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We investigated the minority carrier diffusion length inp- and n-GaN by performing
electron-beam-induced current measurements of GaNp–n junction diodes. Minority electron
diffusion length inp-GaN strongly depended on the Mg doping concentration for relatively low
dislocation density below 108 cm−2. It increased from 220 to 950 nm with decreasing Mg doping
concentration from 331019 to 431018 cm−3. For relatively high dislocation density above
109 cm−2, it was less than 300 nm and independent of the Mg doping concentration. On the other
hand, the minority hole diffusion length inn-GaN was shorter than 250 nm and less affected by the
dislocation density and Si doping concentration. We discuss the doping-concentration and
dislocation-density dependence of minority carrier diffusion length. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1861116g
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The recent progress of nitride heterojunction bip
transistorssHBTsd sRefs. 1–3d will open the door to high
power and high-temperature electronics applications.
minority carrier diffusion length in the base layer of HBTs
one of the key factors determining device characteris
However, there have been few systematic reports on the
ing concentration and dislocation density dependence o
nority carrier diffusion length. Electron beam induced c
rent sEBICd measurements have been carried out
determine the diffusion length normal to thec-axis using
Schottky diodes,4–8 but the Mg doping concentration depe
dence of electron diffusion length or the minority carrier
fusion length parallel toc-axis has not been reported. In a
dition, for EBIC measurements ofp–n junction diodes,9–11

the doping concentration and dislocation density depend
of the minority carrier diffusion length has not been pre
ously reported. Considering the minority carrier transpo
the base layer of HBTs, it is important to clarify the char
teristics of the minority carrier parallel to thec-axis. There
fore, in this paper, we investigate and discuss the do
concentration and dislocation density dependence of m
ity carrier diffusion length parallel to thec-axis in Si-doped
and Mg-doped GaN by EBIC measurements of GaNp–n
junction diodes.

GaN p–n junction diode structures were grown by m
alorganic vapor phase epitaxysMOVPEd. We used th
MOVPE-grown GaN templates onc-face sapphire substrat
or bulk GaN substrates. We grew a 1-mm-thick undoped
GaN, a 1-mm-thick Si-doped GaN, a 0.7-mm-thick Mg-
doped GaN, and a 0.3-mm-thick Mg-doped GaN conta
layer. The growth temperature was 1000 °C. The disloca
densitysNdisd of the GaN substrates was varied from 106 to
mid-107 cm−2 and that of the GaN templates from
3107 to 23109 cm−2, respectively. The Si doping conce

17 18 −3
trations forn-GaN were 4310 and 4310 cm . The Mg
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doping concentration was also varied from 431018 to 3
31019 cm−3. To make good Ohmic contacts, the Mg dop
concentration was fixed at 331019 cm−3 for the p-type con-
tact layer. After the growth, all samples were anneale
700 °C in nitrogen to obtainp-type conduction. Separa
variable-temperature Hall effect measurements showed
the hole concentration of the Mg-doped GaN at room
perature was around 1–331017 cm−3 under these Mg dop
ing concentrations, and that the acceptor concentration
above 1018 cm−3, indicating that the depletion layer
p-GaN is 60-nm-thick at most.

The p–n junction diode structures were fabricated us
the standard photolithographic technique and electron c
tron resonance plasma etching. The Ohmic metals forn- and
p-GaN were Al/Au and Ni/Au, respectively. All meta
were deposited by electron beam evaporation after the
face oxides had been removed by an HCl solution.
samples were cleaved and then mounted on a stage
scanning electron microscopesSEMd. EBIC measuremen
were carried out with the SEM system equipped with a
rent amplifier unitsHITACHI S-4100d. The electron bea
scanned the cleaved surface perpendicular to the plane
p–n junction. The electron-beam acceleration voltageVacc
was 10 kV. Since the lateral size of excitation volume
proportional to theVacc

