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Effects of Mg accumulation on chemical and electronic properties
of Mg-doped p-type GaN surface

Tamotsu Hashizumea)

Research Center for Integrated Quantum Electronics (RCIQE), Hokkaido University,
Sapporo 060-8628, Japan

~Received 3 December 2002; accepted 16 April 2003!

Chemical and electronic properties of Mg-dopedp-GaN surfaces were systematically investigated
by x-ray photoelectron spectroscopy~XPS! and Auger electron spectroscopy~AES!. The doping
density of Mg ranged from 331019 to 931019cm23. The XPS and AES analyses revealed the
accumulation of Mg for all the air-exposed and chemically treatedp-GaN surfaces. The apparent
density of Mg calculated from the XPS integrated intensity and the AES intensity was more than one
order higher than the value in bulk determined by secondary ion mass spectroscopy. Mg
accumulation as well as large amounts of oxides made up the disordered region on the
p-GaN:Mg surfaces. Large surface band bending of 1.2–1.6 eV was found at thep-GaN surfaces
even after treatment in KOH and NH4OH solutions, due to the existence of high-density surface
states. It was found that electron cyclotron resonance assisted N2 -plasma treatment at 300 °C for 1
min is very effective in removing such surface disordered regions and reducing surface band
bending. © 2003 American Institute of Physics.@DOI: 10.1063/1.1580195#
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I. INTRODUCTION

Acceptor doping with Mg is the most common meth
for achievingp-type conducting GaN. However, the larg
acceptor ionization energy of 200–300 meV leads to a h
concentration of unionized Mg atoms in the range
1019cm23 or higher in GaN at room temperature~RT!. Re-
boredo and Pantelides1 predicted from theoretical calculatio
that defect complexes that involve interstitial Mg account
the high degree of Mg incorporation into electrically inacti
form. Several groups reported2–5 that different kinds of de-
fects, namely, pyramidal defects accompanied by Mg ac
mulation or segregation, formed in GaN:Mg and affected
optical and electrical properties of Mg-dopedp-type GaN.
Furthermore, the ‘‘memory’’ and ‘‘surface segregation’’ e
fects of Mg during epitaxial growth6,7 make it difficult to
control interface placement with the desired chemical co
position profile for various types of actual device structur

From the viewpoint of actual device processing, es
cially that necessary to achieve good ohmic and Scho
contacts top-GaN, several efforts were devoted to charact
izing and controlling thep-GaN surfaces in connection wit
pretreatment processes for metal deposition. Wu and Kah8,9

and Hartliebet al.10 prepared oxide- and contamination-fre
p-GaN surfaces by the N1 sputtering process combined wit
high-temperature annealing and an ammonia-based h
temperature chemical vapor process, respectively. On th
clean surfaces, however, they found the large band ben
of more than 1.0 eV is probably due to the existence
surface states. Kim and co-workers11 pointed out that an an
nealing process at 500 °C in ultrahigh vacuum~UHV! in-
creased the band bending of 0.5 eV at thep-GaN surface
compared with that on the HF-treated surface. These res

a!Electronic mail: hashi@rciqe.hokudai.ac.jp
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indicate the difficulty in controllingp-GaN surfaces. Simple
removal of oxide or contamination from the surface does
directly lead to improvement of the surface electronic pro
erties ofp-GaN. Nevertheless, chemical and electronic pro
erties of Mg-dopedp-GaN surfaces remain poorly unde
stood.

This article presents a systematic investigation of
accumulation of Mg and its effects on the chemical and el
tronic properties of Mg-doped GaN surfaces by x-ray pho
electron spectroscopy~XPS! and Auger electron spectros
copy ~AES!.

II. EXPERIMENT

Mg-doped GaN samples grown on sapphire substra
by metalorganic vapor phase epitaxy~MOVPE! were used in
this study. The samples were supplied by three different
stitutes in Japan. The sample structure consists of a l
temperature buffered layer/undoped layer/Mg-doped la
with thicknesses of 20 nm, 1.0mm, and 2.0mm, respectively.
The doping concentration of Mg ranged from 331019 to 9
31019cm23 as measured by secondary ion mass spect
copy ~SIMS!. An activation annealing process at 800 °C r
sulted in hole concentrations of 4310172731017cm23 at
RT. The mobility ranged from 6 to 10 cm2/V s. For compari-
son, a Si-dopedn-GaN layer with a doping density of 2
31017cm23 grown by MOVPE on a sapphire substrate w
also prepared.

