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研究計畫中文摘要：

關鍵字﹕ 氮化鎵，蕭特基二極體，表面費米能階釘札，乾蝕刻
目前，氮化鎵族群的藍色發光二極體及雷射的性能提昇上，除必須有良好

的磊晶結構之外，必須有性能良好的 p 型及 n 型歐姆接觸特性。由於目前 p 型氮

化鎵磊晶層之電洞濃度無法有效的提高，因此要達到金屬/p 型氮化鎵的歐姆接觸

較為困難。在 p 型氮化鎵的歐姆接觸研究已有諸多成果被發表，反觀 p 型氮化鎵

的蕭特基接觸的研究並不多，其已發表之文獻報導所觀測的位障高度差異甚大，

並未有明確的機制被建立。此次研究將主持人先前對 p 型氮化鎵的歐姆接觸的研

究成果應用於 p 型氮化鎵蕭特基二極體中歐姆電極製作，因為良好歐姆電極將有

助提昇 p 型氮化鎵蕭特基二極體之電特性，此外，再利用乾蝕刻處理(反應離子

蝕刻或感應耦合電漿蝕刻技術)或準分子雷射加工處理產生 p 型氮化鎵表面施體

型缺陷引發費米能階釘札效應提高 p 型氮化鎵蕭特基二極體之蕭特基電極與 p
型氮化鎵間之障壁，降低漏電流。本次計畫成果將有助於對 p 型氮化鎵之材料特

性有所了解、製作優良之 p 型氮化鎵蕭特基二極體，而且也能改善金屬/p 型氮化

鎵的歐姆接觸進而提高藍光二極體的效能。另一方面，對於發展氮化鎵的光檢測

也有極大的助益。

研究計畫英文摘要：

Keywords: GaN, Schottky diodes, Barrier height, Surface Fermi level pinning,

Dry etching
GaN continues to grow in importance for the high-brightness light emitting

diodes (LEDs) 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 a few 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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計畫成果自評：

本次計畫研究內容與原計畫相符程度達 80%，並達成預期目標，而且研究

成果五篇論文均已發表於國際知名期刊，獲得國際學者肯定，極具學術與實際應

用之價值。

結案報告內容：

此次專題計畫研究成果已撰寫成五篇論文並發表於美國國際期刊，依序列於

下：

1. Y. J. Lin, 2005, March “Application of the thermionic field emission model in the 
study of a Schottky barrier of Ni on p-GaN from current-voltage measurements”, 
Appl. Phys. Lett. Vol.86, 122109.

2. Y. J. Lin and Y. L. Chu, 2005, May “Effect of reactive ion etching-induced
defects on the surface band bending of heavily Mg-doped p-type GaN”, J. Appl.
Phys. Vol.97, 104904.

3. Y. J. Lin, Y. L. Chu, Y. S. Huang, and H. C. Chang, 2005, May “Optical and
electrical properties of heavily Mg-doped GaN upon (NH4)2Sx treatment”, Appl.
Phys. Lett. Vol.86, 202107.

4. Y. J. Lin, 2005, Jan./Feb. “Electrical properties of Ni/Au and Au contacts on
p-typeGaN”, J. Vac. Sci. Technol. B Vol.23, 48.

5. Y. J. Lin and C. W. Hsu, 2004, Sep. “Study of Schottky barrier heights of
indium-tin-oxide on p-GaN using x-ray photoelectron spectroscopy and
current-voltage measurements”, J. Electron. Mater. Vol.33, 1036.

論文詳細內容如下所示：



Application of the thermionic field emission model in the study of a
Schottky barrier of Ni on p-GaN from current–voltage measurements
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Republic of China
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Barrier height values of Ni contacts to Mg-dopedp-type GaNsp-GaNd 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 thep-GaN 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 top-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. ©2005 American Institute of Physics. fDOI: 10.1063/1.1890476g

GaN has a 3.4 eV direct gap at room temperature and
has attracted a lot of interest because of its application to
optical devices in the short-wavelength region. Other devices
that have been demonstrated so far include ultraviolet
Schottky barrier photodetectors, solar-blind Schottky photo-
diodes, metal–semiconductor field effect transistors, and high
electron mobility transistors.1–4 High-quality ohmic and
Schottky contacts are required for the improvement of these
devices. Since the sum of the barrier height of then and
p types equals the band gap 3.4 eV, a high barrier height is
expected after the metals have been deposited on the
p-GaN.5 Recent reviews and studies of Schottky contact
properties onp-GaN have been published.6–11Some reported
values for barrier height for different metals are
0.49–0.50 eV for Pt,6,8 0.57 eV for Au,6 0.65 eV for Ti,6 and
1.3 eV for Pd.9 For Ni there is a fairly large discrepancy in
reported values, ranging from 0.49 to 2.87 eV.6,7,10,11Conse-
quently, the mechanism of current flow through the interface
has not been established and the exact value of the barrier
height has not yet been estimated using the current–voltage
sI –Vd measurement. The observed barrier height value
from capacitance–voltagesC–Vd measurements has been
reported.7 However, Yu et al.7 did not obtain the barrier
height value from theI –V measurements. In this study, the
barrier height value of the Ni/p-GaN samples was first suc-
cessfully obtained from theI –V measurements. Further, the
calculated barrier height value of Ni contacts top-GaN using
the thermionic field emissionsTFEd model is in good agree-
ment with the value of 1.9 eV obtained from x-ray photo-
electron spectroscopysXPSd measurements.

