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To mimic selective-area doping, p-GaN was regrown on an etched GaN surface on GaN substrates
by metalorganic chemical vapor deposition. Vertical GaN-on-GaN p-n diodes were fabricated to
investigate the effects of the etch-then-regrowth process on device performance. The crystal quality
of the sample after each epitaxial step was characterized by X-ray diffraction, where the etch-then-
regrowth process led to a very slight increase in edge dislocations. A regrowth interfacial layer was
clearly shown by transmission electron microscopy. Strong electroluminescence was observed with
three emission peaks at 2.2¢eV, 2.8eV, and 3.0eV. The forward current density increased slightly
with increasing temperature, while the reverse current density was almost temperature independent
indicating tunneling as the reverse transport mechanism. This result is very similar to the reported
Zener tunnel diode comprising a high doping profile at the junction interface. High levels of silicon
and oxygen concentrations were observed at the regrowth interface with a distribution width of
~100nm. This work provides valuable information on p-GaN regrowth and regrown GaN p-n
diodes, which can serve as an important reference for developing selective doping for advanced
GaN power electronics for high voltage and high power applications. Published by AIP Publishing.
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Gallium nitride (GaN) power devices have become one
of the most promising candidates for application in power
electronic systems, offering remarkable improvements in
energy conversion efficiency, switching frequency, and sys-
tem volume.'™ As one of the most important fundamental
building blocks of semiconductor electronic devices, p—n
junctions, created by doping methods using ion implantation,
diffusion of dopants, or epitaxy, are also of great importance
in fabricating GaN power devices. However, although these
doping methods are mature and commonly used in silicon
(Si) and gallium arsenide (GaAs) devices, they are still diffi-
cult to implement for GaN, especially regarding p-type dop-
ing. It was found that GaN was not very resistant to ion
beam disordering, and this problem became more severe at
higher dose ion implantation.* Currently, it is still difficult to
make good ohmic contacts on p-GaN by ion implantation.’
For diffusion of dopants, the understanding of this process in
GaN is still in its infancy. The high density of dislocations in
GaN can strongly affect the effective diffusion penetration
depth and surface dissociation becomes significant during
high temperature annealing, which makes the diffusion
method also difficult for GaN.® Epitaxy on GaN substrates
may partly solve these issues due to the reduced dislocation
density in the materials and doping during growth is still the
most effective way to achieving well-controlled doping.
Moreover, to fabricate high-performance GaN power devices
and integrated circuits, selective-area doping is indispens-
able. However, a very few results have been reported on
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selective regrowth of GaN p—n diodes, and the physical mech-
anisms are still not clear,” ' especially on regrown p-GaN."!
In this work, to mimic the selective-area doping, p-GaN was
regrown on unintentionally doped (UID) GaN with an etched
surface. The crystal quality, surface roughness, and regrowth
interface were investigated. Vertical GaN-on-GaN p—n diodes
were also fabricated to investigate the effects of the etch-then-
regrowth process on device performance.

The samples were homoepitaxially grown by metalor-
ganic chemical vapor deposition (MOCVD) on c-plane n'*-
GaN free-standing substrates with a carrier concentration of
~10"cm ™ from Sumitomo Electric Industries Ltd. The
growth temperature was ~1040°C and hydrogen (H,) was
used as the carrier gas. 2-um-thick UID-GaN epilayers were
first grown on the substrate and then etched away 500 nm by
an inductively coupled plasma (ICP). A 900-nm-thick p-
GaN layer, with a Cp,Mg flow rate of 0.15 yumol/min, was
regrown on the etched surface. The activation of the regrown
p-GaN was carried out by rapid thermal annealing at 700 °C
for 20min in a N, environment. The schematic structures
and the regrowth process are shown in Fig. 1.

ICP etching

B

GaN Sub.

GaN Sub.

FIG. 1. Schematic structures and the regrowth process of the p-n junction on
GaN substrates.
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Figure 2(a) shows the X-ray diffraction (XRD) omega
rocking curves (RCs) for symmetric (002) and asymmetric
(102) reflections of the regrown sample. The full-width-half-
maxima (FWHMSs) of the (002) and (102) planes are 57.0 arc
sec and 27.0arc sec, respectively. The dislocation density
was estimated to be 3.5 x 10° cm72, which is much smaller
than that of typical GaN-on-sapphire epilayers.'? Figure 2(b)
shows the FWHMs of (002) and (102) RCs of each step,
including after the UID-GaN, after the etching and after the
regrown p-GaN. A very slight increase in the (102) FWHM
was observed, which indicates that edge dislocations were
affected by the etch-then-regrowth process.'>'* The root-
mean-square (RMS) surface roughness of the regrown p-
GaN was 0.66nm, as measured by Bruker’s Dimension
atomic force microscopy (AFM) as shown in Fig. 2(c).