Figure 1 shows typical Raman spectra of t
n-GaN:Si andp-GaN:Mg samples obtained at RT by bac
scattering placement from thec face. Since we used an Ar1

laser~514.5 nm! as an exciting source, the spectra obtain
were not surface sensitive but bulk dominant. It should
noted that the difference in peak intensities from the sapp
substrates~sapphireEg) is due to the difference in thicknes
© 2003 American Institute of Physics
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of GaN layers between two samples. The wide scan d
showed no pronounced difference in GaN Raman spec
For both samples, the dominantE2 ~high! vibration modes
showed very similar spectra with the same linewidth, in go
agreement with the calculated Lorentzian shapes indic
by the broken lines in Fig. 1~b!. This indicated that the Mg-
dopedp-GaN layer has bulk quality comparable to that of t
Si-doped GaN layer.

The sample surfaces were treated with KOH or NH4OH
solutions at 50 °C for 5 min. Some surfaces were then
posed to a remote N2 plasma excited by an electron cyclo
tron resonance~ECR! source with a microwave~2.75 GHz!
power of 50 W. The temperature and time of treatment w
300 °C and 1 min, respectively. Surface properties of
Mg-doped GaN layers were investigated by XPS and A
using a PHI 1600C system equipped with a spherical cap
tor analyzer and a monochromated AlKa x-ray source (hn
51486.6 eV). Energy calibration of the spectra was do
carefully by separate measurement of Cu 2p3/2, Ag 3d5/2 and
Au 4f 7/2 peak positions using standard metal samples.
photovoltaic effect on the energy position of the XPS spec
measured was checked by varying the x-ray source po
and by using external UV illumination from a Hg arc lam
The results indicated that the shift of the peak due to
effect was within 0.1 eV.

III. RESULTS AND DISCUSSION

A. Air-exposed and chemically treated p-GaN
surfaces

Figure 2 shows typical AES and XPS spectra obtain
from the p-GaN sample with a Mg doping density of
31019cm23. For all the air-exposed and chemically treat
samples, the Mg peaks were always detected together
Ga, N and O peaks in the AES spectra as well as in the X
spectra even using very shallow escape angles of 10° or
The apparent density of Mg calculated from the AES inte
sity and the XPS integrated intensity was 1.631021cm23.
This is more than one order higher than the value in b
determined by SIMS. For the calculation, separate XPS
AES measurements were made to calibrate the sensit

FIG. 1. Typical Raman spectra of then-GaN:Si andp-GaN:Mg samples
obtained at RT by backscattering from thec face.
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factors using then-GaN sample~without Mg doping! and the
crystalline Ga2O3 and MgO. Figure 3~a! shows a narrow
scan XPS spectrum of thep-GaN sample with the lowes
Mg-doping density, 331019cm23. For comparison, a spec
trum of then-GaN:Si surface was plotted in Fig. 3~b! that
originated from the Ga 2s core level. By subtracting spec
trum ~b! from spectrum~a!, minute Mg 1speak was detected
as shown in Fig. 3~c!. Even in this case, the calculated M
density became 431020cm23, much higher than the actua
doping density determined by SIMS. These results clea
indicate the accumulation or segregation of Mg on the M
doped GaN surface. Chang and co-workers6 detected Mg ac-
cumulation by AES on the surface of GaN with bulk M
density of 22331019cm23 ~determined by SIMS!. Romano
and co-workers12 reported a SIMS profile in which the Mg

FIG. 2. Typical AES and XPS Mg 1s spectra obtained from thep-GaN
sample with a Mg doping density of 931019 cm23.

FIG. 3. XPS spectra from~a! thep-GaN sample with the lowest Mg densit
of 331019 cm23 and ~b! the n-GaN:Si sample.~c! Subtraction of~b! from
~a!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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and oxygen concentrations increased near the surface re
of Mg-doped GaN. Nakano and Jimbo13 recently pointed out
outdiffusion of Mg to the surface during activation anneali
above 800 °C. These observations seem to support the
sibility of accumulation or segregation of Mg on Mg-dope
p-GaN surfaces.