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metalorganic chemical
vapor deposition system. Trimethylgallium, ammonia, and
bis-cyclopentadienylmagnesium 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-dopedp-GaN layer
s762 nmd at 1100 °C. Mg concentrationsfMggd was ,6
31019 cm−3 for all samples. The grown samples were an-
nealed for the purpose of generating holes at 750 °C for

30 min in N2 ambient. According to the Van der Pauw-Hall
measurements, we calculated the hole concentration to be
3.631017 cm−3. The samples were cleaned in chemical clean
solutions of trichloroethylene, acetone, and methanol.
Planar-type Schottky contacts were formed by electron-beam
evaporation. Using the lift-off technique, Ni/Au
s5 nm/5 nmd ohmic contacts were deposited and annealed at
500 °C in air ambient for 10 min. The fabricated process of
ohmic contacts combined with the low specific contact resis-
tance has been previously reported.12 Good ohmic contacts
help to obtain the actual Schottky characteristics fromI –V
measurements. Then, Nis5 nmd Schottky contact with circu-
lar patternss200 mm in diameterd was directly deposited.
The Schottky diodes were measured by theI –V method us-
ing a Keithley Model-4200-SCS/F semiconductor character-
ization system at 300, 350 and 400 K, respectively.

Figure 1 shows the typical semilog current density–
voltagesJ–Vd characteristics of Ni/p-GaN Schottky diodes
at 300 K. The fitting curve using the TFE model is also
shown in Fig. 1. Yuet al.7 indicated that the slope of lnI –V
curves could not be analyzed using the thermionic emission
sTEd model, due to the carrier transport with a tunnel com-
ponent. In addition, these reports13,14 provide theoretical
analysis of current tunneling through a Schottky barrier
sqfBd. The J–V characteristic in the presence of tunneling
can be described by the relation13,14

adElectronic mail: rzr2390@yahoo.com.tw

FIG. 1. J–V curve of Ni/p-GaN Schottky diodes under forward bias con-
dition at 300 K and the fitting curve to theJ–V characteristic in the TFE
regime.
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J = J0 expsqV/E0d, s1d

E0 = E00 cothsE00/kTd, s2d

J0 =
A*TfpE00qsfB − V − jdg0.5

k coshsE00/kTd
expF−

qj

kT

−
q

E0
sfB − jdG , s3d

E00 = sqh/4pdsN/m*«d0.5, s4d

whereJ is the observed current density of Schottky diodes
under forward bias condition,m* sm* =0.6m0, m0 is the mass
of hole at restd15 is the hole effective mass,« s«=9.5«0, «0 is
the permittivity in vacuumd16 is the dielectric constant of
GaN,A* sA* =103.8 A/cm2 K2d17 is the effective Richardson
constant ofp-GaN,h is Planck’s constant,V is voltage,q is
the electron charge,N is the doping concentration, andj is
equal tosEF−EVd /q. EV is the valence band maximum and
EF is the position of the Fermi level.j was assumed to be
equal to 0.1 V in this study. According to the fittingJ versus
V curve of samples using Eqs.s1d–s3d, the value ofE0, E00,
and qfB can be calculated to be 66 meV, 65 meV, and
1.8 eV, respectively. Then, the calculated values,7
31019 cm−3d of N using Eq.s4d is similar to fMgg, which
indicated that the tunneling current under forward bias con-
ditions took place because of the high Mg dopingfor the
deep level defectsDLDd band induced by high Mg
dopingg.18,19 Kwak et al.18 have suggested that the current
transport at the metal/high Mg dopedp-GaN interface was
dominated by a DLD band which was induced by high Mg
doping. Kwaket al.19 have also suggested that the DLD band
had a large density defect, over 1019 cm−3 size, existing in
the p-GaN films and that the density of the DLDs increased
as fMgg increased. In addition, Shiojimaet al.20 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 ofE00/kT is slightly larger than 1, which
implies the current transport processes a tunnel component.14

On the other hand, the observed current is too small to obtain
the fitting parameters for theJ–V characteristic in the field
emissionsFEd regime for Ni/p-GaN. This suggests that the
FE model cannot be used to study theqfB of Ni/ p-GaN in
this case. In addition, theE00 of 65 meV is not much greater
than kT skT=26 meV, at 300 Kd, so the FE will not take
place.13 The effective resistance of the Schottky barrier in the
FE regime is quite low, so the FE model is often used for
ohmic contact.13

Figure 2 shows the typical semilogJ–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 theJ–V curves using Eqs.s1d–s3d. From
the TFE theory, a linear fit to the data for theJ–V measure-
ments at 350 K yieldsE0=67 meV and qfB=1.8 eV,
whereas a linear fit to the data for theJ–V measurements at
400 K yieldsE0=68 meV andqfB=1.8 eV. Both values for
the Schottky barrier height are in good agreement with the
value calculated forJ–V measurements at 300 K. These re-
sults indicate that a TFE model can quantitatively explain the
observed large forward leakage currents due to the existence
of the induced high density of the acceptor-type DLDs by

high Mg doping. We conclude that the creation of a large
number of DLDs inp-GaN leads to the reduction of the
depletion layer width in thep-GaN near the interface, an
increase in the probability of the TFE, and gives rise to large
forward leakage. Consequently, the forward current transport
with a tunnel component is not analyzed using the TE model.

In order to further confirm whether the barrier-height
value of Ni/p-GaN Schottky diodes is 1.8 eV or not, XPS is
used to study the surface Fermi level position within the
band gap for Ni overlayer onp-GaN. XPS measurements
were performed using a monochromatic AlKa x-ray source.
The barrier height was determined from the XPS data using
the following relation.21,22This equation was previously em-
ployed by Tracyet al.23 for the calculation of the barrier
heightssqfnd of metals onn-GaN:

qfn = EG − Eiv + sEcore
i − Ecore

m d = EG − sEcore
m − EVCd s5d

EG is the band gap of the semiconductor,Ecore
m is the binding

energy of the semiconductor core-level peak following metal
deposition,Ecore

i is the initial binding energy of the core-level
peak,EV

i is the initial binding energy of theEV of the semi-
conductor, andEVC is equal tosEcore

i −EV
i d. All binding ener-

gies are measured relative to theEF. For the calculation of
the barrier heightssqfpd of Ni/ p-GaN, the equation is ex-
pressed as

FIG. 2. ForwardJ–V characteristic of Ni/p-GaN Schottky diodes as a
function of temperature.

