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Localized Epitaxial Growth of 402 V Breakdown Voltage
Quasi-Vertical GaN-on-Si p-n Diode on 200 mm-Diameter

Wafers

Thomas Kaltsounis,* Mohammed El Amrani, David Plaza Arguello, Hala El Rammouz,
Vishwajeet Maurya, Matthieu Lafossas, Simona Torrengo, Helge Haas,
Laurent Mendizabal, Alain Gueugnot, Denis Mariolle, Thomas Jalabert, Julien Buckley,

Yvon Cordier, and Matthew Charles

Localized epitaxy of gallium nitride (GaN) on silicon (Si) wafers is an efficient way
to relax elastically the tensile stress generated in the GaN layer after growth,
allowing epitaxy of thick layers for the fabrication of vertical power devices
operating at high voltage. In this study, a 4.7 pm-thick GaN layer is grown by
metal-organic vapor phase epitaxy on 200 mm-diameter Si wafers for the fab-
rication of quasi-vertical Schottky and p-n diodes. The uniformity of the doping
concentration in the layer is mapped spatially by scanning spreading resistance
microscopy, while scanning capacitance microscopy illustrates the differently doped
regions in the p-n diode. The net doping concentration is extracted by capacitance—
voltage (C-V) measurements and it is found to be about 3 x 10'®cm 2. On a
140 pm-diameter quasi-vertical p-n diode, destructive breakdown occurs at 402V,
with no periphery protection on the device, demonstrating that localized epitaxy of

GaN on Si has great potential for vertical high-power devices.

1. Introduction

Power electronics have a wide range of applications, from devices
operating at low voltages, for example, in portable electronics, to
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devices operating at high voltages, for
example, in power transmission and distri-
bution systems. Although during the past
decades, devices based on silicon (Si) have
dominated this field, wide-bandgap semi-
conductor materials, such as gallium
nitride (GaN) and silicon carbide (SiC),
have great potential to replace Si in elec-
tronic applications.”! In particular, the 11
times higher breakdown electric field of
GaN (GaN: 3.3MVem™}, Si: 0.3 MV em™)
means that for a given film thickness, GaN-
based devices can operate at voltages 11
times higher than their Si-based counter-
parts, and can be significantly smaller, giv-
ing potential for lower cost and higher
frequency operation. In addition, the larger
bandgap energy of GaN makes the devices
capable to operate at temperatures greater
than 300 °C, which are twice the maximum of those for Si-based
components.m

Silicon carbide is an excellent alternative wide-bandgap semi-
conductor, however, GaN grown on 200 mm-diameter wafers
remains an attractive option. The lower wafer and epitaxy cost,
along with the lower technological barriers of processing
large-diameter wafers, make Si wafers an excellent alternative
to the native GaN substrates, which may show varying quality
and limited availability.’! Moreover, Si, when compared to other
low-cost substrates, such as sapphire, shows good electrical and
thermal conductivity. Nonetheless, it should be noted that the
large lattice mismatch between GaN and Si causes structural
defects and a high threading dislocation density in the grown
GaN layer.

For the growth of GaN on Si, buffer layers are necessary, first,
because of the meltback etching effect between Ga and $i,”” and
second, to control the large tensile strain generated in the grown
GaN layer, after cooling from the growth temperature, due to the
large difference in the thermal expansion coefficients between
GaN and Si. The buffer layers, AIN and AlGaN, introduce a com-
pressive strain in the structure to compensate for this tensile
strain.!® For thicker GaN layers, it is difficult to maintain suffi-
cient compressive strain in the layers, thus, limiting the thick-
ness of crack-free GaN layers that can be achieved on planar
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Si wafers to 7 pm."”! Localized epitaxial growth enables the relax-
ation of this tensile stress elastically, and thus, thicker GaN layers
can be grown.

During localized epitaxial growth, Ga atoms diffuse on the
mask toward the openings where growth takes place. As a result,
the growth can expand both laterally, covering a part of the mask,
and vertically with the formation of super elevations. That means
that the thickness of the layers in the areas adjacent to the mask
openings is greater than that at the center, thus, the thickness is
not uniform. The extent of this phenomenon depends on the
conditions and duration of the growth, but also on the mask area
surrounding the openings. Another effect of this diffusion is the
possible etching of the mask and the incorporation of atoms that
are good n-type dopants of GaN, such as silicon and oxygen.
Consequently, using conventional dielectrics such as SiO, or
SiN for masking the growth leads to a final GaN layer with high
unintentional doping.®? In a previous study, we showed that
using an Al,O; mask, a very low unintentional doping concen-
tration, around 10'® cm ™2, is achieved.”!