1.75,12 the low acceleration voltage
preferable to improve the measurement resolution. On
other hand, an electron-beam with a low acceleration vo
will produce electron-hole pairs close to the surface, ma
the effect of surface recombination worse. Cathodolum
cencesCLd measurements have revealed that the CL in
sity of GaN band edge emission drastically decrease
acceleration voltages less than 10 kV.13 This indicates tha
the generated electron-hole pairs were strongly affecte
the surface state, that is, the surface recombination, fo
celeration voltages of less than 10 kV. Therefore, the a

eration voltage was chosen to be 10 kV to achieve high reso-
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lution and to decrease the effect of surface recombina
Under these measurement conditions, the resolution o
EBIC measurements was estimated to be better than 5
Figure 1 shows the typical line scan profile obtained by
EBIC measurement. We determined the minority carrier
fusion lengthL by least-square fitting the obtained EB
profiles to the simple equationI ~exps−x/Ld, whereI is the
total collected current andx is the relative beam position.14

Figure 2 shows the minority electron diffusion length
Mg-doped GaN as a function of the dislocation density. S
squares and open and solid circles correspond to the
doping concentration of 431018, 131019, and 3
31019 cm−3, respectively. For relatively low dislocation de
sity below 108 cm−2, the minority electron diffusion leng
depended on the Mg doping concentration and was al
constant irrespective of the dislocation density. The diffu
length drastically increased with decreasing Mg doping
centration. Its values were around 220, 700, and 950 nm
the Mg doping concentration of 331019, 131019, and 4
31018 cm−3, respectively. On the other hand, for relativ
high dislocation density above 108 cm−2, it is clear that the
diffusion length decreased with increasing dislocation
sity. The diffusion lengths were around 300 nm or less e
though the Mg-doping concentration was relatively low
31018 cm−3.

For relatively low dislocation density below 108 cm−2,
the average period of dislocation was considered to be
enoughs.1 mmd compared with the minority electron d
fusion length. Therefore, the dominant recombina
mechanism for minority electrons might not have been

FIG. 1. Typical line scan profile obtained by EBIC measurement.

FIG. 2. The minority electron diffusion length in Mg-doped GaN as a f
tion of the dislocation density. The solid curves were obtained by fittin

the experimental data.
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dislocations, but Mg-related impurities. It is expected th
nearest-neighbor associate of an isolated Mg atom in th
site and a nitrogen vacancy as well as the acceptor is fo
in GaN when Mg is heavily doped above 1019 cm−3 into
GaN in MOVPE growth. These associates act as dee
nors. The deep donors partially compensate the acce
so-called “self-compensation,” resulting in the degrada
of the electrical properties of Mg-doped GaN, such as
creased carrier mobility. Therefore, the minority electron
fusion length depended strongly on the Mg doping con
tration for relatively low dislocation density below 108 cm−2.
On the other hand, for relatively high dislocation den
above 108 cm−2, the minority electron diffusion length d
not depend on Mg doping concentration, but on the disl
tion density in GaN. The average distance between dis
tions is about 220 nm at the dislocation density o
3109 cm−2, where the minority carrier diffusion length w
smaller than 300 nm, irrespective of the Mg doping con
tration. This means that minority electrons recombine
dislocations, resulting in the minority electron diffus
length being limited by the dislocation density at relativ
high dislocation densities, in particular, above 109 cm−2.

In EBIC measurements under low acceleration vol
below 20 kV, almost all reported values of minority elect
diffusion length in Mg-doped GaN are less th
300 nm.6,7,9,10 The relatively short electron diffusion leng
can be ascribed to the heavy Mg doping above 1019 cm−3 or
relatively high dislocation density above 109 cm−2 in GaN.

Figure 3 shows the minority hole diffusion length in
doped GaN as a function of the dislocation density. Solid
open circles correspond to the Si doping concentration
31017 and 431018 cm−3, respectively. The minority ho
diffusion length was almost constant for low dislocation d
sity below 108 cm−2, and slightly decreased above the di
cation density of 109 cm−2. The hole diffusion length als
slightly decreased with increasing Si doping concentratio
number of studies have predicted and confirmed neg
charges located at the core of edge dislocations.11,15 These
dislocations might act as hole traps, which would decr
the hole diffusion length. However, in the present work,
hole diffusion length was almost constant and its value
less than 250 nm even in the low dislocation density and
Si doping concentration. These results indicate that the
nority hole diffusion length is essentially shorter than

FIG. 3. The minority hole diffusion length in Si-doped GaN as a functio
the dislocation density. The solid curves were obtained by fitting to
experimental data.
electron one due to the low hole mobility and/or short life-
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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time. Therefore, minority holes are less affected by disl
tions and impurities, as shown in Fig. 3.