FIG. 3. The left-hand spectrum shows the Ga 3d core-level peak on
p-GaN without a Ni overlayer. The right-hand panel 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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qfp = Ecore
Ni − EVC s6d

where Ecore
Ni is the binding energy of thep-GaN core-level

peak following Ni deposition.
Figure 3 shows an example of the Ga 3d core level and

the valence-band spectrum collected on ap-GaN sample
without a Ni overlayer. TheEVC is calculated to be 17.8 eV.
This value is in good agreement with the value of 17.8 eV
reported by Hashizumeet al.,24 Bermudez,25 Waldrop and
Grant,26 and Wu and Kahn.27 Figure 4 shows the Ga 3d core
level at the Ni/p-GaN interface. The spectra determine the
Ga 3d binding energyEcore

Ni relative to theEF. In Fig. 4, we
can see that theEcore

Ni is equal to 19.7 eV. Therefore, theqfp
was calculated to be 1.9 eV, according to Eq.s6d. This value
is similar to the value of 1.8 eV obtained fromJ–V measure-
ments. In addition, Rickertet al.28 suggested that the barrier
height value of the Ni/p-GaN sample is approximately
1.9 eV, which supported our observed results from the XPS
andJ–V measurements.

In summary, the barrier height value of Ni/p-GaN
Schottky diodes was obtained fromJ–V measurements in
this study. For Ni/p-GaN Schottky diodes, the calculated
barrier height value using the TFE model is in good agree-
ment with the value of 1.9 eV obtained from x-ray photo-
electron spectroscopy measurements. The induced DLD
band through high Mg doping would lead to the reduction of
the depletion layer width in thep-GaN near the interface, an
increase in the probability of the TFE, and an increase in

current flow under forward bias conditions, which was not
analyzed using the TE model.

This project is supported by National Science Council of
Taiwan, Republic of China, under Contract No. NSC 93-
2215-E-018-005. The XPS was kindly provided from the
NTU Instrumentation Center at Taipei National Taiwan
University.
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Effect of reactive ion etching-induced defects on the surface band bending
of heavily Mg-doped p-type GaN
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The effect of reactive ion etching-induced defects on the surface band bending of heavily Mg-doped
p-type GaNsp-GaNd was investigated in this study. According to the observed results from x-ray
photoelectron spectroscopy and secondary-ion-mass spectroscopysSIMSd 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/etchedp
-GaN interface, and an increase in the barrier height at the metal/etchedp-GaN 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 nm. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1894580g

I. INTRODUCTION

The recent progress in GaN-based optoelectronic de-
vices, such as blue light-emitting diodessLEDsd and laser
diodessLDsd,1–3 points to the need of a deeper understanding
of the optical and electrical characteristics of Mg-doped
p-type GaNsp-GaNd. An important area in dry etching is the
characterization of damage which is produced in the semi-
conductor through the bombardment of energetic ions. This
induced damage, which may exist as vacancy complexes,
dislocations, and recombination centers, can degrade the op-
tical and electrical performances of devices. However, very
little work has been done in investigating dry etch-induced
defects in respect to heavily Mg-dopedp-GaN. In this ar-
ticle, we report the findings from a study of the effect of
reactive ion etching-induced defects on the electrical proper-
ties of heavily Mg-dopedp-GaN. We find that according to
the observed result from x-ray photoelectron spectroscopy
sXPSd and secondary-ion-mass spectroscopysSIMSd mea-
surements, the nitrogen-vacancy-related defects induced by
the reactive ion etchingsRIEd technique will lead to an in-
crease in surface band bending and a shift of the surface
Fermi level toward the conduction-band edge. In addition,
from the SIMS measurements, it is suggested that the depth
of the nitrogen-deficient near-surface region resulting from a
dry-etch process is about 60 nm. Uponp-type doping, the
changed donor defect formation energy will decrease in tan-
dem with the Fermi-levelsEFd position.4,5 The nitrogen-
vacancy-related defect is easily formed in thep-GaN films
and the native defect ofp-GaN.4 According to the theoretical
predictions,6 the only native defect with a relevant concen-
tration in p-GaN is the nitrogen-vacancy-related defect.7 As
a result, we deduce that further nitrogen-vacancy-related de-
fects may exist in thep-GaN near-surface region following
etching. Another goal of this paper is to show that the RIE

represents a suitable technique choice for the fabrication of
heavily Mg-dopedp-GaN Schottky diodes with good quali-
ties.

