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1. Introduction

GaN-based devices offer great potential
for high-power and high-frequency applica-
tions. Nevertheless, most investigated
lateral high electron mobility transistor
(HEMT) structures suffer from high gate-
to-drain spacing to sustain high voltage/
high current operation. Vertical topologies
have been shown to have the potential to
overcome these limitations.[1–5] The cur-
rent aperture vertical electron transistor
(CAVET) has been proven to be a promis-
ing candidate for vertical GaN devices due
to low specific on-resistance and dispersion
free transistors.[6] However, GaN sub-
strates used for CAVETs, are still expensive
and small in size, making alternative sub-
strate materials more attractive for mass
production. Especially, quasi- and fully
vertical GaN-on-Si transistors are of great
interest as a cost effective and high scal-
able alternative to bulk GaN substrates.
Remarkable results have been already dem-
onstrated in metal-oxide semiconductor
field effect transistor (MOSFET) technology,

showing blocking voltages of over 800 V.[7,8] On the contrary,
despite the high potential of GaN-on-Si CAVETs, such structures
were not reported yet. A CAVET combines the high mobility and
carrier density of the AlGaN/GaN heterostructure with the high
packaging density of the vertical topology. In analogy to the dou-
ble diffused metal-oxide semiconductor field effect transistor
(DMOS) structure in Si technology, a current blocking layer
(CBL) provides a potential barrier for electrons between the
source and drain contact and serves as a current guide through
the aperture region. The peak electric field is buried in the bulk
material contrary to lateral HEMT avoiding surface-related break-
down.[9] A major challenge in the fabrication of CAVETs is the
formation of such CBL, while preserving a high quality of the
aperture region. The very thin channel in the final device struc-
ture and the resulting low distance between the doped CBL and
the 2D electron gas (2DEG) requires a high quality in surface
morphology after preparing the CBL by local doping. In addition,
the doping distribution during subsequent overgrowth needs to
be limited, to ensure proper 2DEG performance. In the past, ion
implantation[10] and selective area growth (SAG) using metalor-
ganic chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE)[11] were conducted to create the CBL. It was shown
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The current aperture vertical electron transistor (CAVET) combines the high
carrier mobility of the AlGaN/GaN heterostructure with the better electric field
distribution of the vertical topology, allowing for higher power densities if
compared with lateral high electron mobility transistors (HEMTs). The formation
of a current blocking layer (CBL), without degenerating the aperture region and
the subsequently overgrown AlGaN/GaN heterostructure is the key building
block of such devices. Herein, a comparison of GaN:Mg nonplanar selective area
growth (SAG) and Mg-ion implantation is carried out primarily focusing on
structural evolution, Mg distribution, and 2D electron gas (2DEG) performance.
The epitaxial growth process in SAG is correlated to local growth increase and
ridge development, and then optimized regarding mesa filling. AlGaN/GaN
regrowth is analyzed regarding structural evolution after overgrowth and Mg
distribution into the GaN channel. Considerably lower Mg-distribution into
subsequently grown layers is detected for implanted samples in agreement with
the electrical performance of the overgrown AlGaN/GaN heterostructures. A
GaN-on-Si quasivertical CAVET structure with an Mg-implanted CBL and 250 nm
channel thickness is fabricated. High surface quality and proper 2DEG perfor-
mance demonstrate the potential use of GaN-on-Si CAVET’s using Mg
implantation for CBL fabrication.
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that both types of process flows can potentially be used for
CAVET fabrication. Earlier research in SAG in GaN focused pri-
marily on dislocation density reduction by epitaxial lateral over-
growth (ELO)[12] and its related techniques.[13–15] Originally,
nonplanar SAG in (Al)GaN technology was introduced with a
focus on buried ridge laser diodes,[16] aiming to provide an elec-
trical and optical guide. More recently, this technique received
further attention on the regrowth of contact layers, to reduce
contact resistance and thermal budget to the heterostructures,
as compared with annealing processes for contact development
via Si implantation.[17–19] The attempt for a CAVET differs widely
due to subsequent overgrowth by an AlGaN/GaN structure,
which is highly sensitive to its underground. In particular, the
background doping[20] of the channel and the morphology[21]

of the aimed device structure need to be controlled precisely.
However, there is no detailed study on the epitaxial growth on
CBL via selected area growth of GaN:Mg and the influence on
the subsequent overgrowth of AlGaN/GaN. In this study, a full
MOCVD-based approach on quasivertical CAVETs on silicon
and sapphire substrates is presented, using nonplanar SAG and
ion implantation to form the CBL. A comparison of both potential
fabrication techniques is carried out with special attention to
structural evolution, doping distribution during overgrowth,
and the influence on the 2DEG performance of the final
heterostructures.

