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Enhanced p-type conduction in GaN and AlGaN by Mg- d-doping
M. L. Nakarmi, K. H. Kim, J. Li, J. Y. Lin, and H. X. Jianga)

Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

~Received 30 September; accepted 15 January 2003!

Mg-d-doping in GaN and AlGaN epilayers has been investigated by metalorganic chemical vapor
deposition. It was demonstrated through electrical, optical, and structural studies that Mg-d-doping
improves not onlyp-type conduction, but also the overall quality ofp-type GaN and AlGaN
epilayers. A twofold~fivefold! enhancement in lateral~vertical! p-type conduction have been
achieved for GaN and AlGaN epilayers. It is argued that the observed dislocation density reduction
~of about one order of magnitude! is due to the growth interruption in the Mg-d-doping duration that
partially terminates the dislocation propagation in the growth direction. Furthermore, Mg-d-doping
also reduces Mg impurity self-compensation and enhances hole concentrations in Mg-d-doped GaN
or AlGaN. © 2003 American Institute of Physics.@DOI: 10.1063/1.1559444#
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The attainment of highly conductivep-type GaN and
AlGaN remains one of the biggest obstacles for the
nitride research. Recently, we have obtainedp-type
Al xGa12xN epilayers withx up to 0.27. A hole concentratio
of about 731016 cm23 and mobility of 3 cm2/V s at room
temperature have been achieved in Mg-doped Al0.27Ga0.73N
epilayers.1 It was observed that Mg activation energy in A
GaN increases almost linearly with Al content. At an Al
fraction of 45%, the activation energyEA was estimated to
be about 0.4 eV, and the estimated resistivity is as high
2.23104 V cm. This deepening of the Mg activation ener
with Al content presents a real challenge for obtainingp-type
AlGaN with high Al content.

In this letter, we report our studies of Mg-d-doping in
GaN and AlGaN epilayers by metalorganic chemical va
deposition ~MOCVD!. We have shown thatd-doping en-
hances lateral and verticalp-type conductivities, as well a
the material quality, of GaN and AlGaN epilayers.

GaN and AlxGa12xN alloys ~about 1mm thick! were
grown on sapphire~0001! substrates with GaN buffer layer
by MOCVD. The growth temperature and pressure w
around 1050 °C and 300 Torr, respectively. The metalorga
sources used were trimethylgallium~TMGa! for Ga and tri-
methylaluminum ~TMAl ! for Al. For Mg-doping, bis-
cyclopentadienyl-magnesium (Cp2Mg) was transported into
the growth chamber with ammonia during growth. The g
sources used were blue ammonia (NH3) for N, and H2 as a
carrier gas. Postgrowth annealing at 950 °C in nitrogen
ambient for 8 s resulted inp-type conduction, verified by
Hall measurements. The Al content of AlxGa12xN alloys
were determined by energy dispersive x-ray microanaly
and x-ray diffraction measurement, as well as by the fl
rates of TMGa and TMAl. The Al content (x) determined by
all three methods agreed within60.02. The Mg-dopant con
centrations were determined by the flow rate of Cp2Mg, as
well as by the secondary ion mass spectroscopy meas
ments ~performed by Charles and Evan Inc.! for selective
samples. Atomic force microscopy~AFM! and scanning
electron microscopy~SEM! were employed to examine th
etch pit densities. Variable-temperature Hall-effect~standard

a!Electronic mail: jiang@phys.ksu.edu
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Van der Pauw! measurements were employed to measure
free hole concentration, mobility, and resistivity of these m
terials. Photoluminescence~PL! emission spectroscopy wa
employed to monitor the optical emission properties of
grown epilayers.

Figure 1 is a schematic diagram of a Mg-d-doped GaN
or AlGaN epilayer. Ad-junction-like doping profile is imple-
mented by interrupting the usual crystal-growth mode
closing the Ga~and Al! flow and leaving the N (NH3) flow
continuously. The N-stabilized crystal surface is thus ma
tained while the Mg impurities are introduced into th
growth chamber, so that an impurity-growth mode results
this mode, the host crystal does not continue to grow. I
hoped that by using this technique, a small fraction of av
able Ga sites in thed-doped plane, typically .1 to .0001, wil
be occupied by Mg impurities.