Figure 4 shows observed O 1s spectra of air-exposed an
the KOH-treated GaN:Mg surfaces. The air-exposed surf
included two peaks that correspond to the Ga-oxide (Ga2O3)
and Mg-oxide components. This implies that the excess
partly formed its oxide bond in the near-surface region
p2GaM:Mg. Only a slight decrease of the O 1s peak inten-
sity was observed for the Ga-oxide phase after KOH tre
ment at 50 °C for 5 min, whereas the Mg-oxide phase
mained unchanged after treatment. Similar spectra w
obtained for the sample treated in the NH4OH solution. Sev-
eral groups14–16 reported broad asymmetric O 1s spectra on
air-exposedp-GaN:Mg surfaces and residue of O 1s traces
even after various kinds of chemical wet treatment. Althou
no details of the analysis on Mg-related XPS spectra w
described in that literature, there is a possibility that their
1s spectra also included a Mg-oxide component. This feat
is very different from the fact that Ga2O3 is the dominant
natural oxide on then-GaN:Si surface and it is essential
removed by chemical treatment in alkaline solutions.17,18

Ga 3d and N 1s core-level spectra of thep-GaN:Mg
surface after KOH treatment are shown in Fig. 5. For co
parison, the spectra of the reference MOVPEn-GaN layer
are also plotted. The value of the full width at half maximu
~FWHM! of the Ga 3d core level for the Mg-doped GaN
surface was much larger than that of the reference MOV
n-GaN, probably due to the presence of a large amount o
oxide, as shown in Fig. 4. A similar result was obtained
the N 1s spectra of thep-GaN sample where the separatio
between the N 1s and Ga AES peaks is indistinct. Thes
results indicated that a surface disordered region includ
excess Mg and large amounts of oxides formed on
p-GaN:Mg surfaces, as schematically shown in Fig. 6. T
KOH and NH4OH treatments had little effect on the remov
of such a disordered region. It was estimated from ang
resolved XPS analysis that the thickness of such a disord
region ranged from 3.0 to 4.0 nm. In addition, the differen

FIG. 4. The O 1s spectra of air-exposed and KOH-treated GaN:Mg s
faces.
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in core-level peak energy betweenp-GaN and n-GaN
samples was found to be 1.0 eV at most, as shown in Fig
This value is very much lower than the 3.0 eV expected fr
the difference in Fermi energy betweenp- and n-GaN
samples, and indicates pronounced upward and downw
band bending ofn-GaN andp-GaN surfaces, respectively.

To investigate surface electronic properties
p-GaN:Mg, valence band spectra were measured. The s
trum near the valence band maximum~VBM ! edge is shown
in Fig. 7~a! for the sample with a Mg density of 9
31919cm23. From linear extrapolation of the leading edg
of the spectrum, the surface Fermi level (EFS) was found to
lie at EVS11.4 eV, as shown in Fig. 7~a!, resulting in large
downward band bending of 1.2–1.3 eV. The difference
energy betweenEVS and the Ga 3d core-level peak was 17.8
eV, consistent with the value reported by Waldrap a
Grant.19 This large band bending implies that the surfa
disordered region including excess Mg and oxides int
duced high-density surface states on thep-GaN surface, and
led to strong Fermi level pinning at the surface. Bermude20

Dhesiet al.,21 and Wu and Kahn9 have reported that a clea
GaN (131) surface prepared by N1 sputtering and high-
temperature annealing~900 °C! showed a strong surfac
state contribution to ultraviolet photoemission spectrosco
~UPS! spectra at or near the VBM. Hartliebet al.10 also
showed a similar UPS spectrum of the GaN surface anne
in NH3 at 825–860 °C@chemical vapor clean~CVC! pro-
cess#. They argued that such surface states are intrinsic,

-

FIG. 5. Ga 3d and N 1s core-level spectra of thep-GaN:Mg surface after
KOH treatment.