2. Device Layout and Process Flow

The total thickness of GaN layers on silicon substrates is
generally limited due to the high lattice mismatch and the
difference in thermal expansion coefficient.[22,23] The uid-GaN
(unintentionally doped) drift layer in a quasivertical structure
with a standard strain management, using a step grade AlGaN
buffer, is also limited in thickness to avoid cracking and excessive
bowing issues. In our structure, a 1.2 μm uid-GaN drift layer and
a 300 nm GaN:Mg CBL were used. A 300 nm nþ-GaN drain
contact for the quasivertical setup was buried between the
AlGaN buffer and the drift layers. The current aperture had a
width of 10 μm. The dimension of the gate contact was chosen
to result in 2 μm gate-aperture overlap to ensure accurate gate
control.[9] A 250 nm uid-GaN channel was deposited, due to best
trade-off characteristics between on-state resistance, source
leakage, and potential interference with the p-type-doped CBL.[11]

The resulting current distribution of such a device was simulated
using a self-consistent Poisson-solver and is shown in
Figure 1.

The fabrication of a CAVET requires a regrowth process in any
case regardless of the used process flow. In this work, the aperture
region is first grown by MOCVD. Afterward, the CBL is defined
by either SAG or ion implantation, as shown in Figure 2. In the
case of SAG, the wafers are masked to define an aperture region
by mesa etching. To fill up these mesas, a subsequent epitaxial
regrowth is performed, resulting in the formation of a CBL
adjacent to the undoped aperture region. No etching is necessary
in the case of ion implantation. Nevertheless, both types of
process flows require a subsequent overgrowth of the GaN
channel and the AlGaN barrier to finalize the device structure.

3. CBL Formation

GaN templates were grown by MOCVD on sapphire substrates
with a 0.9 μm-thick Fe-compensated GaN layer followed by a
2 μm unintentionally doped GaN layer. All templates had a sheet
resistance of >80 kΩ□�1. A SiOx/SixNy dielectric mask
(�220 nm; deposited by plasma-enhanced chemical vapor depo-
sition) was then used for the chlorine-based dry etching process
of mesas with a depth of around 350 nm. The root mean square
(RMS) of the etched samples were in the same range as the tem-
plates after growth (RMS �0.4 nm in a 10� 10 μm2 scan). The
same dielectric mask was used for the subsequent SAG of the p-
CBL. MOCVD growth pressure and temperature were varied at
the beginning of deposition, to investigate the impact of the
growth regime on the filling of the mesas and the surface mor-
phology close to the masked area. A V/III ratio of 3200 was used
in all of the analyzed growth conditions. Optimized mesa filling
was observed at low pressure of 50mbar and 1030 �C surface
temperature. As the pressure was increased to 200mbar, a mod-
est roughening was noted close to the masked area. Scanning
electron microscopy (SEM) images, shown in Figure 3, revealed
that the filling of the mesa is not entirely completed, yet.
Particularly, areas with low filling factor (low ratio of masked
to unmasked area) revealed that the mesa have not been
completely closed by SAG. Holes in the epitaxial layer were
noticeable, thus they gradually decrease by increasing the dis-
tance from the dielectric mask. A starting 3D-growth mode
clearly dominated at high growth pressure of 400mbar leading
to increased roughening and island-style growth adjacent to the
dielectric mask. Only partial nucleation sites seemed to occur in
thinner stripes, probably as result of lower adatom mobility. The
degradation of the crystalline quality seemed to be limited to the
area very close to the dielectric mask. The remaining layer did not
show any surface roughening, similar to the reference wafers
without any dielectric mask for all pressure regimes. We used
the low-pressure regime at 50mbar to investigate the effect of