Vertical power devices can be fabricated on these thicker GaN
layers. To achieve greater breakdown voltages (BV) with the ver-
tical configuration, it is sufficient to increase the thickness of the
grown layers.'” Furthermore, the thermal management of the
vertical devices is easier, given that the electric field is more uni-
form and the current distribution is more spread.' Finally, the
dynamic performance of such devices is improved, due to
the fact that high carbon doping is not necessary to ensure insu-
lating layers.

The operation at a voltage of 1200 V requires an n-doped GaN
drift layer of thickness 10 pm with a low doping concentration in
the order of 10'® cm™>. This work is an intermediate step toward
the achievement of these objectives. The purpose is to validate
whether such a low doping concentration can be obtained after
the selective area growth. In addition, the growth conditions of
the layer are verified, by growing layers of half the target thick-
ness, and ensuring that crack-free structures are grown. In this
study, two samples are grown, one meant for the fabrication of a
Schottky diode and one for a p-n diode, both as quasi-vertical
devices. Capacitance—Voltage (C-V) measurements are used to
extract the net doping concentration Np-Nu of the drift layer,
and the breakdown voltage of the layer is measured by reverse
bias -V measurements. Finally, scanning spreading resistance
microscopy (SSRM) and scanning capacitance microscopy
(SCM) are employed as techniques to electrically characterize
the cross-section of the layer and provide spatial information
on the doping concentration.

2. Experimental Section

The growth of the samples was carried out on a single-wafer
AIXTRON Crius-R200 metal-organic vapor phase epitaxy tool,
on 200 mm-diameter Si (111) wafers. Buffer layers of AIN and
AlGaN, an undoped 300 nm-thick GaN layer, and three differ-
ently n-doped GaN layers were grown to serve as the template.
The three GaN layers had a thickness of 350 nm each and their
doping concentrations were 5 x 10'%, 5 x 107, and 5 x 10" cm ™3
from the bottom to the top of the template structure. The purpose
of these layers is to serve as a reference for the evaluation of the
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doping concentration of the drift layer, during the measurements
on the cross-section of the sample. A 50 nm-thick Al,0; mask
was deposited by atomic layer deposition at 300°C on these
layers, which was then patterned with photolithography and
etched. Localized epitaxial growth was subsequently performed
on the openings of this mask. Since their doping concentrations
are known, the three n-doped GaN layers could be used as a ref-
erence for the characterization of the doping concentration of the
regrown layer on the cross-section of the samples.

On both samples, an intentionally doped GaN layer was grown
at 1040 °C, with a nominal growth rate of 1.5 umh ™" (for planar
wafer growth). The pressure of the chamber was 400 mbar, the
NH; flow was set at 10 slm and the growth time was 2h. The
dopant of the layer was Si and its intended doping concentration
was 1 x 10" cm™>. For the p-n diode, in addition, on top of the
n-GaN layer, a 400 nm-thick p-type Mg-doped GaN layer was
grown, with an intended concentration 4 x 10'® cm ™. The pre-
cursors for gallium, silicon, and magnesium were trimethyl gal-
lium (TMGa), silane (SiHy4), and cyclopentadienyl-magnesium
(Cp.Mg), respectively. For Si doping, the SiH, flow rate value
was set as that for a planar wafer growth. As the growth was selec-
tive, the Al,0; mask was not removed after the growth. Figure 1
shows a schematic of the sample grown for the fabrication of the
quasi-vertical p-n diode.

Cross-sections were prepared by first cleaving the samples and
then finalized by ionic polishing in a Leica TIC-3X tool.

SSRM is based on contact-mode atomic force microscopy
(AFM) and it can provide an accurate spatial mapping of the dop-
ing concentration in a GaN layer. During the measurement, high
forces may be applied on the tip to penetrate the oxide layer that
can be formed on the surface, thus, doped-diamond-coated tips
are used. The local resistivity of the sample can be extracted from
the electrical current flowing through the biased surface and the
conductive tip.'¥ Since a current logarithmic amplifier with a
range from 10 pA to 0.1 mA is used, the resistance of both high-
and low-doped semiconducting regions can be measured.!** The
regrown GaN layer was contacted by applying silver paint to the
bottom n-GaN layers, and the SSRM measurements were con-
ducted in the air on a Bruker Dimension ICON AFM tool at
atmospheric pressure.

p-GaN:Mg [4E18]

* AlLLO; mask

MGaN:si [11¢) l

Si(111) supysyryy .

