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Mg-doped Al0.7Ga0.3N epilayers s,1 mmd were grown on an AlN/sapphire template by
metalorganic chemical vapor deposition and the electrical and optical properties of these epilayers
were studied. For optimized Mg-doped Al0.7Ga0.3N epilayers, we have obtained a resistivity around
105 V cm at room temperature and confirmedp-type conduction at elevated temperatures
s.700 Kd with a resistivity of about 40V cm at 800 K. From the temperature dependent Hall effect
measurement, the activation energy of Mg acceptor is found to be around 400 meV for Al0.7Ga0.3N
alloy. The optimized Mg-doped Al0.7Ga0.3N epilayers have been incorporated into the
deep-ultravioletsUVd sl,300 nmd light-emitting diodesLEDd structures as an electron blocking
layer. An enhancement in the performance of the UV LEDs was obtained. LEDs with peak emission
wavelengths at 280 nm were fabricated with a circular geometrys300 µm disk diameterd. Output
power reached 0.35 mW at 20 mA and 1.1 mW at 150 mA dc current. The importance of Mg-doped
Al0.7Ga0.3N alloys to suppress the long-wavelength emission components in deep-UV LEDs and the
fundamental limit for achievingp-type Al-rich AlGaN alloys are also discussed. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1879098g

Al-rich AlGaN alloys are ideal materials to realize deep-
ultraviolet sUVd emitters with wavelengths shorter than 300
nm. Chip-scale solid-state UV emitters have many applica-
tions such as next-generation solid-state lighting, fluores-
cence detection of chemical and biological agents, water and
air purification, medical research, and health care.1 To
achieve efficient deep-UV light emitting diodessLEDsd,
highly conductivep-type andn-type Al-rich AlxGa1−xN al-
loys sx.0.6d are desired. It is difficult to grow high-quality
Al-rich AlGaN alloys due to a large concentration of defects
and dislocations. Conductivity also decreases with increasing
Al content due to an increase in the ionization energy of the
dopants, alloy scattering, and compensation effect from na-
tive defects. In terms of growth, controlling these defects and
impurities are necessary to enhance the conductivity by re-
ducing compensation. There has been impressive achieve-
ment forn-type conductivity control in AlxGa1−xN epilayers
with Si doping forxù0.7.2,3 A room-temperature resistivity
of 0.0075V cm for x=0.7 and 40V cm for x=1 sAlN d have
been obtained.2 However, it is very difficult to achieve high
p-type conductivity in AlGaN alloys due to the large activa-
tion energy of the Mg acceptor in AlGaN alloys. Enhancing
p-type conductivity for AlGaN alloys is still one of the big-
gest challenges for the nitride community. We have reported
p-type AlGaN for Al content up to 27%sRef. 4d as well as
optical properties and Mg energy level in the Mg-doped AlN
epilayers.5 From photoluminescencesPLd results, the Mg
level in AlN was found to be around 0.5 eV. As the Mg levels
in AlGaN deepen with increasing Al content, it is difficult to
obtain sufficient free holes. To enhance the hole concentra-
tion, several methods have been proposed and explored, such
as Mg delta doping,6 short-period superlatticesSLd of
AlGaN/GaN,7 and modulation-doped AlGaN/GaN SL.8 Due
to the low conductivity ofp-type AlGaN alloys, injection of
holes is another problem in UV LEDs.

Recently, several groups have reported the achievement
of deep-UV LEDs using AlGaN alloys.9–14 In the UV LED

structure, one of the crucial layers is the electron blocking
layer. It plays an important role in blocking the electrons get
into thep-layer region and thus enhances the carrier recom-
bination in the active region and, hence, the emission effi-
ciency. However, a low-quality blocking layer could intro-
duce long-wavelength emission components in UV LEDs
when injected electrons overflow to thep region. Further-
more, the quality of the electron blocking layer profoundly
affects the hole injection into the active region. Understand-
ing and improving the material quality and conductivity of
Mg-doped AlGaN alloys are essential to improve the
deep-UV LED performance.

In this letter, we report on the epitaxial growth, electri-
cal, and optical properties of Mg-doped Al-rich AlxGa1−xN
epilayers forx,0.7. The optimized growth condition of a
Mg-doped Al0.7Ga0.3N epilayer was incorporated into the
deep-UVsl=280 nmd LED structure as an electron blocking
layer. The characteristics of the deep-UV LEDs with peak
emissions at 280 nm and the fundamental properties of Mg-
doped Al-rich AlGaN alloys are also discussed.

