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The doping characteristics of Mg–Zn codoped GaN films grown by metalorganic chemical vapor
deposition are investigated. By means of the concept of Mg–Zn codoping technique, we have grown
p-GaN showing a low electrical resistivity~0.72 V cm! and a high hole concentration (8.5
31017cm23) without structural degradation of the film. It is thought that the codoping of Zn atoms
with Mg raises the Mg activation ratio by reducing the hydrogen solubility inp-GaN. In addition,
the measured specific contact resistance of Mg–Zn codoped GaN film is 5.031024 V cm2, which
is one order of magnitude lower than that of Mg doped only GaN film (1.931023 V cm2).
© 2000 American Institute of Physics.@S0003-6951~00!02234-8#
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The realization of a high conductingp-type GaN contact
layer is one of the hot issues in the field of III–V nitride
because it is a crucial component in achieving current in
tion laser diodes with a low series resistance and a h
external quantum efficiency. The III–V nitrides can be ma
p type by incorporating divalent elements such as Zn,
and Mg. However, all of these divalent elements have b
known to form deep acceptors, the shallowest being Mg w
an activation energy of 160 meV from the valence ba
Recently, several growth techniques, such as AlGaN/G
short period superlattices with modulation doping1,2 and
codoping of two different dopant sources have been s
gested to achieve a low resistivep-GaN layer.3–5

Especially, it has been theoretically3 and
experimentally4,5 suggested that codoping ofn-type dopants
~e.g., Si, O, etc.! together withp-type dopants~e.g., Mg, Be,
etc.! in GaN is effective in the fabrication of high
conductivityp-type GaN. However, codoping of two differ
ent p-type dopants in GaN has not been reported. This le
describes the codoping characteristics ofp-type GaN.

When Zn is the sole dopant, the resulting GaN film b
comes highly resistive layer.6 It was also reported that th
activation energy of Zn~370 meV! is deeper than that o
Mg.7 However, when Mg and Zn are codoped in GaN, t
film shows better electrical and structural properties th
Mg-doped only GaN film. In this study, we have studied t
codoping characteristics of Zn with Mg. Furthermore, w
compare the specific contact resistance of both Mg do
only and Mg–Zn codoped GaN films.

All samples were prepared in a horizontal metalorga
chemical vapor deposition~MOCVD! reactor. The source
materials of Ga, N, Mg, and Zn are trimethylgallium, amm
nia, biscyclopentadienylmagnesium (Cp2Mg), and diethyl-
zinc ~DEZn!, respectively. Mg doped and Mg–Zn codop
GaN overlayers with thicknesses of 1–2mm were grown in a

a!Author to whom correspondence should be addressed; electronic
gyemo@moak.chonbuk.ac.kr
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H2 ambient at 1080 °C with various molar flow rates
Cp2Mg and DEZn. Other growth conditions are the sam
with those of the unintentionally doped GaN.8

In order to investigate Mg–Zn codoping characterist
in GaN, first of all, we studied Mg-doped only GaN films b
varying the amount of Cp2Mg flow rates.5 The GaN grown
under a Cp2Mg flow rate of 0.643mmol/min ~@Mg#/@Ga# ra-
tio of 7.631023) exhibited a resistivity of 0.82V cm and a
hole concentration of 631017cm23 at room temperature
Electrical conducting characteristics of the grownp-GaN
films after postgrowth rapid thermal annealing~RTA! in N2

ambient were measured using the four-point probe van
Pauw technique. A magnetic field of 0.5 T and currents
tween 10 and 100mA were applied.

As we change DEZn~under constant Cp2Mg flow rate of
0.643 mmol/min! and Cp2Mg ~under constant DEZn flow
rate of 0.616 nmol/min! molar flow rates, the variations o
hole densities and resistivities of Mg–Zn codoped GaN fil
at room temperature are shown in Fig. 1. Theoretically,
codoping of two differentp-type dopants in GaN is not help
ful to achieve a high conductingp-type GaN, because i
forms a lot of native defect levels leading to ho
compensation.3 In spite of this fact, in our prepared sample
we observed there exist optimum Cp2Mg flow rate of

il:

FIG. 1. Dependence of hole densities and resistivities for the Mg–
codoped GaN films for~a! various DEZn flow rate and a constant Cp2Mg
flow rate of 0.643mmol/min and~b! various Cp2Mg flow rate and constant
DEZn flow rate of 0.616 nmol/min.
3 © 2000 American Institute of Physics
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0.643 mmol/min and DEZn flow rate of 0.616 nmol/mi
showing the higher hole concentration (8.531017cm23) and
the lower resistivity~0.72 V cm! than those for Mg-doped
only GaN.