II. EXPERIMENTAL PROCEDURE

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metal-organic
chemical-vapor deposition system. Trimethylgallium, ammo-
nia, and biscyclopentadienylmagnesium 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
GaN layers762 nm,3.631017 cm−3d at 1100 °C. The grown
samples were annealed for the purpose of generating holes,
at 750 °C for 30 min in N2 ambient. The Mg concentration
sfMggd was 631019 cm−3 for all samples. ThefMgg in Mg-
doped GaN was measured using SIMS. The samples were
cleaned in chemical clean solutions of trichloroethylene, ac-
etone, and methanolsreferred to as as-cleanedp-GaNd. Then,
some of the as-cleaned samples were etched using the RIE
technique in BCl3 plasma with a rf power of 150 W. During
the etching process, the BCl3 flow rate was 5 SCCMsstan-
dard cubic centimeter per minuted and the chamber pressure
was 4 Pa. The etched depth is 100 nm. The etched sample
was referred to as etchedp-GaN. The as-cleaned and etched
samples were then inserted into the vacuum chamber of a
ESCA PHI 1600 system. We took a Au 4f7/2 peak and a Cu
2p3/2 peak for energy reference purposes.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the Ga 3d core-level XPS spectra on the
as-cleaned and etchedp-GaN surfaces. We found that the Ga
3d core-level spectra of the etched sample shift toward the
high binding-energy side, compared with that of the as-
cleaned one. This indicated that the Ga 3d core-level spectra
of the as-cleaned sample after etching treatment underwent a
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shift of 0.7 eV, and that the etching treatment gave rise to a
shift of the surface Fermi level toward the conduction-band
edge, resulting in an increase in the surface band bending.8,9

In Fig. 1, we also found that the full width at half maximum
in the Ga 3d spectra of as-cleanedp-GaN is slightly larger
than that of etchedp-GaN. This may be due to that the fact
that the contaminant and residual oxides on thep-GaN sur-
face were removed during the etching process.

Figure 2 shows the XPS spectra of the as-cleaned and
etchedp-GaN surface near the valence-band edge region.
The valence-band maximumsVBM d is defined in a standard
way by the linear extrapolation of the low binding-energy
edge of the valence-band spectrum. In Fig. 2, we can see that
the VBM of the as-cleaned and etched samples is found at
1.0 and 1.7 eV below theEF, respectively. In addition, for
the as-cleaned or etched samples, the binding energy of the
Ga 3d core level s18.8 eV for the as-cleaned sample and
19.5 eV for the etched sample, as shown in Fig. 1d with
respect to the VBM is 17.8 eV, which is in good agreement
with previous results.10,11

To investigate the characteristics of defects induced by
RIE technique, the as-cleaned and etchedp-GaN surfaces
were measured using XPS quantitative analysis. The relative
Ga/N atomic concentration ratio was determined from the
integration of Ga 3d and N 1s peaks. In this work, the exact
sensitivity factor forp-GaN was not known, so the Ga/N
ratio on the as-cleanedp-GaN surface was taken as 1. Con-
sequently, the Ga/N ratio on the etchedp-GaN surface was
calculated to be 1.5. XPS surface analysis revealed a lower

nitrogen atomic concentration on the etched sample. This
indicates that the RIE technique may create more nitrogen
vacancies on the sub-p-GaN surface. The nitrogen-vacancy-
related defect level above theEF, which is near the
conduction-band edge,12,13 will ionize and the nitrogen-
vacancy-related defects will become the dominant positively
charged donors in the etched sample. For the preservation of
the charge neutrality on the etchedp-GaN surface, an in-
crease in the positive charge for the extrinsic nitrogen-
vacancy defects will lead to an increase in the negative
charge in the surface space-charge region, an increase in the
surface band bending, and a shift of the surface Fermi level
toward the conduction-band edge. On the other hand, it has
been shown that reactive ion etchingn-type GaN surface
improves the contact resistance,14 which can be attributed to
the formation of extrinsic donor-type nitrogen-vacancy-
related defects. The suggestion is consistent with the above
result of XPS analysis. Besides, we found that the reduction
of the surface state, related to nitrogen-vacancy defects on
the p-GaN surface, led to a reduction in the surface band
bending by 0.25 eV in a previous study.15 In contrast, more
nitrogen-vacancy-related defects created near the surface by
the RIE technique will lead to an increase in the surface band
bending ofp-GaN.

Figure 3 shows the depth profiles of Ga/N ratios of as-
cleanedp-GaN and etchedp-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 etchedp-GaN 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.16 and Kentet al.17

Figure 4 shows the current–voltagesI –Vd characteristics
of Ni/Au s20/20 nm, deposition used an electron-beam
evaporatord contacts on as-cleaned and etchedp-GaN. The
gap spacing of the Ni/Au metals pads is 25mm. TheseI –V
characteristics were observed using the transmission line
methodsTLM d. The fabrication process of the TLM pattern
has been reported previously.18 The I –V characteristics of

FIG. 1. Ga 3d core-level XPS spectra of as-cleaned and etchedp-GaN.

FIG. 2. XPS spectra of the as-cleaned and etchedp-GaN surface near the
valence-band edge region.

FIG. 3. Depth profiles of Ga/N ratios of the as-cleaned and etchedp-GaN
samples.
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the TLM patterns were measured using a Keithley Model-
4200-SCS/F semiconductor characterization system. Com-
paring theI –V curves shown in Fig. 4, theI –V curve for the
as-cleaned sample is better than that of the etched sample. In
addition, theI –V curve for the as-cleaned sample, with a
smaller turn on voltage and larger slope, is superior to that of
the etched sample. The worse performance of the etched
samples is attributable to the formation of the higher barrier
between the Ni/Au andp-GaN and an increase in the
nitrogen-vacancy-related defects, suppressing an effect of the
acceptorlike deep level defects19 sDLDsd on the carrier trans-
port at the Ni/heavily Mg-doped GaN interfaces, as well as
the reduction of the hole concentration and the probability of
the tunneling transmission through the DLD band for holes
at the metal/p-GaN interface.19,20The explanation for this is
given later. Besides, in Figs. 1 and 2, we can see that the
downward surface band bending of the etched samples in-
deed increases. This indirectly implies that an increase in the
surface band bending can lead to the degradation in theI –V
characteristics of the etched sample. In this regard, the dry
etching technique can be applied in the fabrication process of
p-GaN Schottky diodes, because more nitrogen-vacancy-
related defects formed below thep-GaN surface lead to an
increased Schottky barrier for the transport of holes.