Mg-doped Al0.7Ga0.3N epilayers of thickness,1 mm
were grown on AlN/sapphire templates by metalorganic
chemical vapor depositionsMOCVDd. An AlN epilayer with
a thickness of,0.5 mm was first grown on a sapphires0001d
substrate and followed by the growth of a Mg-doped
Al0.7Ga0.3N epilayer. The metalorganic sources used were tri-
methyl aluminum, trimethylgallium, and cyclopetadienyl
magnesium for Al, Ga, and Mg, respectively. The samples
were characterized by x-ray diffractionsXRDd, deep-UV PL
spectroscopy, and atomic force microscopysAFMd. No
cracks were found on the samples as revealed by AFM im-
ages. XRD was used to determine the aluminum content and
crystalline quality of the epilayers. PL spectroscopy was em-
ployed to investigate the optical properties of Mg-doped
Al0.7Ga0.3N epilayers. The PL system consists of a
frequency-quadrupled 100 fs Ti:Sapphire laser with an aver-
age power of 3 mW at 196 nm and repetition rate of 76 MHz.
Mg concentration was determined by secondary ion mass
spectroscopy. The epilayers have a Mg concentration ofadElectronic mail: jiang@phys.ksu.edu
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about 1.531020 cm−3. Electrical properties of Mg-doped
Al0.7Ga0.3N alloys. were studied by the Hall effect measure-
ment with a high-temperature capabilitysup to 900 Kd.

As-grown epilayers were highly resistive and postgrowth
rapid thermal annealing was done to activate Mg acceptors.
Ni/Au was used as contacts in the standard van der Pauw
configuration for Hall effect measurements. The resistivity
obtained at room temperature is about 105V cm ssemi-
insulatingd. Figure 1 shows the variation of resistivity with
temperature in the range between 450 and 800 K of a typical
Mg-doped Al0.7Ga0.3N epilayer. The resistivity decreases ex-
ponentially with increasing temperature. At high tempera-
turess.700 Kd, it consistently shows a signature ofp-type
conduction. At 800 K, the measuredp-type resistivity is
about 40V cm. The activation energy of the Mg acceptor is
first estimated by using the following equation:

rsTd = r0e
EA/kT, s1d

wherersTd is the resistivity at temperatureT, andEA is the
activation energy of the Mg acceptor. The inset of Fig. 1
shows the semilog plot of the resistivity versus 1/T
sln r versus 1/Td. The fitted value ofEA is about 320 meV.
To obtainEA more accurately,EA is also estimated by includ-
ing the temperature dependence of the mobility at high tem-
peraturessm~T−3/2d. The fitted EA value increased to 396
meV, which is close to the previously estimated value by
extracting Mg levels between GaN and AlN.6 With this re-
sult, we can now estimate the theoretical limit of the resis-
tivity of Mg-doped Al-rich AlxGa1−xN alloys.

Using the relations between free hole concentrationspd,
mobility smpd, and conductivityssd, we have

p = Nae
−EA/kT, s = epmp, r =

1

s
, s2d

ssAl xGa1−xN:Mgd = epsAl xGa1−xN:Mgd

3mpsAl xGa1−xN:Mgd, s3d

whereNa is the Mg doping concentration. With experimental
results, hole concentration can be estimated assassuming the
same doping concentration for GaNd

psAl xGa1−xN:Mgd

= Na expH−
EAsAl xGa1−xN:Mgd

kT
J

=Na expH−
EAsGaNd

kT
J · expH−

DEA

kT
J

= psGaN:Mgd · expH−
DEA

kT
J , s4d

where DEA=EAsAl xGa1−xN:Mgd−EAsGaN:Mgd is the Mg
energy level difference between AlxGa1−xN and GaN.

The hole mobility,mp, depends on its effective mass and
alloy scattering. As alloy scattering increases with Al con-
tent, mp in Al0.7Ga0.3N:Mg is much smaller than that in
GaN:Mg. The mobility of Al0.7Ga0.3N:Mg is estimated
sfrom low Al content AlGaN:Mgd4 in the range of
s1–3dcm2/V s,

mpsAl0.7Ga0.3N:Mgd < s1–3dcm2/V s

< s0.1–0.3dmpsGaN:Mgd. s5d

Inserting Eqs.s4d and s5d into Eq. s3d, the conductivity of
Mg-doped Al0.7Ga0.3N alloys is

ssAl0.7G0.3N:Mgd < s0.1–0.3dssGaN:Mgd

3expH−
DEA

kT
J . s6d

The resistivity of Al0.7Ga0.3N:Mg is thus

rsAl0.7Ga0.3N:Mgd < s3–10drsGaN:MgdexpHDEA

kT
J .

s7d

Using typical values for p-GaN, EA=160 meV and r
=1 V cm sat room temperatured, we have the room-
temperature resistivity

rsAl0.7Ga0.3N:Mgd < s3–10de236 meV/kT

< s3–10de236 meV/25 meV

< s4–13d 3 104 V cm. s8d

Thus, r is in the range of s4–13d3104 V cm ssemi-
insulatingd at room temperature for Mg-doped Al0.7Ga0.3N
alloys. The resistivity we obtained for Al0.7Ga0.3N:Mg is in

FIG. 2. EL spectrum of a disk shapesd=300mmd deep-UV LED with peak
emission at 280 nm under dc biassI =40 mAd. Inset is theI-V characteristic
of the same 280 nm UV LED.