Figure 1. Schematic of the sample grown for the fabrication of the p-n
diode.
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SCM is also based on contact-mode AFM. Usually, this tech-
nique is used on an oxidized surface, to form a metal-oxide—
semiconductor capacitor between the conductive tip, the oxide
layer, and the semiconductor. However, the technique can be
efficient in the absence of the oxide layer, like in this study, pro-
vided that a Schottky barrier is formed between the semiconduc-
tor and the tip.'* An AC bias is applied to the tip, inducing
capacitance changes in the doped layer, due to the accumulation
or depletion of the carriers. A change in the local capacitance AC
depends on the local carrier density, when there is a small change
in the bias (AV). The magnitude of this capacitance change may
give information on the dopant concentration whereas the sign
of the charges can be determined by the difference in phase
between the capacitance change and the AC bias.!""!

Finally, anode and cathode contacts were deposited to fabricate
the quasi-vertical devices. In the case of the p-n diode, the anneal-
ing of the p-layer by rapid thermal annealing was the first step.
The Ni/Au (50/150 nm) metal stack was deposited as the anode
contact and then annealed at 600 °C. Then, the Al,0; mask
around the mesa was etched by Cl,, and Ti/Al/Ni/Au
(95/200/20/265 nm) was deposited as the cathode contact. The
cathode was not annealed to maintain a low thermal budget
for the deposited anode contact. Despite the absence of anneal-
ing, the forward bias -V measurements of the diodes demon-
strated threshold voltages not limited by the behavior of the
cathode contact which is expected to be ohmic. For the
Schottky diode, the reversed process was followed, meaning that
first, the Al;O3; mask was etched and the Ti/Al/Ni/Au cathode
contact was deposited. Then it was annealed at 750°C and,
finally, the Ni/Au anode contact was deposited and annealed
at 400 °C. Forward -V measurements were used to examine
the electrical behavior of the diodes, and reverse bias I-V meas-
urements for the determination of the BV. In addition, the net
doping concentration was extracted from the C-V measure-
ments, using the 1 c v technique.

For the reference to the samples in the following sections, the
name of the fabricated diode will be used. That means that the
sample grown for the fabrication of a Schottky diode will be
referred as the Schottky sample and the other as the p-n sample.

3. Results and Discussion

In this study, an existing mask was used for the localized growth
of GaN. SSRM and SCM measurements were carried out on the
cross-sections of 90 pm-diameter circular structures, which have
different mask distances around them. Figure 2 shows the scan-
ning electron microscopy (SEM) image of these structures on the
p-n sample, and the patterns under study are noted on the image.

Mesa B Mesa D Mesa G

Figure 2. SEM image of the 90 pm-diameter circular structures with dif-
ferent mask distances around them on the p-n sample. The Al,O; mask
appears with the darker gray color and the mask distance in pm around
each mesa is shown with the yellow color.
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Due to lateral growth, the circular patterns change to a hexagonal
shape, especially when the mask distance (the distance between
both the central pattern area and the outside area where growth
occurs) is increased. Moreover, it can be seen that the thickness
across the diameter of the far-right structures is not uniform,
and, in particular, as the mask distance increases, the thickness
profile becomes less uniform. This is a result of the diffusion of
the Ga atoms. As the mask area around the opening increases,
more Ga atoms diffuse toward it, leading to the formation of
super elevations at the edges of the patterns, which are obvious
on the last two right mesas. Mesa B has a mask distance of
10 pm, mesa D and G have mask distances around them of
12 and 30 pm, respectively. These patterns were chosen to inves-
tigate if there would be an effect from the increasing size of the
mask area around them on the doping concentration of the final
structures.

First, the surface morphology of the two samples was investi-
gated. Figure 3a shows the top-view AFM measurements on
Mesa D on both samples. It can be seen that a crack-free surface
is obtained after growth and the atomic steps can be observed.
The root mean square surface roughness is 0.25nm for the
Schottky sample and 0.29 nm for the p-n sample.