FIG. 6. Schematic of the air-exposedp-GaN:Mg surface.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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probably originate from surface dangling bonds. Howev
no such surface state appeared in the XPS VB spectra sh
in Fig. 7~a! ~i.e., no shoulder near the VBM!. One of the
possible reasons for this is that the surface state effect is
weak in the XPS spectra compared to in the surface-sens
UPS spectra. In fact, Wu and Kahn9 showed the difference
between the UPS and XPS VB spectra. Another possibilit
that the surface electronic states of the air-exposed sam
may be different from those of the clean GaN (131) sur-
faces reported by other groups. It is thought that the surf
electronic states of semiconductors are very sensitive to
tamination, adsorbants, order or disorder in chemical bon
defects, etc. on the surfaces. For the air-exposed surface
extrinsic surface states near midgap may be more domi
than the intrinsic states at or near the VBM.10

The change in band bending,VBD , as a function of the
Mg doping density is plotted in Fig. 7~b!. The band bending
was found to increase with a decrease in the Mg dop
density. This behavior can be explained by a firm Fermi le
pinning effect based on the surface defect model22,23 or the
surface state continuum model,24 schematically shown in
Figs. 8~a! and 8~b!, respectively. When high-density surfac
defect levels and/or surface state continuum are introduce
the surface, the Fermi level position is fixed atEFS which
can balance surface charge from surface defects or s
with space charge in the semiconductor depletion la
Thus, pinning positionEFS is strongly related to the energ

FIG. 7. ~a! XPS spectrum near the valence band maximum edge of
sample with a Mg density of 931019 cm23. ~b! Surface band bending as
function of the Mg doping density.
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levels of the surface defects or the charge neutrality le
ECNL , of the state continuum.25 MWnch reported thatECNL

lies atEV12.37 eV for GaN from calculation using the em
pirical tight-binding approximation.26 If the surface has a
discrete donor level according to the defect model22 or the
amphoteric defect model23 shown in Fig. 8~a!, the energy
distribution of the level is expected to be equivalent to s
eral kT ~k is the Boltzmann constant and T is the absolu
temperature!, i.e., less than 0.1 eV at room temperature. Th
the change of 0.4 eV in band bending observed in Fig. 7~b! is
indicative of the existence of a surface state continuum o
combination with defect levels that have a relatively wi
distribution of energy on thep-GaN surface, as shown in Fig
8~b!. Using the values ofVBD obtained andECNL5EV

12.37 eV, simple estimation gave density of 73101221
31013cm22 for the surface states near midgap.

B. Effects of ECR N 2-plasma treatment

Since the surface disorder region could be removed
neither the KOH nor NH4OH wet chemical treatment
ECR-N2 remote plasma treatment was employed to mod
the chemical and electronic properties ofp-GaN:Mg sur-
faces. Our previous study revealed that ECR-N2 remote
plasma treatment is very effective in realizing a well-order
and nearly oxide-free surface ofn-GaN with low surface
state density.17 N2 remote plasma treatment at 300 °C for
min dramatically modified the surface chemistry of the M
doped GaN. Figure 9~a! shows O 1s XPS spectra of the
sample with a Mg doping density of 931019cm23 before
and after ECR-N2 plasma treatment. A significant reductio
of the O 1s XPS peak was observed after N2 plasma treat-
ment. The concentration of residual oxygen was estimate
be 1.1 at. % from the O 1s integrated intensity and the cor
responding XPS sensitivity factor. Dhesiet al.,21 Wu and

e

FIG. 8. Surface models for the firm Fermi level pinning.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Kahn,9 and Hartliebet al.10 have reported similar concentra
tions of residual oxygen on GaN surfaces after the clean
processes. In addition, the peak intensity of the Mg 1s level
on the N2-plasma treated surface was below the limit
detection. This surface process also brought pronoun
changes in the XPS core-level spectra, as shown in Fig. 9~b!.
Sharpening of the linewidth and a remarkable peak shift
ward lower binding energies were observed in the Gad
core-level spectrum after ECR-N2 plasma treatment. The
FWHM values obtained for the Ga 3d and N 1s core levels
were comparable to those of the reference MOVPEn-GaN,
indicating the recovery from the disorder of the chemi
bonding configuration.