The enhancement ofn-type conduction in highly doped
GaAs using Si-d-doping in GaAs has been demonstrated p
viously for molecular-beam-epitaxy growth.2,3 An order of
magnitude enhancement in electron concentration has b
achieved in GaAs byd-doping over uniform doping. This
technique has also been applied to GaAs/AlGaAs heteroju
tion field-effect transistors ~HFETs! for enhanced
performance.4 Delta doping has been proposed to redu
complex-type compensating defects and to increase
p-type doping level in II–VI wide-band-gap semiconducto
in which p-type doping is known to be a difficult issue.5,6 A

FIG. 1. Schematic diagram of Mg-d-doped GaN or AlGaN, whered ~515
nm! and PMg denote, respectively, the distance between twod-planes and
the two-dimensional Mg doping concentration.
1 © 2003 American Institute of Physics
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high p-type doping level of 1.531018 cm23 was achieved in
ZnBeSe epilayers byd-doping.7

Recently, by employing Si-d-doping in the barrier region
of AlGaN/GaN HFET structures, we have observed i
proved dc performance, that is, enhanced maximum curr
reduced leakage current, and increased breakdown volta
Si-d-doped structures over those of uniformly doped one8

We have observed thatd-doping significantly suppresse
the dislocation density in GaN and AlGaN epilayers. This
illustrated in Fig. 2, where AFM and SEM morphologies
etched layers of Mg-d-doped and uniformly Mg-doped
Al0.07Ga0.93N epilayers are shown. The results clearly de
onstrate a significant reduction of dislocation density~or etch
pit density! in d-dopedp-type Al0.07Ga0.93N. The AFM im-
ages shown in Figs. 2~a! and 2~b! indicate that the etch pi
density decreased by almost one order of magnitude f
7.93107 cm22 in the uniformly Mg-doped layer to 0.9
3107 cm22 in the Mg-d-doped layer. The SEM images i
Figs. 2~c! and 2~d! reveal a reduction of etch pit density from
9.43107 cm22 in the uniformly Mg-doped to 1.8
3107 cm22 in the Mg-d-dopedp-type Al0.07Ga0.93N layer.
The results thus strongly suggest thatd-doping can reduce
dislocation density and hence improve the overall mate
quality of III-nitrides in general, which will be extremel
beneficial to the fabrication of optoelectronics and photon
devices, especially UV emitters. We believe that the
served reduction in dislocation density is due to the grow
interruption in the Mg-d-doping duration. Ga or Al atoms ar
halted duringd-doping, which stops the growth of GaN o
AlGaN. It is known that growth interruption generally re
duces the dislocation densities due to the partial termina
of dislocation propagation in the growth direction.

Additionally, Mg-d-doped GaN and AlGaN epilayers ex
hibit much improved electrical properties over uniform

FIG. 2. AFM and SEM morphologies of etched surfaces ofp-type AlGaN
epilayers after a 0.5-mm removal by inductively coupled plasma~ICP! etch-
ing. AFM images of~a! Mg-d-doped and~b! uniformly Mg-dopedp-type
AlGaN epilayers. SEM images of~c! Mg-d-doped and~d! uniformly Mg-
dopedp-type AlGaN epilayers. AFM and SEM images reveal that the e
pit density was significantly reduced in Mg-d-dopedp-type AlGaN com-
pared with uniformly Mg-dopedp-type AlGaN.

rticle is copyrighted as indicated in the article. Reuse of AIP content is s

129.118.249.45 On: Fr
i, 0
-
nt,

in

s

-

m

l

s
-
h

n

doped layers. For GaN, we have achieved a room temp
ture p-type resistivity of Mg-d-doped p-GaN epilayers as
low as 0.6 V cm ~free hole concentration around
31018 cm23 and mobility around 5 cm2/V s), while uni-
formly Mg-doped GaN epilayers typically exhibit ap-type
resistivity .1 V cm. It was observed that the Mg-d-doping
enhances only the hole concentration and induces no cha
in the hole mobility. Similar results have been obtained
p-type AlGaN alloys. The typical mobility of thep-type Al-
GaN alloys studied here is around 5 cm2/V s and is only
weakly dependent on temperature; hence, the tempera
variation of thep-type resistivity is attributed predominantl
to the temperature dependence of the hole concentration
thus plot the comparison results of the temperatu
dependent resistivity of uniformly Mg-doped and Mg-d-
dopedp-type Al0.07Ga0.93N epilayers in Fig. 3, which dem
onstrates a twofold reduction of resistivity at roo
temperature by employing Mg-d-doping. Furthermore, the
measured Mg acceptor activation energy (EA) was also re-
duced from 180 meV in uniformly Mg-dopedp-type
Al0.07Ga0.93N to 160 meV in Mg-d-doped p-type
Al0.07Ga0.93N, which may be attributed to the enhanced fr
hole concentrations in Mg-d-dopedp-type Al0.07Ga0.93N. We
have also carried out preliminary studies of the vertical tra