Figure 1. 2D current distribution in a quasivertical CAVET structure.
Aperture width¼ 10 μm; GaN-channel thickness¼ 250 nm; Gate-aperture
overlap¼ 2 μm. Drain contact layer thickness¼ 300 nm. Drift layer
thickness¼ 1.2 μm.
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temperature on SAG. A pronounced effect was only noted for
high growth temperatures of 1070 �C, as the morphology of
the regrown GaN layers clearly degraded. Moreover, the morpho-
logical change was not restricted to areas close to the dielectric
mask or with low filling factor but for the whole layer.
Degradation resulting from low growth temperature (990 �C)
was only slightly visible. Regardless of the applied growth
regime, a ridge developed close to the masked area. Due to
the excessive amount of adatoms, the growth rates close to
the mesa region increased massively when compared with the
regions in far distance to the dielectric mask. To investigate
the ridge development atomic force microscopy (AFM) profiling
on stripes with 45 μm length and 10 μm width was conducted
(Figure 4a). Cross-sections along m-direction [1-100] and a-direc-
tion [11-20] have been carried out, as shown in Figure 4b. The
growth rates and the widths of developed ridges in dependence
on the applied growth regime are shown in Figure 4c,d, respec-
tively. In all cases, the grown layers had a growth rate far away
from masked areas between 0.60 and 0.68 μmh�1. A local
increase in the growth rate at the ridges from 1.10 to
1.55 μmh�1 is observed with decreasing pressure and from
1.28 to 1.61 μmh�1 with decreasing temperature. In contrast
to a decreasing growth rate, the ridge width increased with
growth temperature and pressure. In addition, the ridges showed

a symmetrical shape along m-plane [1-100] as reported by
Heikmann et al.[24] but had an asymmetrical character along
a-plane [11-20] probably as a result of the off-cut of the
sapphire substrate. For the alternative CAVET structures, Mg
implantation with an energy of 100 keV at 7� off-cut to
form the p-CBL was also investigated. A low implant dose of
2� 1014 cm�2 was applied to prevent the amorphization of the
implanted layer. First, equivalent GaN-on-sapphire templates were
taken as a direct comparison with the CAVET structures obtained
by SAG. A second set of GaN templates were later grown on sili-
con substrates using an AlGaN step graded buffer to reduce lattice
mismatch-induced strain. A 300 nm GaN:Ge drain contact layer
was deposited followed by an 1.2 μm uid-GaN drift layer, similar
to the simulated CAVET structure. The aperture regions were pro-
tected by a 3 μm-thick photoresist. The Mg-implanted layers were
analyzed by AFM and Nomarski differential interference contrast
(NDIC) microscopy before and after implantation, but a morpho-
logical change was not observed on neither of the substrates.

4. AlGaN/GaN Overgrowth

Concerning the final CAVET structure, the issue of Mg diffusion
at high growth temperatures[25] needs to be addressed, to prevent

Figure 2. Process flow of the fabricated CAVET structures in this work. The upper part shows the CBL formation by mesa etching and subsequent nonplanar
SAG. The lower part illustrates the formation of the CBL by ion implantation. Both structures are finished by planar regrowth of an AlGaN/GaN heterostructure.

Figure 3. Scanning electron microscopy images of the SAG growth at 50 (left), 200 (center), and 400 mbar (right). With increasing pressure, a clear
degradation of the mesa filling is observable. At high growth pressure (400mbar), only partial nucleation occurs in etched structures between the SiO/SiN
dielectric mask.
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dopant distribution to the vicinity of the barrier channel inter-
face. An interference with the 2DEG would significantly limit
the device performance due to compensation of carriers by
Mg acceptors. In a first set of experiments, to evaluate the
electrical performance of AlGaN/GaN heterostructures, test
structures were overgrown on Mg-doped (samples A, B, and
C) and Mg-implanted (D) templates on sapphire substrates.
Prior to overgrowth, sample A was submitted to a buffered hydro-
fluoric acid (BHF) solution for 2min, to remove the Mg-enriched
surface layer. Sample B had an additional oxygen plasma
treatment prior to BHF etching as done for sample A. Sample
C was overgrown without any pretreatment. A supplemental
sample (E) without a Mg-doped layer served as a reference
sample. All samples had a channel thickness of 500 nm. The elec-
trical characteristics of the regrown heterostructures and their
surface morphology are shown in Table 1. The heterostructures
deposited on samples with Mg doping by MOCVD (A–C), show a
considerable degradation in the electrical performance in com-
parison with the implanted (D) and the reference sample (E).
On the contrary, surface morphology and quality does not seem
to be a crucial element contributing to electrical degradation as
an increase in surface roughness or change in morphological
characteristics was not observable. However, secondary ion mass
spectroscopy (SIMS) measurements revealed a perceivably differ-
ent Mg distribution between samples B, C, and D, as shown in

Figure 5. As the Mg decay was nearly identical to sample B, sam-
ple A is neglected in this figure. To mark the regrowth interface
(RI), we included the Si signal of the reference sample. Si
enriched GaN interfaces are a commonly observed feature of
regrowth.[26,27] The acidic treatment of Mg-doped layers with
diluted hydrofluoric acid (HF) or BHF, was shown to be an effec-
tive removal of the Mg-rich surface, reducing segregation
effects.[28] In our case, a positive impact was also noticed, which
is consistent with the aforementioned electrical characteristics,
as the Mg concentration seemed to drop earlier after the RI.
However, a faster decay rate of the Mg profile, as mentioned

Figure 4. a) 3D schematic of the resulting ridge of the nonplanar SAG obtained using Bruker’s NanoScope Analysis software; b) corresponding cross-
section along a- [11-20] andm-directions [1-100] of the ridge; the flat part in the center corresponds to the dielectric mask; c) growth rate and ridge width
as a function of temperature; d) growth rate and ridge width in dependence on pressure.