Vertical GaN-on-GaN p—n diodes were fabricated on the
regrown sample by conventional processes. The sample was
first cleaned in acetone and isopropyl alcohol under ultraso-
nication and then dipped in hydrochloric acid to remove
native surface oxides before metal depositions. Pd/Ni/Au
(10nm/20nm/50 nm) metal stacks were deposited by
electron-beam evaporation for p-GaN ohmic contacts. Mesa
isolations, with diameters ranging from 90 um to 210 um,
were formed by the chlorine-based ICP dry etching with an
ICP power of 400 W, a RF power of 70 W, and a pressure of
5 mTorr. Ti/Al/Ni/Au (20 nm/130 nm/50 nm/150 nm) metal
stacks were also deposited by electron-beam evaporation for
n-GaN ohmic contacts on the backside of the GaN substrate.
Current-voltage (/-V) and capacitance-voltage (C-V) charac-
teristics were measured using a Keithley 4200-SCS parame-
ter analyzer and breakdown characteristics were measured
with a Keithley 2410 sourcemeter.

During the forward /-V measurements, strong visible
electroluminescence (EL) was observed, as shown in Fig. 3.
Three EL peaks were found at 2.2eV, 2.8eV, and 3.0eV,
respectively, by fitting the EL spectrum using Gaussian
equations. The schematic of transition processes for these
peaks are shown in the inset of Fig. 3. The 2.2eV peak was
related to the well-known yellow luminescence in GaN,
which is due to the capture of conduction band electrons by
a deep acceptor level centered at 2.2eV below the conduc-
tion band edge (CBE).'” The 2.8 eV peak originated from the
donor-acceptor pair (DAP) luminescence, i.e., the transition
from a deep donor level (~0.4 eV below the CBE) to the Mg
acceptor level, which is ~0.2eV above the valence band
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FIG. 2. (a) XRD omega rocking curves of (002) and (102) reflection of
regrown p-GaN. (b) FWHMs after UID-GaN, after etching and after
regrown p-GaN. (c) Surface morphology by AFM (5 um X 5 um).
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FIG. 3. EL spectrum of the regrown p-n junction and peaks by Gaussian fit-
ting. The left inset shows the optical image of the light emission from the
device under test. The right inset shows the energy levels in GaN.

edge (VBE).'®!” The 3.0eV peak was due to the transition
from the deep donor to the VBE. The EL intensity of the
regrown p—n diode is much lower than that of the as-grown
diode indicating that the regrown interface contains many
non-radiative recombination centers.

Figures 4(a) and 4(b) show temperature-dependent /-V
curves of the regrown p—n diode. The turn-on voltage was
3.7V, as extracted from linear extrapolation. It is a little
larger than that of a typical as-grown GaN p—n diode, which
could be due to the high recombination current, along with a
large series resistance and minor shunt leakage currents.'"'®
The non-radiative recombination centers at the regrowth
interface also lead to an abnormally larger ideality factor of
over 5. The forward current density increased slightly with
the increase in temperature, while the reverse current density
was almost temperature independent indicating that tunnel-
ing is the dominant process in the reverse transport mecha-
nism. This behavior is similar to the reported Zener tunnel
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FIG. 4. (a) Temperature-dependent forward /-V curves and differential on-
resistance in a linear scale. (b) /-V curves in a logarithmic scale and ideality
factors as functions of temperature. (¢) Summary of the ideality factor and
differential on-resistance as functions of temperature. (d) Reverse leakage
current densities vs. mesa diameters.
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diode consisting of a pt—n" junction.19 The origin of the n™-
GaN layer in the regrown p—n junction could be attributed to
the high Si concentration at the regrowth interface.”® This
will be investigated in detail in the following paragraph. We
observed a slight decrease in the differential on-resistance
with increasing temperature, as seen in Fig. 4(c). On-
resistance is inversely proportional to electron mobility and
carrier concentration. Since the electron mobility is reduced
at high temperatures due to enhanced phonon scattering, this
suggests that the increased carrier concentration caused the
decrease in on-resistance at elevated temperatures.”® This
also led to the decrease in the ideality factor due to the
changes in the slopes of forward temperature-dependent /-V
curves. In Fig. 4(d), the reverse leakage currents were nor-
malized by the mesa area with diameters ranging from
90 pum to 210 um. It was found that the area-normalized leak-
age currents were almost the same at all voltages for differ-
ent diameters, showing that the leakage current was
proportional to the area of the devices. This indicates that the
major leakage contributor was the bulk leakage current,
instead of perimeter or sidewall leakage, where the leakage
current is proportional to the diameter.