Bandić et al. have reported a simple model for minor
carrier lifetime as a function of the dislocation densit16

They assume that linear dislocations are distributed in a
agonal “honeycomb-type” array. The minority carrier li
time, due to recombination at the dislocationsstdisd was ob-
tained by solving the diffusion equation using the parame
of the diffusivity sDd and the radius of the dislocation. If w
assume that the lifetime without recombination at the d
cations is given byt0, then the total minority carrier lifetim
is represented byt−1=t0

−1+tdis
−1. The minority carrier diffu

sion length L were obtained by the equationL=ÎDt
=ÎskBTm /edt sutilizing the Einstein relationship betweenD
andmd, wherekB is the Boltzman constant,T is temperature
m is the mobility. The mobility depends on the doping c
centration due to carrier scattering at the ionized dop
Therefore, the minority carrier diffusion length was affec
by the dislocation density and the doping concentration.
electrical properties of the dislocations has been chara
ized by scanning Kelvin force microscope.17 Considering th
tip radius of the probe and the tip-induced depletion,
radius of the dislocation core was estimated to be ar
10 nm. Therefore, we assumed that the dislocation ra
was 10 nm. According to the model described above
fitted the experimental data. The solid curves in Figs. 2 a
show the fitting results, obtained by varying the mobilitym
and the lifetime without scattering at the dislocationt0. Table
I summarizes the fitting results from EBIC measureme
The minority electron mobilities were calculated to be 1
113, and 32 cm2/V s for the Mg-doping concentrations
431018, 131019, and 331019 cm−3, respectively. The ele
tron lifetimes without scattering at the dislocation were
2.0, and 0.6 ns, respectively. The mobility drastically
creased at the heavy Mg-doping concentration o
31019 cm−3, indicating that the electrical properties of M
doped GaN were degraded as described before. In Si-d
GaN for the dislocation density below 109 cm−2, it was re-
ported that the majority electron mobility is mainly limit
not by the dislocation density but by the dop
concentration.18 The mobility values decrease with incre
ing the Si-doping concentration, and they are 170, 100,
60 cm2/V s for the carrier concentration of 431018, 1
31019, and 631019 cm−3, respectively.18 These reporte
majority electron mobility values agree with the mino
electron mobility values derived from the EBIC results.
the other hand, the minority hole mobilities were calcula
to be 26 and 23 cm2/V s for the Si-doping concentrations
431017 and 431018, respectively. Both lifetimes witho
scattering at the dislocation were 0.7–0.8 ns. It was rep
that the majority hole mobility values in Mg-doped GaN

2 17

TABLE I. Summary of fitting results from EBIC measurements.

Sample
Doping

concentrationscm−3d
Minority
carrier

Mobility
fcm2/V sg

Lifetime
st0d snsd

p-GaN 431018 electron 139 2.4
p-GaN 131019 electron 113 2.0
p-GaN 331019 electron 32 0.6
n-GaN 431017 hole 26 0.8
n-GaN 431018 hole 23 0.7
22 and 13 cm/V s for the hole concentration of 3310 and
Downloaded 24 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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131018 cm−3 and their Mg-doping concentration of 1
31019 and 831019 cm−3, respectively.19 The reported ma
jority hole mobility values agree with the minority hole m
bility values derived from the EBIC results.

This result indicates that the minority hole essent
has the lower mobility and shorter lifetime than those
minority electron. The relatively large hole mobility co
pared with the majority hole mobility inp-GaN was ascribe
to the lower impurity concentration in Si-doped GaN t
that in Mg-doped GaNsabove 1019 cm−3d.

In summary, we have investigated the doping conce
tion and dislocation density dependence of minority ca
diffusion length parallel to thec-axis by EBIC measuremen
of GaN p–n junction diodes. The diode structures w
grown by MOVPE on GaN with various dislocation den
ties. Mg and Si doping concentrations were varied to in
tigate the influence of the impurities on the minority car
diffusion length. Minority electron diffusion length depend
on the Mg doping concentration at relatively low disloca
density and was limited by the dislocation density at r
tively high dislocation densities. On the other hand, the
diffusion length was less affected by the dislocation den
and the Si doping concentration, showing that hole diffu
length was essentially shorter than the electron one. A si
model for the minority carrier lifetime including recombin
tion at dislocations gave a good fit to the experimenta
sults.
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