Table 1. Electrical characteristics of AlGaN/GaN on sapphire substrates
on Mg-doped samples.

Samplea) RsEDDY
[Ω□�1]

RsHALL

[Ω□�1]
μ

[cm2 Vs�1]
nSHEET

[cm�2]
RMSb)

[nm]

A (BHF) 2370 1940 591 8.1� 1012 0.56

B (O2þ BHF) 1800 1644 839 4.5� 1012 0.54

C (as grown) 19 400 n.aa) n.aa) n.aa) 0.63

D (Mg impl.) 502 455 896 1.3� 1013 0.84

E (reference) 410 407 1080 1.2� 1013 0.53

a)High resistance, no ohmic behavior; b)10� 10 μm2 scan.
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in the study by Xing et al.,[28] was not observed. A considerably
sharper Mg profile was perceived for sample D with a decay rate
of 40 nmdec�1 in the range of 5� 1018–5� 1017 cm�3. The fast
decay of the Mg concentration resulting in better separation from
the 2DEG matched with the significantly improved electrical
results. The measured sheet resistance of 455Ω□�1 (Hall mea-
surement in van der Pauw geometry) was only slightly higher if
compared with the reference sample (407Ω□�1). The slightly
lower mobility of sample D is probably attributed by the increase
in RMS and sheet carrier density, when compared with sample E.
As a second step, the test structures were replicated on conduc-
tive silicon substrates, as described in Section 3. The channel
thickness was reduced to 250 nm, as in the proposed device
structure in Section 2. High-resolution X-ray diffraction
(HRXRD) analysis revealed an Al content of 23%, a barrier
thickness of 24 nm, and a GaN cap thickness of 3 nm. The
capacitance–voltage (CV) profile and the conductance divided
by the angular frequency (G/ω) of the resulting HEMT structure
on the Mg-implanted layer is shown in Figure 6. A depletion was

observable in addition to a negligible hysteresis of the forward
and backward measurements. The peak of the G/ω, solely result-
ing from the displacement and depletion of the interface
states,[29] confirmed the presence of the 2DEG. A sheet carrier
density of 4.8� 1012 cm�2 was derived from the CV profile as
described by Ambacher et al.[21] A surface roughness of
0.49 nm was measured by a 10� 10 μm2 scan. Similar electrical
and morphological results were obtained for the reference
structure on uid-GaN-on-Si structures. To even further decrease
the Mg distribution into the overgrown layer, the growth temper-
ature of the GaN channel was reduced from 1000 to 900 �C.
However, no significant improvement of the Mg decay was
observed. CV measurements did not show any depletion in
the measured range, in contrast to the heterostructures grown
on implanted Mg layers. Finally, the AlGaN/GaN overgrowth
was replicated on selectively implanted and selective regrown
Mg-doped samples on silicon and sapphire substrates, respec-
tively. As described earlier, no morphological change was
observed for the derived CAVET-structures fabricated via Mg
implantation in comparison with the reference wafers. A surface
roughness of around 0.6 nm was obtained by AFM (Figure 7b),
independent of the measured wafer position. In contrast, the
morphological trend of the ridge development remained for
CAVET structures obtained via SAG. Figure 7c,d shows the
NDIC image of a CAVET structure after AlGaN/GaN over-
growth. The surface morphology, due to the ridge around the
dielectric mask used in the nonplanar SAG, was preserved after
the overgrowth of the channel and barrier layer. AFM analyses
showed, that surface steps of larger than 100 nm were measur-
able as a result of SAG. These ridge-like structures were shown
in the past to limit the breakdown voltage in CAVETs,[9,11] This
was explained by the local conductivity increase close to the
masked area occurring for Si-containing dielectrics as a result of
autodoping[24] and due to an increase in impurity incorporation
due to the growth on inclined facets after dry etching.[30]