The mechanism of oxide removal during ECR-N2

plasma treatment is not clear yet. It is unlikely that a physi
sputtering effect is dominant for the dramatic changes in
surface chemistry of Mg-doped GaN. The present proc
utilized a remote ECR plasma that was separate from
ECR discharge region. In the ECR plasma stream, elect
and ions move with the same diffusion coefficient, i.e.,
called ambipolar diffusion.27 This means that a near neutr
condition can be maintained in the ECR plasma stream
addition, ECR microwave discharge can be produced with
large potential. Thus, it is expected that the self-biasing
fect is rather weak in ECR plasma processes. In fact, M
suoka and Ono28 reported that the self-bias voltage was le
than 240 V in the gas pressure range of 13102221
31021 Pa. This as well as low ion energies of 10 to seve
tens of eV in the ECR plasma28,29 can suppress an ion bom
bardment~sputtering! effect on the material surfaces. A po
sible surface process seems to start from the chemical r
tions of reactive N radicals and ions on the Mg–O and Ga
bonds in the surface disordered region. Then O atoms di
ciated from MgO and Ga2O3 could react with each other o
with N atoms and form volatile molecules such as O2 and
NOx that can desorb from the surface along with Mg and
atoms as well as part of the oxide clusters. Ziemann
Castleman30 suggested a similar evaporation or desorpt
process of MgO clusters based on their mass-spectrosc
study.

Figure 10 shows a valence band spectrum of ap-GaN

FIG. 9. O 1s and Ga 3d spectra of the sample with a Mg doping density
931019 cm23 before and after ECR-N2 plasma treatment at 300 °C for
min.
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sample with a Mg doping density of 931019cm23 after
ECR-N2 plasma treatment. The surface Fermi level,EFS ,
was found to lie atEVS10.4 eV, corresponding to very wea
band bending of 0.2 eV. This is consistent with the peak s
of 1.1 eV toward lower binding energies in the Ga 3d core
level, shown in Fig. 9~b!. Wu and Kahn8,9 and Hartliebet
al.10 reported large band bending of more than 1.0 eV eve
oxide- and contamination-freep-GaN surfaces. This indi-
cated that removal of an oxide layer from the surface is
directly connected with making the surface free of surfa
states. Again, the present process used ECR-excited2

plasma with low ion energies of 10 to several tens of eV.
the other hand, the energy for the N1 sputtering~ion bom-
bardment! process used by Wu and Kahn was 0.5 keV. Su
an ion bombardment process at high temperature~900 °C!
may induce some kind of defects near the surface regio
GaN even though the process can remove contamination
natural oxides from the surface. In addition, the process t
peratures used in the other approaches ranged from 82
900 °C,8–10 much higher than the present process tempe
ture of 300 °C. Several studies31–33 indicated a temperature
range of 800–900 °C as the threshold for surface deteri
tion of GaN, including the loss of N atoms. In additio
scanning tunneling microscopy~STM! images obtained by
Packard and co-workers34 of GaN surfaces prepared by an
nealing at 900 °C in UHV showed that these surfaces
highly defective and exhibit numerous arrangements of
dered N vacancies. Thus, there is a question of whether h
energy or high-temperature processes cause the degrad
of electronic properties of GaN surfaces. On the other ha
the present low-energy low-temperature process utilizing
mote ECR-N2 plasma is quite suitable for suppressing t
surface damage on GaN. In fact, the ECR-N2 plasma process
also achieved low interface state densities in
SiNx /n-GaN system.17,35 Theoretical calculation36,37 pre-
dicted the lowest formation energy of N vacancies amo
native point defects inp-GaN. One of the possible reason
for achieving a nearly flat band condition on thep-GaN sur-
face is that the present ECR-N2 remote plasma treatmen
may partially recover or terminate N-vacancy related surf
defects, and lead to a reduction of surface states.

FIG. 10. Valence band spectrum of thep-GaN sample with a Mg doping
density of 931019 cm23 after ECR N2 plasma treatment at 300 °C for 1
min.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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IV. SUMMARY

The accumulation of Mg and its effects on the chemi
and electronic properties ofp-GaN surfaces were systema
cally investigated by AES and XPS. Pronounced accum
tion of Mg was found on air-exposed and chemically trea
p-GaN surfaces. The apparent density of Mg calculated fr
the XPS integrated intensity and the AES intensity was m
than one order higher than the value of the bulk determi
by SIMS. The Mg accumulation as well as large amounts
oxides formed in the disordered region onp-GaN:Mg sur-
faces. Large surface band bending of 1.2–1.6 eV was fo
at the surfaces even after KOH and NH4OH treatment due to
surface states with a density of 731012cm22 eV21 or
higher. ECR-assisted N2-plasma treatment at 300 °C for
min was effective in removing this surface disordered reg
and reducing surface band bending at thep-GaN:Mg sur-
face.
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