For Schottky diodes, secure ohmic contacts help to ob-
tain the actual Schottky characteristics. Kwaket al. sug-
gested that high Mg doping would lead to the formation of
secure ohmic contacts of metals/p-GaN.19 In order to obtain
the good qualities ofp-GaN Schottky diodes, the heavily
Mg-dopedp-GaN has to be used to form the low-resistivity
ohmic contact. Nevertheless, Kwaket al. found that the cur-
rent transport at the metal/high Mg-dopedp-GaN interface
was dominated by a deep level defect band which was in-
duced by high Mg doping.19 Kwak et al. suggested that the
DLD band possesses a large defect density over 1019 cm−3

existing in thep-GaN films, and that the density of the DLDs
was enlarged asfMgg increased.20 In addition, Shiojimaet
al.21 found carrier capture and emission from acceptorlike
DLDs for Ni/p-GaN Schottky diodes. According to these
results reported by Kwaket al. and Shiojimaet al.,19–21 we
deduced that the heavily Mg-dopedp-GaN used to fabricate
the Schottky diodes might lead to the formation of the low
barrier height and a larger leakage of current at the Schottky

metals/p-GaN interface. On the basis of this evidence, we
concluded that the regions of Schottky contacts of high Mg-
dopedp-GaN could be etched by the RIE technique after the
formation of good ohmic contacts, and more nitrogen-
vacancy-related defects were produced inp-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-
tion of a high barrier height and a smaller leakage of current
at the interfaces.

IV. CONCLUSIONS

In summary, the effect of defects created by the RIE
technique on the electrical properties of heavily Mg-doped
p-GaN has been investigated. We found that the formation of
more nitrogen-vacancy-related defects created near the sur-
face by the RIE technique would lead to an increase in the
downward band bending. This indicates that the etching
treatment gives rise to a shift of the surface Fermi level to-
ward the conduction-band edge, which is in good agreement
with the observed result from the measurements of the
valence-band spectrum. Dry etching could be useful for the
formation of the high barrier height and the low leakage of
current at the metals/heavily Mg-dopedp-GaN interface.
This fact offers hope for the application of the RIE technique
in the fabrication process of heavily Mg-dopedp-GaN
Schottky diodes with good qualities. We plan to experimen-
tally fabricate such Schottky diodes in the near future.
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We have employed the photoluminescencesPLd and surface photovoltage spectroscopysSPSd
measurements to study the effects ofsNH4d2Sx treatment on the optical and electrical properties of
p-type GaNsp-GaNd in this study. From the PL and SPS measurements, it is suggested that the
sMgGa–VNd2+ sMgGa:Ga vacancies occupied by Mg; VN:nitrogen vacanciesd complexes near the
p-GaN surface region were transformed into thesMgGa-SNd0 sSN:N vacancies occupied by Sd
complexes aftersNH4d2Sx treatment, which resulted in the reduction of the,2.8-eV PL intensity
and the increase of the hole concentration near thep-GaN surface region. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1926404g

In recent years, GaN-related wide band gap semiconduc-
tors have become the materials of choice for the fabrication
of light emitting diodes operating in the green, blue, and
violet regions of the visible spectrum.1,2 The fabrication of
high-quality ohmic contacts onn- andp-type GaN is essen-
tial for improving the performance of optoelectronic devices.
However, ohmic contact formation top-type GaNsp-GaNd
alloyed has been difficult to realize due to the absence of
metals having a work function larger than that ofp-GaN and
the absence ofp-GaN having a higher hole concentration.
Recently, several groups have employedsNH4d2Sx treatment
which was designed to improve the electrical properties of
ohmic contacts top-GaN.3–5 Lee et al. suggested that the
reduction of contact resistivity is due to direct contact of Pt
on the cleanp-GaN surface, via shift of barrier height for
holes at the Pt/p-GaN interface.3 Jang and Seong have indi-
cated that surface treatment led to an increase in the hole
concentration ofp-GaN and the occurrence probability of the
field emission for holes at the Pt/p-GaN interface.4 However,
the effect of sNH4d2Sx treatment on optical properties of
p-GaN has not been investigated further. To date, the rela-
tionship between the optical and electrical properties of
p-GaN with surface treatment has also not yet been well
understood. For this study, we demonstrate thatsNH4d2Sx

treatment results in the reduction of,2.8-eV photolumines-
cencesPLd intensity of the heavily Mg-dopedp-GaN sample.
We deduce that thesMgGa–VNd2+ sMgGa : Ga vacancies oc-
cupied by Mg, VN : nitrogen vacanciesd complexes near the
p-GaN surface region were transformed into thesMgGa

-SNd0 sSN : N vacancies occupied by Sd complexes after
sNH4d2Sx treatment, which led to the reduction of donor-type
VN-related states near the surface region and an increase in

the hole concentration.4 This can explain whysNH4d2Sx

treatment is useful for the improvement of the electrical
properties of ohmic contacts top-GaN.