Figures 5(a)-5(c) show C-V curves of the regrown p—n
diodes with various diameters at 10kHz, 100kHz, and
1 MHz, respectively. The frequency dispersion of the capaci-
tance is indicative of defects distributed in the material. The
area dispersion of the capacitance was also observed at
1 MHz, while this was not found at lower frequencies of 10
kHz and 100 kHz. This could result from the increased con-
ductance (not shown here) or leakage due to the decreased
impedance at high frequencies. Using a one-sided abrupt
junction model, the relationship between capacitance, deple-
tion width, and doping concentration can be given by>'

EGaN
Cy= 1
T (1)
d(1/C3) —2 @)
AV qegav(Nj — Ny +N,)’

where C, is the depletion-layer capacitance per unit area,
egan 18 the dielectric constant of GaN, W, is the depletion
width, Ny is the ionized donor concentration, N4~ is the
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FIG. 6. Net charge concentration as a function of depletion width at 10 kHz
and 100 kHz for the regrown p-n junction (a) without an inserting layer and
(b) with an UID-GaN inserting layer.

ionized acceptor concentration, and N, is the equivalent
charge concentration of traps contributing to the frequency
dispersion of the capacitance. Figure 6(a) shows the net
charge concentration, (Np"™ — N4y~ + N,), as a function of
depletion width at 10 kHz and 100kHz for the regrown p—n
junction. There was a remarkably high positive charge con-
centration on the order of 10°°~10'” cm ™, when the depletion
width varied from 10 nm to 100 nm. This was attributed to the
positively charged ionized donors at the interface with a dis-
tribution width of ~100nm, which is consistent with the sec-
ondary-ion-mass spectrometry (SIMS) results shown in Fig. 7
and the reported results.”® These donors were attributed to the
high Si and oxygen (O) atoms at the regrowth interface. To
further demonstrate this, another sample was also grown with
a similar structure to aforementioned samples, except that a
275-nm-thick UID-GaN layer was regrown first as an inser-
tion layer between p-GaN and etched UID-GaN. Figure 6(b)
shows the net charge concentration as a function of depletion
width at 10 kHz and 100kHz for the regrown p—n junction
with the UID-GaN insertion layer. The net charge concentra-
tion near p-GaN decreased by several orders of magnitude,
since the regrowth interface was now located farther away
from p-GaN. The high positive charge concentration was
now moved to ~300nm where the regrowth interface was
included in the depletion region. These results show that the
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UID-GaN

100 nm
—
FIG. 8. TEM images of the regrown p-n junction.

etch-then-regrowth process introduced a high donor concen-
tration layer at the regrowth interface.

Figure 8 shows transmission electron microscopy
(TEM) images of the regrown p—n junction. A clear regrowth
interfacial layer can be seen between the regrown p-GaN and
UID-GaN. Due to the high Si-donor concentration at the
regrowth interface, a thin n"-GaN layer was formed right
below the regrown p-GaN after the etch-then-regrowth pro-
cess. This made the regrown p—n junction act like a Zener
tunnel diode, which explains the tunneling dominated
reverse leakage mechanism in Fig. 4(b). The enhanced local
electric field created by high Si concentration at the interface
also led to the premature breakdown of the junction and a
low breakdown field of 1.04 MV/cm, which is much lower
than the as-grown sample (~3.4 MV/cm). This high donor
concentration layer at the regrowth interface could be useful,
such as for n"-type doping, and should be eliminated in other
cases since it enhances the local electric field.

In conclusion, GaN-on-GaN vertical p—n diodes with
regrown p-GaN by MOCVD have been investigated. It was
found that the etch-then-regrowth process could lead to a
very slight increase in edge dislocations as revealed by
XRD, and a clear regrowth interfacial layer by TEM. EL
emission peaks for the regrown sample were related to the
deep donor, the deep acceptor, and the Mg acceptor. -V and
C-V results suggested that the etch-then-regrowth process
introduced a high donor concentration layer at the regrowth
interface, as confirmed by the SMIS result. This made the
regrown p—n diode act like a Zener tunnel diode, with tem-
perature independent reverse leakage. This work can provide
critical guidance for demonstrating advanced GaN power
devices that involve the regrowth process.
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