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We investigated the minority carrier diffusion length ip- and n-GaN by performing
electron-beam-induced current measurements of @aN junction diodes. Minority electron
diffusion length inp-GaN strongly depended on the Mg doping concentration for relatively low
dislocation density below £&m2. It increased from 220 to 950 nm with decreasing Mg doping
concentration from X 10%to 4x 10 cmi 3. For relatively high dislocation density above

10° cmi?, it was less than 300 nm and independent of the Mg doping concentration. On the other
hand, the minority hole diffusion length mGaN 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 lengti2005 American Institute of
Physics[DOI: 10.1063/1.1861116

The recent progress of nitride heterojunction bipolardoping concentration was also varied fromx40'®to 3
transistors(HBTs) (Refs. 1-3 will open the door to high- X 10 cm 3. To make good Ohmic contacts, the Mg doping
power and high-temperature electronics applications. Theoncentration was fixed at>x810'° cm for the p-type con-
minority carrier diffusion length in the base layer of HBTs is tact layer. After the growth, all samples were annealed at
one of the key factors determining device characteristics/00 °C in nitrogen to obtairp-type conduction. Separate
However, there have been few systematic reports on the dopariable-temperature Hall effect measurements showed that
ing concentration and dislocation density dependence of mithe hole concentration of the Mg-doped GaN at room tem-
nority carrier diffusion length. Electron beam induced cur-perature was around 1-310"" cm under these Mg dop-
rent (EBIC) measurements have been carried out tdNg concentrations, and that the acceptor concentration was
determine the diffusion length normal to theaxis using above 16°cm indicating that the depletion layer in

Schottky dioded;® but the Mg doping concentration depen- P-GaN is 60-nm-thick at most. _ ,
dence of electron diffusion length or the minority carrier dif- 1€ P—n junction diode structures were fabricated using

fusion length parallel t@-axis has not been reported. In ad- the standard photolithographic technique gnd electron cyclo-
dition, for EBIC measurements gf—n junction diodes-11  tronresonance plasma etching. The Ohmic metalsf@and

the doping concentration and dislocation density dependent%ggl\éevgigieﬁl/b";‘/ueliré?m':'L’i‘;’mﬁ‘zg%cg:\;ﬁgh gyterrnterlessur-
of the minority carrier diffusion length has not been previ- face oxides had been removed by an HCl solution. The

ously reported. Considering the minority carrier transport in
the base layer of HBTS, it is important to clarify the char(';lc—samlol.eS were cleav_ed and then mounted on a stage of a
teristics of the minorit 'carrier arallel to theaxis. There- scanning electron microscof&EM). EBIC measurements

y P ' were carried out with the SEM system equipped with a cur-

fore, in this paper, we investigate and discuss the dopingy ., o mpjifier unit(HITACHI S-4100. The electron beam
_concen_tratn_)n a_nd dislocation density depgnc_ienc_e of MINOscanned the cleaved surface perpendicular to the plane of the
ity carrier diffusion length parallel to the-axis in Si-doped

p—n junction. The electron-beam acceleration voltagg,
and Mg-doped GaN by EBIC measurements of Gath 45 10 kV. Since the lateral size of excitation volume was

junction diodes. proportional to theV:’5!? the low acceleration voltage is
GaN p—n junction diode structures were grown by met- preferable to improve the measurement resolution. On the
alorganic vapor phase epitaxfMOVPE). We used the qther hand, an electron-beam with a low acceleration voltage
MOVPE-grown GaN templates anface sapphire substrates || produce electron-hole pairs close to the surface, making
or bulk GaN substrates. We grew auln-thick undoped the effect of surface recombination worse. Cathodolumines-
GaN, a lum-thick Si-doped GaN, a 0.Zm-thick Mg-  cence(CL) measurements have revealed that the CL inten-
doped GaN, and a 0.@m-thick Mg-doped GaN contact sjty of GaN band edge emission drastically decreases for
layer. The growth temperature was 1000 °C. The dislocatiomcceleration voltages less than 10 ®/This indicates that
density (Ng) of the GaN substrates was varied fronf10  the generated electron-hole pairs were strongly affected by
mid-10' cm? and that of the GaN templates from 8 the surface state, that is, the surface recombination, for ac-
% 10" to 2% 10° cm?, respectively. The Si doping concen- celeration voltages of less than 10 kV. Therefore, the accel-
trations forn-GaN were 4x 10*” and 4x 108 cm™3. The Mg eration voltage was chosen to be 10 kV to achieve high reso-
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FIG. 1. Typical line scan profile obtained by EBIC measurement.  F|G. 3. The minority hole diffusion length in Si-doped GaN as a function of
the dislocation density. The solid curves were obtained by fitting to the
lution and to decrease the effect of surface recombinatiorfXPerimental data.