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metal-organic chemi-
cal vapor deposition system. Trimethylgallium, ammonia and
bis-cyclopentadienylmagnesium 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 Mg-doped GaN layer
s762 nm, Mg concentration =631019 cm−3d at 1100 °C. The
grown samples were annealed for the purpose of generating
holes, at 750 °C for 30 min in N2 ambient. The samples were
cleaned in chemical clean solutions of trichloroethylene,
acetone, and methanolsreferred to as as-cleanedp-GaNd.
Then, some of the as-cleaned samples were dipped into a
sNH4d2Sx solution sS=6%d at 60 °C for 30 minfreferred
to as sNH4d2Sx-treated p-GaNg. The as-cleaned and
sNH4d2Sx-treated samples were then measured via PL and
surface photovoltage spectroscopysSPSd. The SPS measure-
ments, which used normalized incident light intensity,6 were
performed at normal incidence using a fixed grid and probe
light chopped at 200 Hz. SPS is a powerful tool for the
investigation of surface electronic structure, which has
proven to be an extensive source of information about opti-
cally active surface states at clean and real surfaces of vari-
ous semiconductors, as well as surface with monolayer
coverage.7–9

Figure 1 shows the room-temperature PL spectrum of the
as-cleanedp-GaN andsNH4d2Sx-treatedp-GaN, respectively.
Using a He–Cd laser as an excitation source, the,2.8-eV
PL band was only observed for the all samples due to the
heavily Mg doped.10 According to the reported result by
Kaufmann et al.,11 we find that the generation of the
,2.8-eV PL band may be attributed to the MgGa and
MgGa–VN complexes. In Fig. 1, we find that the PL intensity
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of the sNH4d2Sx-treatedp-GaN is lower than that of the as-
cleanedp-GaN. An explanation for this will be given later.

Figure 2 shows the room-temperature surface photovolt-
age sSPVd spectra of the as-cleaned andsNH4d2Sx-treated
p-GaN samples, respectively. The slope changes indicated a
one gap state, whose position relative to the conduction band
minimum Ec svalence band maximumEvd can be deduced
from the position of the downwardsupwardd slope changes
in the spectra.12,13 We can see that the upward slope change
at ,3.07 eV indicates population of a donor state, situated at
,3.07 eV above theEv fEv+3.07 eV, denoted byD1 in
Fig. 2sadg. This state is attributed to thesMgGa–VNd2+

complex.11,14 Kaufmann et al. have suggested that the
MgGa–VN complex may exist in the heavily Mg-doped
p-GaN layer.15 The MgGa–VN complex which is double do-
nors resulted in the reduction of the hole concentration in the
heavily Mg-dopedp-GaN sample.15,16However, in Fig. 2sbd,
we did not find population of a donor state, situated atEv
+3.07 eV. This suggests thatsNH4d2Sx treatment resulted in
the removal of the donor-typesMgGa–VNd2+ complexes near
the p-GaN surface region. We deduce that that the
sMgGa–VNd2+ complexes near thep-GaN surface region were
transformed into thesMgGa–SNd0 complexes aftersNH4d2Sx

treatment and thesMgGa–SNd0 complex near thep-GaN sur-
face region prefers a neutrality charged state, which results in
the reduction of the observed,2.8-eV PL intensity. Kim

et al. have suggested that the reduction of MgGa–VN led to
the reduction of the observed,2.8-eV PL intensity.16

In a previous report,17 we have demonstrated that the S
atoms might occupy nitrogen-related vacancies near the
sNH4d2Sx-treated p-GaN surface region. In addition, Oh
et al. have suggested that PL is sensitive to material
surface.18 Besides, we predict that the neutralsMgGa–SNd0

complex will not play the role of the compensating donor.
According to the reported results by Leeet al.,3 Jang and
Seong,4 and Leeet al.,5 we find that the current-voltage char-
acteristic of the metals/sNH4d2Sx-treatedp-GaN sample is
indeed better than that of the metals/as-cleanedp-GaN
sample.5 This indirectly implies that the formation the neu-
tral sMgGa–SNd0 complexes near thep-GaN surface region
may lead to an increase in the hole concentration and the
improvement in the electrical properties of the metals/
sNH4d2Sx-treatedp-GaN sample. A proof for this will be
given later. On the other hand, we can also see that the
downward slope change at 2.9–3.0 eV indicates population
of an acceptor state, situated at 0.4–0.5 eV above theEv,
fdenoted byA1 in Fig. 2sadg. The acceptor state is attributed
to the contamination-induced surface statesi.e., the native
oxide or carbon-related contaminationd.19 Hartliebet al.19 in-
dicated that the band of surface states may extend as far as
0.6 eV above theEv, according to the reported results by Wu
and Kahn20 and Bermudez.21 However, the native oxide and
carbon-related contamination on thep-GaN surface could be
effectively removed usingsNH4d2Sx treatment.22 As a result,
we do not find population of the acceptor state for
sNH4d2Sx-treatedp-GaN fshown in Fig. 2sbdg.

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 fshown in Fig. 3sadg. Similarly, we also find that the
peak at 3.396 eV represents the band–to–band transition for
sNH4d2Sx-treated p-GaN fshown in Fig. 3sbdg. The larger
band gapsEgd of thesNH4d2Sx-treated sample than that of the
as-cleaned sample is foundsshown in Fig. 3d, due to the
reduction of the gap state density during thesNH4d2Sx

treatment.23,24 This band-gap shiftsDEgd is associated with
the Burstein–Moss shift and this shift energysEd can be writ-
ten as25

FIG. 1. Room-temperature PL spectra ofsad as-cleanedp-GaN and sbd
sNH4d2Sx-treatedp-GaN.

FIG. 2. Room-temperature SPV spectra ofsad as-cleaned andsbd
sNH4d2Sx-treatedp-GaN.