5. Conclusion

The growth and fabrication of quasivertical CAVET structures
were investigated regarding structural evolution, Mg doping
distribution, and electrical performance of an overgrown
AlGaN/GaN heterostructure. At low growth pressure, nonplanar
SAG achieved the most promising results. However, regardless
of the growth regime, a ridge with an asymmetrical character
along a-plane was observed. About 2.5 times higher local growth
rates were derived from AFM measurements because of the
excessive amount of adatoms close to the dielectric mask. A cor-
relation between ridge width, local growth rate, and applied
growth regime was shown. Mg distribution during AlGaN/GaN
overgrowth was determined by SIMS measurements. A positive
effect of HF pretreatment was observable with considerably
sharper doping profiles for Mg-implanted samples. The observa-
tions were in good agreement with the electrical results obtained
by Eddy-current and Hall measurements, whereas no significant
difference in sheet resistance was observed for Mg-implanted
samples. HEMT-structures on Mg-doped samples showed an
increase in sheet resistance as a result of Mg diffusion or segre-
gation. CV measurements revealed proper 2DEG behavior for

Figure 5. SIMS depth profile of Mg distribution after AlGaN/GaN over-
growth for the sample B, C, D, and the Si signal of sample E (equivalent
to the RI).

Figure 6. C–V and G/ω–V profiles of a HEMT structure with 250 nm GaN-
channel on Mg-implanted layer.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2020, 2000379 2000379 (5 of 7) © 2020 The Authors. Published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


AlGaN/GaN HEMTs on conductive silicon substrates overgrown
after Mg implantation. The final planar overgrowth on structured
samples showed, that the morphology of the selectively regrown
samples was preserved. On the contrary, AlGaN/GaN over-
growth on Mg-implanted structures did not show any surface
degradation regardless of the analyzed position on the wafer.

6. Experimental Section
The epitaxial growth process was carried out in two different MOCVD

reactors, one with a horizontal stream and one with a vertical gas stream.
Standard precursors for nitride semiconductor growth were used for the
supply of nitrogen (ammonia—NH3), gallium (trimethylgallium—TMGa),
and aluminum (trimethylaluminum—TMAl). A mixture of nitrogen and
hydrogen was supplied as carrier gas. Bis(cyclopentadienyl)magnesium
(Cp2Mg), bis(cyclopentadienyl)iron (Cp2Fe), and isobutylgermane
(C4H12Ge) were used as dopants to attain Mg, Fe, and Ge doping, respec-
tively. A 3 00 sapphire with a thickness of 560 μm and 100mm silicon with a
thickness of 800 μm served as substrates for the epitaxial growth.

Surface morphology was evaluated by NDIC and AFM in tapping mode.
Mesa filling of the SAG-regrown samples was supplementary analyzed by
SEM with 5 kV acceleration voltage at different scanning angles. To detect
theMg and Si distribution of the samples described in this work, SIMS was
used. SIMS profiling was recorded using 5 keV Cs primary ions at an
imping angle of 45� and detecting MgCsþ and SiCs� secondary ions.
Relative sensitivity factors (RSFs) were used for quantitative calibration of
the secondary ions with RSF¼ CM/(IM/Iref ). CM is the concentration of the
element (Mg or Si) and IM and Iref are the secondary-ion intensity of the
element (Mg or Si) and the secondary-ion intensity of a reference sample.
HRXRD measurements were carried out using Cu Kα1 radiation with a
two-bounce Ge 220 monochromator and a triple axis Ge 220 analyzer setup

to determine AlGaN barrier and GaN cap thickness and the Al content of the
barrier and crystalline quality. CV measurements were carried out by a mer-
cury probe setup. An operating alternating current (AC) voltage of 50mV at
10 kHz was applied. Forward (þ to �) and backward (� to þ) measure-
ments were carried out subsequently betweenþ0.5 and�5 V. The conduc-
tance was directly divided by the angular frequency, which results in the
same dimension as for the capacitance.[31] The sheet resistance was
measured by a Lehighton Eddy-current measurement system and by
Hall measurements in van der Pauw geometry. Hall measurements were
also used to determine the sheet carrier density and the carrier mobility.
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Figure 7. a) A 10� 10 μm2 AFM image of a HEMT structure on Mg-implanted GaN-on-Si; b) 10� 10 μm2 AFM image of a HEMT structure on nonplanar
SAG p-GaN on sapphire; c) NDIC image of a regrown AlGaN/GaN structure onMg-implanted GaN-on-Si; d) NDIC image of a round CAVET structure of a
regrown HEMT structure on nonplanar SAG p-GaN on sapphire.
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