10" cm ® and 245 em?V-s, respectively.
Obhmic contacts consisting of a rapid thermally
annealed Ti/Al (50 nm/150 nm) bilayer were first
prepared on the n-GaN epilayer. Then, prior to the
deposited ITO (300 nm) on Schottky contacts with
circular patterns, the samples were dipped into
the 60°C (NH,),S, solution for 20 min. The pattern
of ITO/n-GaN Schottky diodes is the same as the
pattern of ITO/p-GalN Schottky diodes, as discussed
previously. A linear behavior was found from J-V
measurements of ITO/ n-GaN Schottky diodes, as
shown in Fig. 2. The ITO has a work function of
4.3 eV, which was obtained from the Schottky theory
and J-V measurements of ITO/p-GaN. This value
(4.3 eV) is near the electron affinity of n-GaN. If
they are in intimate contact, a low energy barrier
between ITO and n-GaN will lead to chmic contact
formation. This implies that the TFE model can be
used to calculate the barrier height of ITO/p-GaN
Schottky diodes. On the other hand, Schmitz et al.??
have indicated that the linear nature of the I-V
characteristics for the Schottky diodes of Al/n-GaN
suggested its potential use in forming ohmic con-
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Fig.2. The J-V curve of ITO/n-GaN Schottky diodes at RT.

tacts. The Al has a work function of 4.28 eV.22 This
value of 4.28 eV is near the estimated value of the
work function of ITO in this work. On the basis of
the evidence, we deduce that the estimated work-
function value (4.3 eV) of ITO and barrier-height
value (3.2 eV) of ITO/p-GaN Schottky diodes are
reliable. Besides, this also suggested that n-GaN
devices using ITO ohmic contacts could be achieved,
which will be further investigated in the future.

To further confirm whether the barrier-height
value of ITO/p-GaN Schottky diodes is 3.2 eV, x-ray
photoelectron spectroscopy (XPS) is used to study
the surface Fermi-level position within the bandgap
for the ITO overlayer on p-GaN. The XPS measure-
ments were performed using a monochromatic Al K,
x-ray source. We took an Au 4f;, peak at 83.86 eV
and a Cu 2p;, peak at 932.65 eV for energy refer-
ence purposes. The XPS analysis can be combined
with argon ion-sputter etching to obtain a depth
profile of the interfacial layer. The barrier height
was determined from the XPS data using the rela-
tion shown in Eq. 9.%%* This equation was previ-
ously employed by Tracy et al.2® for the calculation
of the barrier heights (g¢,,) of metals on n-GaN.

qq)n = EG_EiV+ (Eicorc_Emcore) = EG_(Emcore—EVC) (9)

where Eg is the bandgap of the semiconductor, E™
core 18 the binding energy of the semiconductor core-
level peak following metal deposition, E',. is the
initial binding energy of the core-level peak, Ely is
the initial binding energy of the Ey of the semicon-
ductor, and Ey is equal to (E',.. — E'y). All binding
energies are measured relative to Ep. For the calcu-
lation of the barrier heights (q¢,) of ITO/p-GaN, the
equation is expressed as

Q¢P = EITOcore e EVC (10)
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Fig. 3. The left spectrum shows the Ga 3d core-level peak on p-GaN
without an ITO overlayer. The right figure presents the spectrum of
the valence-band region. A linear fit is used to determine the energy
of the valence-band edge.
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Fig. 4. The Ga 3d core level at the ITO/p-GaN interface. The binding
energy is referenced to the Fermi level.

where E©_ .. is the binding energy of the p-GaN
core-level peak following ITO deposition.

Figure 3 shows an example of the Ga 3d core tevel
and the valence-band spectrum collected on the p-
GaN sample without an ITO overlayer. The Ey is cal-
culated to be 17.8 eV. This value is in good agreement
with the value of 17.8 eV reported by Hashizume
et al.,2® Bermudez,?” Waldrop and Grant,?® and Wu
and Kahn.? Figure 4 shows the Ga 3d core level at
the ITO/p-GaN interface after removal of the O 25
spectrum. The spectra determine the Ga 3d binding-
energy E™O, . relative to Ep. In Fig. 4, we can see
that E™©,_, .. is equal to 20.9 eV. Therefore, the q¢, was
calculated to be 3.1 eV, according to Eq. 10. This value
is similar to the value of 3.2 eV obtained from J-V
measurements.

CONCLUSIONS

In summary, the J-V characteristics of Schottky
diodes of ITO contacts to p-GaN and n-GaN have
been investigated in this study. For the ITO/p-GaN
Schottky diode, the barrier-height value calculated
in the TFE regime is 3.2 eV. It can be derived that
the work function of ITO may be equal to 4.3 eV.
According to the observed results by J-V and XPS
measurements, we deduce that the TFE model can
be used to study the Schottky barrier height of
ITO/p-GaN Schottky diodes.
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