FIG. 3. Room-temperature SPV spectra ofsad as-cleaned andsbd
sNH4d2Sx-treatedp-GaN in the higher photon-energy region.
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E = Eg − Ego =
p2h2

2mr
* S3N

p
D2/3

, s1d

whereEg is the transition energy gap ofp-GaN, Ego is the
intrinsic band gap ofp-GaN,h is Planck’s constant,N is the
carrier concentration ofp-GaN, andmr

* is the reduced effec-
tive mass ofp-GaN. It can be seen from Eq.s1d that an
increases inE will lead to an increase inN. Kim et al. have
indicated that the increase in band gap may be attributed to
the increased carrier concentration and the increase in carrier
concentration can be explained by the Burstein–Moss shift.26

Lo et al. have also suggested that the band-gap shifts were
due to the Burstein–Moss shift, which is related to the carrier
concentration.27 On the basis of the evidence, we deduce that
the sMgGa–VNd2+ complexes near thep-GaN surface region
were transformed into thesMgGa–SNd0 complexes after
sNH4d2Sx treatment, which led to an increase in the hole
concentration near thep-GaN surface region and the reduc-
tion of the,2.8-eV PL intensity, which is in agreement with
the reported results by Kimet al.16

In summary, the effects ofsNH4d2Sx treatment on the
optical and electrical properties of the heavily Mg-doped
p-GaN sample were investigated. AftersNH4d2Sx treatment,
the sMgGa–VNd2+ complexes near thep-GaN surface region
were transformed into the neutralsMgGa–SNd0 complexes,
which led to the reduction of the donor-type states near the
surface region, an increase in the hole concentration near the
surface region, and the reduction of the,2.8-eV PL inten-
sity. This could explain whysNH4d2Sx treatment is useful for
the improvement of the electrical properties of ohmic con-
tacts top-GaN.
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Electrical properties of Ni/Au and Au contacts on p-type GaN
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The electrical properties of Ni/Au and Au contacts onp-type GaNsp-GaNd 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 Au/p-GaN. The secondary-ion mass spectroscopy
measurements revealed that hydrogen is effectively removed from thep-GaN layer by the existence
of the Ni film. These results suggest that a Ni film of Au/Ni/p-GaN significantly enhances
hydrogen desorption from thep-GaN 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/Ni/p-GaN. © 2005 American Vacuum Society.[DOI: 10.1116/1.1835312]

I. INTRODUCTION

GaN has drawn much interest as a promising material for
the fabrication of optoelectronic devices because of the suc-
cess in commercialization of blue light-emitting diodes.1–3

To date, the contact resistance is not low enough to be ap-
plied for blue laser diode because there is no metal with a
high work function comparable to that ofp-GaN. In order to
manufacture low-resistivity ohmic contacts, various contact
schemes have been investigated.4–16 In recent years, the
Au/Ni/ p-GaN ohmic contacts annealed in air have been
studied extensively because they provide low specific contact
resistances and high transparency.7–16 Kim et al. concluded
that the improvement of oxidized Ni/Au contact properties is
due mainly to the formation of an intermediate NiO layer,
rather than to an enhancement inp-type activation.9 Qiao et
al. indicated that the presence of oxygen during annealing
appears to increase the conductivity of thep-GaN.10 Koide et
al. indicated that the reason for reduction of the contact re-
sistance by the oxygen gas addition was believed to be due to
formation of thep-GaN epilayer with high hole concentra-
tion, caused by removal of hydrogen atoms that bonded with
Mg atoms.11 Mistele et al. suggested that the layer structure
of the Ni/Au layers do not seem to be that important than the
selection of the annealing gas.16 The previous studies7–16

were focused on the effect of annealing in a partial oxygen
ambient on electrical properties of ohmic contacts to
p-GaN. To our knowledge, the formation mechanism of
ohmic contacts of Au/Ni/p-GaN annealed under nitrogen
ambient and the effects of Ni film on electrical properties of
Ni/Au ohmic contacts top-GaN have not yet been well un-
derstood. In this study, we find that a Ni film plays an im-
portant role in the formation of Ni/Au ohmic contacts to
p-GaN. According to the experimental result, we deduce that
a Ni layer onp-GaN enhances the activation of the acceptor
and improves the ohmic performance of Au/Ni/p-GaN.

II. EXPERIMENTAL PROCEDURES

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metalorganic chemical
vapor deposition system. Trimethylgallium, ammoniasNH3d,
and bis-cyclopentadienylmagnesium 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 sub-
strate at 520°C, followed by the growth of anp-GaN layer
s762 nmd at 1100°C. Mg concentrationsfMggd was 9
31019 cm−3 for all samples. ThefMgg in p-GaN was mea-
sured using secondary-ion mass spectroscopy(SIMS). The
grown samples were annealed at 750°C for 30 min in nitro-
gen ambient using a thermal annealing furnace for the pur-
pose of generating holes.12 The specific contact resistance
was measured using the transmission line method(TLM ) for
Ni/Au or Au contacts top-GaN. A Ni/Au s50/600 nmd
metal mask was employed to form rectangular mesa regions
with dimensions of 1003100 mm2. A reactive ion etching
system was used with BCl3 gas to etch thep-GaN wafers.
The dimensions of the metal contact pads in the TLM pattern
was 1003100 mm2. The gap spacings between the contact
pads were designed to be 5, 10, 15, 25, 35, 50, and 60mm.
After the removal of the metallic mask, the samples were
cleaned in chemical cleaning solutions of trichloroethylene,
acetone, and methanol(as-cleanedp-GaN). The surfaces of
the as-cleanedp-GaN samples were treated with aqua regia
for 10 min prior to respective deposition of the Ni/Au
s20/20 nmd and Au s40 nmd metals using an electron-beam
evaporator. Next, the contacts were treated in a rapid thermal
annealing furnace at 300°C for 1 min(or 2 min) under ni-
trogen ambient. The current–voltagesI –Vd characteristics of
the TLM patterns, before and after annealing, were measured
using a Keithley Model-4200-SCS/F semiconductor param-
eter analyzer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the respectiveI –V characteristics of
Au/Ni/ p-GaN and Au/p-GaN, measured between metal
pads with a gap spacing of 25mm. The Au/Ni/p-GaN
sample does not show a linearI –V behavior. Thea)Electronic mail: rzr2390@yahoo.com.tw
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Au/p-GaN sample does not also show a linearI –V curve.
However, in Fig. 1, we find that theI –V characteristic of the
Au/Ni/ p-GaN sample is better than that of the Au/p-GaN
sample. On the other hand, Qiaoet al. suggested that the Au
layer has a larger work function than the Ni layer.10 This
implies that the contact conductivity of the Au/p-GaN
sample may be higher than that of the Ni/p-GaN sample.
This cannot explain why theI –V characteristic of the
Au/Ni/ p-GaN sample is better than that of the Au/p-GaN
sample. An explanation for this will be given later.