FIG. 3. ~a! Resistivity ~r! of representative uniformly Mg-doped and Mg
d-dopedp-AlGaN epilayers as functions of temperature. The inset sho
the Arrhenius plots of the resistivity, which indicate thatd-doping reduces
the activation energy of Mg acceptors in AlGaN.~b! Comparison of ‘‘quasi’’
vertical transport properties of uniformly Mg-doped and Mg-d-dopedp-type
GaN. Etching depth~0.5 mm! and p-type ohmic-contact geometry wer
nominally identical for the two samples, as accomplished by ICP etch
and photolithography patterning.
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port properties of Mg-d-dopedp-type layers, which are more
critical to the performance of UV emitters. Our prelimina
results obtained onp-type GaN shown in Fig. 3~b! have
shown that we could obtain a fivefold reduction in vertic
resistivity in Mg-d-dopedp-type layers compared with uni
formly Mg-dopedp-type layers.

Furthermore, comparison measurements for the PL em
sion spectra of Mg-d-doped and uniformly Mg-doped GaN
and AlGaN epilayers have also been carried out, and
results are presented in Fig. 4. Based on a previous stu9

we attribute the 3.2-eV~3.33-eV! emission line seen in Mg
d-doped GaN (Al0.07Ga0.93N) to the recombination betwee
the conduction-band-to-impurity transition involving shallo
Mg impurities. It is interesting to note the 3.21 eV emissi
line is absent in uniformly Mg-doped GaN in which th
dominant emission line at 2.99 eV may be associated w
the conduction-band-to-impurity transition involving dopin
induced deep-level centers.9 Moreover, Fig. 4 shows that th
PL emission intensities associated with the band-to-impu
transition line, as well as with the exciton bound to accep
transition line (I 1 around 3.44 eV for GaN and 3.57 eV fo
AlGaN!,9,10 are enhanced in Mg-d-doped layers, pointing to
a reduction of nonradiative recombination centers. This c
roborates the results shown in Fig. 2: dislocation densit
reduced in Mg-d-doped epilayers. Thus, all of our exper
mental data, including electrical, optical, and structural da
imply that Mg-d-doping improves not onlyp-type conduc-
tion, but also the overall quality of III-nitride films.

In addition to the reduction of dislocation density givin
rise to a more efficient doping, we believe that autocomp
sation of Mg impurities is also reduced in Mg-d-doped lay-
ers. Due to the relatively large Mg ionization energy
p-type GaN of about 160 mV, only about 1% of the M
impurities are ionized at room temperature. Therefore, h

FIG. 4. Comparison of low-temperature~10 K! PL emission spectra of
uniformly Mg-doped and Mg-d-doped GaN and AlGaN epilayers.
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doping incorporation of Mg impurities around 1020 cm23 is
a routine practice in nitride optoelectronic and electronic
vice structures. Self-compensation is more likely under
condition of high Mg doping levels. During thed-doping
process, however, the Mg impurity incorporation process
modified compared with that of uniform doping. Since t
Ga ~and Al! atoms supply is halted, Mg impurities are mo
likely to replace the Ga or Al atoms during thed-doping
process. This would reduce Mg impurity self-compensat
and enhance hole concentrations in Mg-d-doped GaN and
AlGaN.

It has been demonstrated recently by several groups
incorporating Mg-doped AlGaN/GaN superlattice structu
into devices could enhance the hole conduction in the lat
direction.11–13However, the enhancement of hole conducti
in the vertical direction by employing a superlattice structu
is limited because a superlattice structure simultaneously
troduces potential barriers for hole conduction in the verti
direction due to the presence of higher-band-gap mater
On the contrary,d-doping does not introduce any potenti
barriers in the vertical direction and is expected to enha
the vertical transport as well as the lateral transport of ho

In summary, we have demonstrated that Mg-d-doping
enhances the lateral and verticalp-type conductivities, as
well as the material quality, of GaN and AlGaN epilaye
We have achieved twofold and fivefold enhancements
p-type lateral and vertical conductivities, respectively,
GaN and AlGaN epilayers by employing Mg-d-doping. It is
expected that Mg-d-doped layers have higher vertical co
ductance compared with those of superlattice structures
to the absence of potential barriers introduced by high
band-gap material. Thed-doping technique represents the u
timate control of dopant profiles and is expected to play
increasingly important role in III-nitride electronic and ph
tonic devices.
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with Prof. M. C. Tamargo and Prof. G. F. Neumark, a
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