Under these measurement conditions, the resolution of the

EBIC measurements was estimated to be better than 50 nrflislocations, but Mg-related impurities. It is expected that a
Figure 1 shows the typical line scan profile obtained by thenearest-neighbor associate of an isolated Mg atom in the Ga

EBIC measurement. We determined the minority carrier dif-Site and a nitrogen vacancy as well as the acceptor is formed

fusion lengthL by least-square fitting the obtained EBIC

profiles to the simple equatidr<exp(—x/L), wherel is the

total collected current anklis the relative beam positiof.
Figure 2 shows the minority electron diffusion length in

in GaN when Mg is heavily doped above #@m3 into

GaN in MOVPE growth. These associates act as deep do-
nors. The deep donors partially compensate the acceptors,
so-called “self-compensation,” resulting in the degradation

Mg-doped GaN as a function of the dislocation density. Solidof the electrical properties of Mg-doped GaN, such as de-
squares and open and solid circles correspond to the Mgreased carrier mobility. Therefore, the minority electron dif-

doping concentration of %10%® 1x10% and 3
% 10'° cm3, respectively. For relatively low dislocation den-
sity below 1§ cm?, the minority electron diffusion length

fusion length depended strongly on the Mg doping concen-
tration for relatively low dislocation density below &6m2.
On the other hand, for relatively high dislocation density

depended on the Mg doping concentration and was almostbove 18 cm™?, the minority electron diffusion length did
constant irrespective of the dislocation density. The diffusiomot depend on Mg doping concentration, but on the disloca-
length drastically increased with decreasing Mg doping contion density in GaN. The average distance between disloca-
centration. Its values were around 220, 700, and 950 nm fofions is about 220 nm at the dislocation density of 2

the Mg doping concentration of X310'%, 1x10'° and 4
X 10'8 cm3, respectively. On the other hand, for relatively
high dislocation density above 48m?, it is clear that the

X 10° cmi 2, where the minority carrier diffusion length was
smaller than 300 nm, irrespective of the Mg doping concen-
tration. This means that minority electrons recombined at

diffusion length decreased with increasing dislocation dengjs|ocations, resulting in the minority electron diffusion
sity. The diffusion lengths were around 300 nm or less evellength being limited by the dislocation density at relatively

though the Mg-doping concentration was relatively low, 4

X 10'8 cmi 3,
For relatively low dislocation density below 46m—2,

the average period of dislocation was considered to be larggit,sion

enough(>1 um) compared with the minority electron dif-
fusion length. Therefore, the dominant

recombination

high dislocation densities, in particular, above® & 2.

In EBIC measurements under low acceleration voltage
below 20 kV, almost all reported values of minority electron
length in Mg-doped GaN are less than
300 nm®"*1%The relatively short electron diffusion length
can be ascribed to the heavy Mg doping abov® tén 3 or

mechanism for minority electrons might not have been therelatively high dislocation density above ®16m2 in GaN.
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FIG. 2. The minority electron diffusion length in Mg-doped GaN as a func-

Figure 3 shows the minority hole diffusion length in Si-
doped GaN as a function of the dislocation density. Solid and
open circles correspond to the Si doping concentration of 4
X 1017 and 4x 10* cm™3, respectively. The minority hole
diffusion length was almost constant for low dislocation den-
sity below 16 cmi?, and slightly decreased above the dislo-
cation density of 19cmi2 The hole diffusion length also
slightly decreased with increasing Si doping concentration. A
number of studies have predicted and confirmed negative
charges located at the core of edge dislocatfondThese
dislocations might act as hole traps, which would decrease
the hole diffusion length. However, in the present work, the
hole diffusion length was almost constant and its value was
less than 250 nm even in the low dislocation density and low
Si doping concentration. These results indicate that the mi-

tion of the dislocation density. The solid curves were obtained by fitting toNOrity hole diffusion length is essentially shorter than the

the experimental data.