Figure 2 shows the respectiveI –V characteristics of the
annealed Au/Ni/p-GaN sample and the annealed
Au/p-GaN sample, measured between metal pads with a gap
spacing of 25mm. The Au/p-GaN samples were annealed at
300°C for 1 min in nitrogen ambient. Some of the
Au/Ni/ p-GaN samples were annealed at 300°C for 1 min in
nitrogen ambient(1-min-annealed Au/Ni/p-GaN sample).
Some of the Au/Ni/p-GaN samples were annealed at 300°C
for 2 min in nitrogen ambient(2-min-annealed Au/Ni/p
-GaN sample). We find that the 1-min-annealed Au/Ni/p
-GaN samples show an approximate linearI –V behavior
with a specific contact resistance of 7.5310−3 V cm2. Simi-
larly, the 2-min-annealed Au/Ni/p-GaN samples also show
an approximate linearI –V behavior with a specific contact
resistance of 4.2310−3 V cm2. On the other hand, we find
that the I –V curve of the annealed Au/p-GaN sample is
similar to that of the unannealed Au/p-GaN sample. Accord-
ing to the experimental result, it is suggested that a Ni film
played an important role in the ohmic contact formation of
Au/Ni/ p-GaN.

In order to clarify the effects of the Ni film on electrical
properties of the Au/Ni/p-GaN sample, we investigated the
hydrogen content in thep-GaN film by SIMS measurements

(Cameca IMS-4f system). First, Au and Ni/Au were depos-
ited on all p-GaN surfaces. Next, these samples were an-
nealed at 300°C for 1 min(or 2 min) in nitrogen ambient.
To remove the AusAu/Nid film, the annealed Au/p-GaN
sAu/Ni/ p-GaNd samples were treated in aqua regia solution
for 10 min, rinsed in deionized water for 1 min, and dried by
a nitrogen blower. Next, these samples were measured using
SIMS. Figure 3(a) shows the SIMS profile of hydrogen con-
tent for the as-cleanedp-GaN samples. Figure 3(b) shows
the SIMS profiles of hydrogen content of Au/p-GaN an-
nealed at 300°C for 1 min. Figure 3(c) shows the SIMS
profiles of hydrogen content of Au/Ni/p-GaN annealed at
300°C for 1 min. Figure 3(d) shows the SIMS profiles of
hydrogen content of Au/Ni/p-GaN annealed at 300°C for
2 min. It is noteworthy that the hydrogen content of the
1-min-annealed(or 2-min-annealed) Au/Ni/ p-GaN samples
is lower than that of the annealed Au/p-GaN sample or that
of the as-cleanedp-GaN samples. This is in good agreement
with the previous report17 that the Ni film significantly en-
hances hydrogen desorption from thep-GaN film, which
leads to an increase in the hole concentration and the im-
provement of electrical properties of Au/Ni/p-GaN. As a
result, the Ni film enhances activation of Mg acceptors as
catalysts at low temperature, causing the improvement of the
electrical properties of Au/Ni/p-GaN, as shown in Figs. 1
and 2. We also find that theI –V characteristic of the 2-min
-annealed Au/Ni/p-GaN sample is better than that of the
1-min-annealed Au/Ni/p-GaN sample, because the hydro-
gen content of the 2-min-annealed Au/Ni/p-GaN sample is
lower than that of the 1-min-annealed Au/Ni/p-GaN
sample, as shown in Figs. 2 and 3. On the other hand, Rick-
ert et al. have indicated that the barrier-height value of

FIG. 1. Typical I –V curves of(a) Au/Ni/ p-GaN and(b) Au/p-GaN before
annealing.

FIG. 2. Typical I –V curves of (a) Au/Ni/ p-GaN annealed at 300°C for
1 min, (b) Au/p-GaN annealed at 300°C for 1 min, and(c) Au/Ni/ p
-GaN annealed at 300°C for 2 min.
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Au/p-GaN or Ni/p-GaN is approximately equal to 1.9 eV.18

Yu et al.have indicated that the value of tunneling parameter
sE00d of unannealed Ni/p-GaN was calculated to be
0.056 eV.19 The deduced value ofE00 is likely to contain a
tunneling component.19 This indirectly suggests that the Ni
film of Au/Ni/ p-GaN absorbs hydrogen and enhances acti-
vation of Mg acceptors, causing the occurrence of the tun-
neling transmission for holes at the Ni/p-GaN interface. Con-
sequently, we deduce that the selection of the Ni/Au layers
seems to be an important factor for improving the ohmic
contacts ofp-GaN.

In Fig. 3, we can also see that the hydrogen content of the
annealed Au/p-GaN sample is close to that of the as-cleaned
p-GaN sample. Nakamuraet al. have indicated that the low-
resistivityp-GaN films were obtained by N2-ambient thermal
annealing above 700°C.20 Nakamuraet al. also suggested
that almost no change in resistivity was observed when the
p-GaN sample was annealed between room temperature and
400°C.20 This implies that low-temperature activation of
p-GaN and low-temperature hydrogen desorption from the
p-GaN film were difficult to achieve by the absence of Ni
film.

IV. SUMMARY

In this study, theI –V characteristics of Au/Ni/p-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 onp-GaN 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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