Figure 3b shows the SSRM image obtained on the cross-
section of the edge of Mesa D biased at —6 V. The bottom layers
of known doping concentrations can be clearly distinguished and
the progressive decrease of the resistance can be seen. The
regrown GaN layer appears to have a uniform doping concentra-
tion, as intended. The change of color, and thus of the resistance,
at the edge of the structure is probably an artifact from the mea-
surement, rather than a significant change in the doping concen-
tration itself. By comparing the resistances of the different layers,
it is clear that the resistance of the regrown layer is higher than
that of the layer of doping concentration 5 x 10"®cm™.
Therefore, the doping concentration of the drift layer is definitely
lower than 1 x 10'"® cm ™. However, it is challenging to deter-
mine the order of magnitude of the doping concentration of
the regrown layer by referring to the lower n-GaN layers with
doping concentrations of 5 x 10" and 5 x 10"®cm™>. Further
measurements are therefore required to determine the doping
concentration of the regrown layer.

(a) (b)

14 log(Ohm)
13
12
11
10

1nm

5 x 10% cm
5x10%7 cm?
5x10% cm?

2 pm

Figure 3. a) Top-view AFM measurements on Mesa D on the Schottky
(top image) and on the p-n sample (bottom image) and b) SSRM mea-
surement on the cross-section of the Schottky sample on the edge of mesa
D biased at —6V. The doping concentrations of the bottom layers are
shown in yellow color.
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Figure 4. SCM measurements on the edge of the cross-section of a) Mesa B and b) Mesa G on the p-n sample under a DC bias of 0 V. P-doped regions are

shown in orange, and, n-doped regions are shown in blue.

SCM was performed on the cross-section of the p-n sample, to
evidence the n- and p-doped regions. Figure 4 shows the SCM
measurements on the edge of the cross-sections of Mesa B
(a, left) and Mesa G (b, right). Both measurements were con-
ducted under a DC bias of 0 V. The p-doped layer can be distin-
guished on the top of both structures as orange zones and the
n-doped drift layer are illustrated by blue. It is worth mentioning
that no p-doped region is observed at the edges of the structures
and this result is currently not fully understood. Regarding the
drift layer in Figure 4a, a change in the intensity of the signal at
the edge of the structure is seen, but this is an artifact of the
measurement, rather than a change in the doping concentration.
In Figure 4b, a uniform signal is acquired for the n-doped
drift layer.

For the fabrication of quasi-vertical devices, contacts were
deposited on 90 and 140 uym-diameter circular structures. The
mask distance around the structures was 10 pm. Figure 5a shows
the optical microscopy image of the p-n diode fabricated on the
140 pm-diameter structure, which is within the dotted yellow cir-
cle. The anode contact is shown with the dark color and the cir-
cular cathode contact is illustrated by the bright yellow color.
Stylus profilometry measurements were performed on the four
structures to extract their thickness profiles. We can observe in
Figure 5b that after the growth, the structures have a uniform
thickness, of around 4.7 and 5.2 pm for the Schottky and p-n
sample, respectively. From these measurements, we can deduce
that the thickness of the p-doped layer is about 500 nm, which is

higher than the nominal one by 100 nm, because of the extra
material coming from the diffusion of the Ga atoms during
the growth.

On these structures, forward and reverse -V measurements
were performed, to evaluate the electrical behavior of the diodes.
The normalization of the current to extract the current density
was with regard to the contact area. Figure 6a,b shows the for-
ward -V measurements on the four diodes in logarithmic and
linear scale, respectively. Regarding the Schottky sample, at 6V,
the output current density for the 140 pm-diameter diode
is 100 A cm ™2, whereas it is about 110 A cm 2 for the 90 pm-
diameter device. Regarding the p-n sample at the same voltage,
the 90 pm-diameter diode delivered a current density of a little
lower than 1kA cm™2, and the 140 pm-diameter diode achieved
a current density of 120 A cm ™2 Moreover, as can be seen in
Figure 6b, at 1Acm™2 the turn-on voltage for both the pn
diodes is about 3.3 V. For the Schottky diodes, the turn-on voltage
is about 1 V.