electron one due to the low hole mobility and/or short life-
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TABLE I. Summary of fitting results from EBIC measurements. 1%x10® cm™3 and their Mg-doping concentration of 1.6
_ — = — X 10! and 8x 10'° cmi 3, respectively’ The reported ma-
Sample Concer'i‘r’a‘?t'i';?(cm_s) 'Vl'gronrg?’ [2"[;"2‘3}'{';3;] '(-;f?t'(r:; jority hole mobility values agree with the minority hole mo-
0 bility values derived from the EBIC results.
p-GaN 4x 1018 electron 139 2.4 This result indicates that the minority hole essentially
p-GaN 1X 10 electron 113 2.0 has the lower mobility and shorter lifetime than those of
p-GaN 3x 101 electron 32 0.6 minority electron. The relatively large hole mobility com-
n-GaN 4x 107 hole 26 0.8 pared with the majority hole mobility ip-GaN was ascribed
n-GaN 4x 10' hole 23 0.7 to the lower impurity concentration in Si-doped GaN than

that in Mg-doped GaNabove 1&° cm™3).

In summary, we have investigated the doping concentra-
time. Therefore, minority holes are less affected by dislocation and dislocation density dependence of minority carrier
tions and impurities, as shown in Fig. 3. diffusion length parallel to the-axis by EBIC measurements

Bandt et al. have reported a simple model for minority of GaN p-n junction diodes. The diode structures were
carrier lifetime as a function of the dislocation densfty. grown by MOVPE on GaN with various dislocation densi-
They assume that linear dislocations are distributed in a hexies. Mg and Si doping concentrations were varied to inves-
agonal “honeycomb-type” array. The minority carrier life- tigate the influence of the impurities on the minority carrier
time, due to recombination at the dislocatidiags) was ob-  diffusion length. Minority electron diffusion length depended
tained by solving the diffusion equation using the parametersn the Mg doping concentration at relatively low dislocation
of the diffusivity (D) and the radius of the dislocation. If we density and was limited by the dislocation density at rela-
assume that the lifetime without recombination at the dislotively high dislocation densities. On the other hand, the hole
cations is given byr, then the total minority carrier lifetime diffusion length was less affected by the dislocation density
is represented by =7 '+ 7L The minority carrier diffu- and the Si doping concentration, showing that hole diffusion
sion length L were obtained by the equatioh=VDr length was essentially shorter than the electron one. A simple
=\/(ksTu/€) 7 (utilizing the Einstein relationship betwedn  model for the minority carrier lifetime including recombina-
and ), wherekg is the Boltzman constari, is temperature, tion at dislocations gave a good fit to the experimental re-
w is the mobility. The mobility depends on the doping con- Sults.
centration due to carrier scattering at the ionized dopants. The authors thank Associate Professors Seiya Kasai of
Therefore, the minority carrier diffusion length was affectedHokkaido University for his fruitful discussions. They are
by the dislocation density and the doping concentration. Therateful to Dr. Yoshiro Hirayama, Dr. Hideaki Takayanagi,
electrical properties of the dislocations has been characteand Dr. Sunao Ishihara for their encouragement throughout
ized by scanning Kelvin force microscopeConsidering the  this work.
tip _radius of th_e prob_e and the tip—induced depletion, thelT. Makimoto, K. Kumakura, and N. Kobayashi, Appl. Phys. Lét®, 380
radius of the dislocation core was estimated to be around 2002.

10 nm. Therefore, we assumed that the dislocation radiugK. Kumakura, T. Makimoto, and N. Kobayashi, Appl. Phys. Le#D,
was 10 nm. According to the model described above, we 3841(2002.

fitted the experimental data. The solid curves in Figs. 2 and 3163%?;&2;0' K. Kumakura, and N. Kobayashi, Appl. Phys. Le8G,

show the fitting results, obtained by varying the mobility 4 ~chernyak, A. Osinsky, H. Temkin, J. W. Yang, Q. Chen, and M. A.
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