For the purpose of accounting for these unexpected
sults, we measured the depth profiles using secondary
mass spectroscopy~SIMS! of the as-grown Mg-doped
(631017cm23) only and Mg–Zn codoped (8.5
31017cm23) specimens as shown in Fig. 2. Mg and C co
centrations are similar without respect to the codoping of
but hydrogen concentration in Mg-doped only GaN is 1
times higher than that in Mg–Zn codoped GaN. It is wide
accepted that hydrogen incorporated during MOCVD grow
behaves as a donor and leads to compensation of accep
and a postgrowth annealing step is required to render
acceptor electrically active.9 We think that the incorporation
of Zn atoms in Mg-doped GaN might reduce the solubility
hydrogen, and thereby it raise the ratio of Mg acceptor a
vation by RTA. Another interesting fact is that the Zn co
centration in Mg–Zn codoped GaN was below our SIM
detection limit of 1016cm23, even though we observed se
eral photoluminescence peaks corresponding to donor ac
tor pair in the Zn-doped~0.616 nmol/min! only GaN~which
is not shown here!. It is generally known the high vapo

FIG. 2. SIMS depth profiles of~a! Mg-doped only GaN (@Cp2Mg#
50.643mmol/min) and ~b! Mg–Zn codoped GaN (@Cp2Mg#
50.643mmol/min and @DEZn#50.616 nmol/min). Cross, open squar
open circle, and open triangle denote the hydrogen, Mg, carbon, and
respectively.
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pressure of Zn makes Zn unsuited for doping at high te
perature. Therefore, at present status, we understand tha
contributes to the reduction of solubility of hydrogen durin
the growth at high temperature and mostly desorbs. It sho
be also noted that the Zn codoped with Mg might not act
a scattering source for transport. However, this needs fur
study.

From the high resolution x-ray diffraction~HRXRD!
measurement as shown in Figs. 3~a! and 3~b!, both~002! and
~102! HRXRD full width at half maximum~FWHM! values
are broadened by increasing Cp2Mg flow rates but not DEZn
flow rates. It seems that the Zn codoping with Mg decrea
the FWHM values for the~102! plane compared to Mg-
doped only. This is confirmed by transmission electron m
croscopy~TEM! images of Figs. 3~c! and 3~d!. The total
dislocation densities estimated by TEM are 13109 cm22 and
2.53108 cm22 for Mg-doped only and Mg–Zn codope
GaN films, respectively. So we can conclude that the inc
poration of Zn atoms with Mg is the method obtaining hig
conducting p-type GaN film without deterioration of the
structural qualities of GaN films. It is considered that Z
might remove some dislocations by acting as a getter
dopant.10

In order to compare ohmic contact properties for M
doped (631017cm23) only and Mg–Zn codoped (8.5
31017cm23) p-GaN films, we performed transmission lin
method~TLM ! with ring contact geometry with outer ring
radius of 200mm and gap spacings~5–45mm!. The surface
of p-type GaN specimens was treated using aqua reg11

followed by the deposition of Pd~150 Å!/Au~1400 Å! ohmic
metals under a vacuum condition of 1025 Torr. After the
metal deposition, the photoresist was lifted off. Curren
voltage (I –V) characteristics of the prepared samples w
estimated through HP 4155 parameter analyzer.

Figure 4~a! shows theI –V characteristics for both the
Mg-doped only and the Mg–Zn codoped GaN samples, m
sured between the ohmic pads with a spacing of 5mm. The

n,

FIG. 3. Dependence of~002! and ~102! HRXRD FWHMs for the Mg–Zn
codoped GaN films for~a! various DEZn flow rate and a constant Cp2Mg
flow rate of 0.643mmol/min and~b! various Cp2Mg flow rate and constant
DEZn flow rate of 0.616 nmol/min. Cross-sectional~0002! bright-field TEM
images of ~c! Mg-doped only GaN(@Cp2Mg#50.643mmol/min) and ~d!
Mg–Zn codoped GaN (@Cp2Mg#50.643mmol/min and @DEZn#
50.616 nmol/min).
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I –V curve obtained is nonlinear for the Mg-doped on
sample, but linear for the Mg–Zn codoped sample over
whole range of voltages. The specific contact resistivit
with correction factors12 taken from the gradients an
intercepts in the Fig. 4~b! are determined to be 1.
31023 V cm2 for the Mg-doped only sample and 5.
31024 V cm2 for the Mg–Zn codoped sample. Note th
contact resistivity decreases by one order of magnitude
the codoping of Zn with Mg. Therefore, the Mg–Zn codop
GaN layer is expected to act as a good contact layer in de
structure.

In conclusion, we demonstrated that, using Mg–
codoping, p-GaN showing low electrical resistivity~0.7
V cm! and high hole concentration (8.531017cm23) were
grown without the degradation of structural quality of t

FIG. 4. ~a! Comparison of theI –V characteristics measured between t
contact pads with a gap spacing of 5mm for Mg-doped only~dashed line!
and Mg–Zn codopedp-type GaN films~solid line! and ~b! variation of
resistance as a function of gap spacing for the Mg-doped only~solid square!
and Mg–Zn codoped~solid circle! p-type GaN films. Solid and dashed line
in ~b! are linear fits of experimental data.
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film. The enhancement of electrical conducting characte
tics in Mg–Zn codoping sample might be attributed to t
increase of Mg activation ratio due to the reduction of h
drogen solubility. In addition, it seems that the codoping
Zn with Mg acts like a gettering treatment removing disl
cations. The specific contact resistance for Mg–Zn codo
GaN film measured by TLM is 5.031024 V cm2, which is
lower value by one order of magnitude than that for M
doped only GaN film (1.931023 V cm2).

This work was partially supported by the MOST o
Korea and the BK21 program of the Ministry of Educatio
of Korea.
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