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This paper presents EL intensity mapping on a p-n junction plane of
vertical GaN diodes under forward biased conditions for the first time. By
this mapping, it has been discovered that current crowding has existed
corresponding to naturally formed surface stripes on epitaxial layers
grown on freestanding GaN substrates. Detailed analyses by AFM and
TOF-SIMS clarified that concentration of doped Mg acceptors on one
slope of the stripe was higher than that on the other slope. The higher Mg-
concentration region should have lower electric resistances, which would
cause the current crowding. By improving the surface flatness, the current
crowding was suppressed and a low specific on-resistance was obtained.

I. Introduction

Gallium Nitride (GaN) has excellent physical properties compared with those of the
commonly used Si, such as a wide band gap, a high breakdown electric field, a high
saturation-drift velocity, and a high thermal conductivity. By these properties, great
attentions have been paid for GaN in applications to highly efficient power devices.
GaN p-n junction diodes with high breakdown voltages (VB) have been reported by
several researchers [1]-[5]. In a recent paper, the record VB of 4.7 kV combined with a
low specific differential on-resistance (Ron) of 1.7 mQcm? was achieved [5]. Crystal
growth and device-fabrication technologies of GaN devices are not as matured as those
of Si and SiC; hence in-depth investigations are still required. GaN fortunately is a
direct energy-band gap a semiconductor and strong electroluminescence (EL) occurs by
recombination of electrons and holes under forward-biased conditions, which leads
considerable reduction of Ron [6]-[7]. The EL intensity is proportional to injected
current; therefore, microscopic EL mapping can give information on local current
distributions in the p-n junction plane. In this study, we have succeeded to obtain clear
EL images by introducing a transparent cathode electrode. We found anomalous EL
images with striped patterns which corresponded to surface morphologies of the GaN p-
n junction epitaxial wafers. Improvement of current-voltage characteristics have been
obtained with a smooth featureless wafer.

Il. Experimental

The detailed schematic structure of the p-n diode is shown in Fig.1. The layer structure
was grown by metal-organic vapor-phase epitaxy (MOVPE) on a free-standing GaN
substrate fabricated by the void-assisted separation (VAS) method with threading
dislocation densities less than 3 x 10° cm™ [8]-[9]. Electron density, mobility, diameter
and thickness of the used substrate were 1.5x10'® cm™, 40 cm?/Vs, 2 inch and 0.4 mm,
respectively.  Trimethylgallium (TMG), ammonia (NH3), bicyclopentadienyl-
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magnesium (Cp2Mg), and silane (SiH4) were used as precursors. Drift layers under the
p-GaN layer consisted of n-GaN with a Si concentration of 1 x 10!* cm™ and n"-GaN
with a Si concentration of 8 x 10" cm™. A smooth surface wafer and a naturally stripe-
patterned wafer with the same layer structure were prepared.

For device processing, a mesa dry etching was performed which was followed by a
deposition of Pd/Ni (200 nm/100 nm) circular electrode with a diameter of 200 pm on
exposed p'-GaN as an ohmic contact, and field plate (FP) metal electrode of Ti/Al (30
nm/250 nm) was deposited on the ohmic metal. The FP structure has been proved to be
effective in the electric field relaxation [1]. Finally, Indium-Tin-Oxide (ITO) (500 nm)
was deposited on the rear face of the GaN substrate to form a transparent cathode
electrode for evaluation of the EL

emission intensity in the p-n junction Pd/Ni p*-GaN: Mg
region directly. After deposition of the (2:10206rm™3), 30 nm
ITO, post thermal annealing was
carried out at 500 ° C for 30 minutes
under an air atmosphere in order to
increase  the  transmittance by
compensating for oxygen vacancies.
Current-voltage (I-V) characteristics
were evaluated using Agilent BIS05A n"—GaN: Si (0.8x10'5 cm=), 15 pum
combined with an ultra-high-voltage
unit at room temperature. The EL
mapping was performed from the n-GaN:Si (2x10'8 cm2), 2 um
backside of the diodes by Horiba's
LabRAM HR system. An atomic force
microscope (AFN) was used for the
evacuations on the surface roughness
and Time-of-Fright Secondary Ion
Mass Spectrometry (TOF-SIMS) for Fig.1. Schematic cross section of the GaN
impurity-distribution mapping of the P junction diode with the FP structure.
wafer.
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I11. Results and Discussions

Figure 2 shows the AFM image of the GaN
wafer with the striped surface morphology.
Repeated V-shaped stripes were observed.
Along the diagonal line with a length of 100
um in the figure, the height distribution by
cross-sectional AFM image is shown in Fig. 3.
The difference in height between peak and
valley was about 70 nm. A convex area was
formed by slopes with different angles of
inclination. The gentle slope had larger
roughness than that of the sharp slope by
observation of detailed AFM images (not

shown in the figure). Fig.2. AFM image of the GaN
wafer with the striped surface
morphology.




Figure 4 is an optical
microscopic  image of the
fabricated p-n junction diode with
the Pd anode electrode of 400 um
in diameter. The striped surface
morphology = was  observed.
Figure 5 shows the microscopic
EL mapping image of the same

diode under forward biased
conditions. The EL image showed
corresponding pattern to the
image in Fig4. By careful

Fig.4. Optical microscopic image

of the GaN wafer with Pd
electrode of 400 um in diameter.

comparison, it was found that the
gentle slopes exhibited higher EL
intensity. Impurity mapping image
was taken by TOF-SIMS in order to
clarify the cause of the
inhomogeneous EL emission. Figure
6 shows the mapping image of Mg
distribution. It was found that the
Mg concentration was higher in the
gentle slope than that of the sharp
slope. It is conceivable that capture
efficiency of Mg during the
MOVPE growth would be higher on
the gentle slope with the larger
roughness which generated more
atomic steps on the surface.

I-V  characteristics of the diodes
with smooth (peak-to-valley height <
20 nm) and striped (peak-to-valley

peak to valley:72.8 nm
Ra=17.4 nm
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Fig.3. Cross-sectional AFM image of the GaN
wafer with the striped surface morphology.
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Fig.5. Microscopic EL mapping image of the

diode under forward biased conditions.
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Fig.6. Plan-view Mg distribution of GaN p-n
diode wafer by TOF-SIMS (150 x 150 pm?).



height > 50 nm) surfaces are shown in
Fig. 7. The current characteristics in
the logarithmic scale did not differ
much by the roughness. The ideality
factors of the diodes were between 1
and 2 at the current range < 10 A/cm?
which suggested the absence of
leakage current. But at the high current
region > 100 A/cm?, the diodes with
the smooth surface showed lower Ron
than those with the striped surface.
Figure 8 shows a summary of Ron of
the diodes fabricated in this study.
Apparently the diodes with the smooth
surface had low Ron's with a small
deviation of < 2 %. The deviation for

the striped surface diodes was about 7 %.

These results suggested that precisely
controlled epitaxial layers in surface
quality would be essential for
fabricating high performance GaN p-n
junction diodes.

IV. Conclusions

EL intensity mapping on a p-n
junction plane of vertical GaN power
diodes  under  forward  biased
conditions has been successfully
observed by introducing transparent
cathode electrodes for the first time.
Existence of the current crowding was
found with corresponding patterns of
naturally formed surface
The

GaN substrates.

surfaces showed low Ron.
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