FIG. 1. Temperature variation of resistivity of a Mg-doped Al0.7Ga0.3N ep-
ilayer in the temperature range of 450–800 K. Inset is the semilog plot of
r vs 1/T. The solid line is the least-square fit of data with Eq.s1d. The fitted
value of EA, the activation energy of Mg acceptor is 320 meVs396 meVd
without swithd considering the variation ofm with T sm~T−3/2d.
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the range of the value estimated by Eq.s8d. Taking into ac-
count of the hole mobility variation with temperature
smp~T−3/2d, the resistivity of Al0.7Ga0.3N:Mg at 800 K is
estimated from Eq.s8d to be in the range ofs9–30d V cm as
a lower limit, which is consistent with our measured value at
800 K s40 V cmd.

Now, let us discuss the effect of this Mg-doped
Al0.7Ga0.3N electron blocking layer to the performance of
UV LEDs. Typically, the thickness of the blocking layer is
about 5–10 nm. For a standard size of 300mm3300 mm
LED, the resistance of this layer is

R= r
l

A
= s4–13d 3 104V cm

s5–10d nm

300 mm 3 300 mm

< s22–130dV. s9d

The voltage drop across this layer at 20 mA currentsat for-
ward biasVfd is between 0.5–2.6 V. Although this electron
blocking layer is semi-insulating at room temperature, the
potential drop at this layer is still relatively small due to the
fact that only a very thin layers5–10 nmd is needed. This fact
explains why the deep-UV LEDs are still performing reason-
ably well using high Al-content AlGaN:Mg as electron
blocking layers.9–14

Resistance and PL spectra of the samples were carefully
followed to optimize the growth condition. Before optimiza-
tion, the spectra had dominant impurity emissionssnot
shownd. By optimizing the growth conditionstemperature,
pressure, V/III ratio, etc.d, the intensity of impurity emissions
were suppressed and the resistance was reduced by more
than two orders of magnitude.

The optimized Mg-doped Al0.7G0.3N epilayer was incor-
porated into the deep-UV LEDsl,300 nmd structure as an
electron blocking layer. The deep-UV LEDs were grown on
AlN/sapphire substrates by MOCVD. A high-quality epilayer
of AlN was first grown ons0001d sapphire as a template. A
highly conductiven-Al0.7Ga0.3N layer of thickness 1.5µm
was then grown on this AlN/sapphire template, followed by
AlGaN/AlGaN QW active region and the Mg-doped
Al0.7Ga0.3N electron blocking layer. The structure was then
completed withp-AlGaN andp-GaN layers. LEDs were fab-
ricated with a circular geometry. The fabrication procedure is
explained elsewhere.15

Figure 2 shows the electroluminescencesELd spectrum
of a 280 nm deep-UV LED with a 300µm diameter size
under 40 mA dc current. The inset of Fig. 2 shows the
current-voltage characteristic of 280 nm deep-UV LEDs. The

forward voltage,VF, of 6.7 V is observed at 20 mA current.
We believe that with further optimization ofn- andp-contact
annealing,VF can be further reduced.

Figure 3 shows the light-output power versus current
sL-Id characteristic of the 280 nm deep-UV LEDsswith a
300 µm disk diameterd. We have achieved an optical power
output of 0.35 mW and a power density of 0.48 W/cm2 at 20
mA swhile the maximum optical power and power density
are 1.1 mW and 1.5 W/cm2, respectivelyd. With the incorpo-
ration of the optimized growth condition of the electron
blocking layer, we observed enhancement in the UV LED
output power. The long-wavelength components were sig-
nificantly reduced in the EL spectrum. We believe the im-
proved material quality of the electron blocking layer played
an important role in suppressing the long-wavelength com-
ponents in the EL spectrum. Further improvement of the con-
ductivity of the Mg-doped AlGaN epilayer is required to
further enhance the efficiency and performance of deep-UV
LEDs, especially when shorter-wavelength emission is re-
quired.

In summary, we have grown Mg-doped Al0.7Ga0.3N ep-
ilayers with improved quality by MOCVD. Electrical and
optical properties of the epilayers were studied. We obtained
a resistivity around 105V cm at 300 K and ap-type resistiv-
ity of about 40V cm at 800 K. The energy level of Mg was
estimated to be around 400 meV for Al0.7Ga0.3N epilayer
from the temperature dependence of the resistivity. The fun-
damental limit ofp-type conductivity of Mg-doped Al-rich
Al xGa1−xN alloys was also addressed. The optimized Mg-
doped Al0.7Ga0.3N epilayer was incorporated into the
deep-UV LEDs280 nmd structure as electron blocking lay-
ers, which significantly improved the LED performance.
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FIG. 3. sL-Id of a circularsd=300mmd deep-UV LEDs280 nmd. Inset is an
optical microscope image of the fabricated LED.
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