Reverse -V measurements were also performed to evaluate
the destructive breakdown voltage of the quasi-vertical devices,
as shown in Figure 6a. The compliance current, during the meas-
urements, was set to 10 mA and the normalization for the calcu-
lation of the current density was with respect to the anode contact
area. The BVs of the Schottky diodes were relatively low, 160 and
115V for the 90 and 140 pm-diameter circular structures, respec-
tively. In contrast, the p-n diodes showed much higher BVs. For
the 90 pm-diameter structure, destructive BV occurred at 259V,

(a) cathode (b)
s ¢ l‘ 3 6 —r T T T T T T T T T T
= 5F - \ A
g 4t ]
@3t i
@
£
S 2F 4
=
-1} 4
—— Schottky 90um p-n 90um
ok —— Schottky 140um —— p-n 140pm i
1 1 1 1 " 1 " 1 " 1 " 1 1 " 1

anode

" " 1 "
45 60 75 90 105 120 135 150
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Figure 5. a) Optical microscopy image of the contacts deposited on the 140 pm-diameter structure on the p-n sample and b) stylus profilometry on 90
and 140 pm-diameter circular structures on the Schottky (red lines) and p-n (blue lines) samples.
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Figure 6. a) Forward in log scale, b) forward in linear scale, and c) Reverse |-V measurements of the 90 and 140 pm-diameter circular structures on the

p-n and Schottky samples.

while for the 140 pm-diameter structure, the corresponding value
was 402 V. This is a high BV value achieved for a p-n diode with-
out any protection, and it is comparable to values reported in the
literature for diodes fabricated on planar GaN layers grown on Si
wafers. Figure 7 shows the BV versus thickness of Schottky and
p-n diodes fabricated on full wafer layers of GaN on Si wafers and
of the p-n diode fabricated in this study.'*? The leakage cur-
rent of the devices, in particular that of the 140 pm-diameter
p-n diode, is quite high, however, it should be noted that no
action was taken to limit it. Considering that no processing
was performed for the periphery protection of the devices, this
is a very promising result for the localized epitaxial growth of
GaN-on-Si wafers.

Finally, C-V measurements were carried out on the two struc-
tures on the p-n sample to extract the net doping concentration of
the drift layer. Figure 8a shows the 1 C™2 plot against the voltage
applied to the anode and the linear fitting for the extraction of the
doping concentration. Figure 8b shows the net doping concen-
tration versus the depletion width in the drift layer. The net
doping concentration is found to be around 2.7 x 10'®cm™>
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Figure 7. Breakdown voltage versus thickness of Schottky and p-n diodes
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Figure 8. a) 1 C2 versus voltage and extracted net doping concentrations
from the linear fitting and b) (Np—Na) versus depletion width for the 90
and 140 pm-diameter circular structures on the p-n sample.

and 3.3 x 10" cm ™ for the 90 pm-diameter and the 140 pm-
diameter circular diode, respectively. A possible explanation of
the present result is the contribution of donor impurities. Due
to the absence of silicon in the mask, oxygen could be suspected
to be the origin of the excess of donors. Also, at the present stage
of the study, it is possible that the SiH, flow used for doping the
drift layer is still too large and should be further reduced.
Forthcoming studies will focus on these questions.

4, Conclusion

In this study, we grew two samples by localized epitaxy to fabri-
cate quasi-vertical Schottky and p-n diodes. The SSRM showed a
uniform doping concentration in the drift layer and the SCM
measurements confirmed the successful localized epitaxy of
n- and p-doped layers, in the case of the p-n sample. The net dop-
ing concentration of the drift layer was calculated from C-V
measurements and it was found to be about 3 x 10" cm .
This value is higher than that intended, and it may indicate that
better adjustment of the SiH, flow is required for the growth of
this layer. Through reverse I-V measurements, a breakdown
voltage of 402 V was achieved for a quasi-vertical p-n diode fab-
ricated on a 4.7 pm-thick drift layer, with no periphery protection.
This value is the highest reported for a p-n diode grown by the
localized epitaxial growth of GaN on Si wafers. It is validated that
a low doping concentration can be obtained from the selective
area growth of GaN layers on Si wafers, thus, a high breakdown
voltage can be achieved. The next step would be the growth of
GaN layers with doubled thickness since crack-free structures
of half the targeted thickness were grown under the selected
growth conditions. This is a very promising result toward the
growth Dby localized epitaxy of GaN layers for the fabrication
of high-power vertical devices operating at 1200 V.
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