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Abstract—In this work, multi-finger current aperture
vertical electron transistors (CAVETSs) are fabricated with
co-integrated high electron mobility transistors (HEMTSs).
The devices are realized by Mg-ion implantation and met-
alorganic chemical vapor deposition (MOCVD) regrowth.
The intrinsic CAVET design is optimized for robust device
performance and applied on multi-finger devices having a
total gate periphery of Wg = 13.5 mm and Wg = 77 mm.
Mappings of the transfer characteristics revealed reliable
turn-off behavior demonstrating the suitability of the intrin-
sic device layout. The largest CAVETs revealed a total
on-state resistance of Roy = 1.67 Q and a maximum drain
current of Ip max = 20.3 A at Vgs = 3 V. A pulse robustness
of PpyLs =976 W at Vpgs = 50 V and a pulsewidth of 500 us
is shown without thermal destruction. Additionally, HEMTs
are co-integrated on-chip. This combination of HEMTs and
reliable large area CAVETs enables the design of high-
performance, monolithically integrated GaN power circuits
(GaN power ICs) based on the CAVET technology.

Index Terms— Current aperture vertical electron transis-
tor (CAVET), GaN, power electronics, vertical transistor.
aN-BASED devices offer great potential for high power
G switching applications due to their superior physical
properties, compared to Si and SiC [1], [2]. The most investi-
gated AlGaN/GaN high electron mobility transistor (HEMT)
has already entered the high-power and high-frequency elec-
tronics market [3], [4]. However, for high power applications,

the lateral technology suffers from high gate-to-drain spac-
ing to sustain high voltage operation. In contrast, vertical

|. INTRODUCTION

Manuscript received May 3, 2021; revised June 22, 2021 and
August 18, 2021; accepted August 31, 2021. Date of publication Sep-
tember 9, 2021; date of current version October 22, 2021. This work was
supported in part by the Deutsche Forschungsgemeinschaft (DFG) under
Grant AM 105/47-1 and in part by Fraunhofer Society under VERTIGO
Grant. The review of this article was arranged by Editor S. Chowdhury.
(Corresponding author: Philipp Déring.)

Philipp Déring is with the Department of Power Electronics,
Albert-Ludwigs-Universitat Freiburg, 79108 Freiburg im Breisgau,
Germany (e-mail: philipp.doering @inatech.uni-freiburg.de).

Rachid Driad, Richard Reiner, Patrick Waltereit, Stefano Leone, and
Michael Mikulla are with Fraunhofer Institute for Applied Solid State
Physics (Fraunhofer IAF), 79108 Freiburg im Breisgau, Germany.

Oliver Ambacher is with the Department of Power Electronics,
Albert-Ludwigs-Universitat Freiburg, 79108 Freiburg im Breisgau,
Germany, and also with Fraunhofer Institute for Applied Solid State
Physics (Fraunhofer IAF), 79108 Freiburg im Breisgau, Germany.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TED.2021.3109840.

Digital Object Identifier 10.1109/TED.2021.3109840

This work is licensed under a Creative Commons Attribution 4.0 License.

devices offer better area efficiency in the high voltage region,
as the drift region can be scaled independently of the chip
area. In contrast to other reported vertical GaN transistor
designs [5]-[9], the current aperture vertical electron transistor
(CAVET) combines the advantage of the vertical depletion-
and drift-region with the proven gate—source module of the
lateral HEMT. This combination opens the possibility for
monolithic integration of gate drivers as well as protection
and sensor systems [10] of the low-voltage HEMT-technology
and simultaneously avoids the requirement of an intricate
field-plate design since the high electric field is moved into
the bulk material. In addition, the current blocking layer
(CBL), which serves as a potential barrier between the source
and drain in CAVET technology, can be used to shield the
low-voltage logic of the HEMT-technology from the high
drain/substrate potential of the vertical transistor, when con-
nected to the source contact. Even though CAVETs were
demonstrated by various fabrication strategies, the intrinsic
device design, the challenges in the fabrication process, and
their impact on the performance of the fabricated devices
are rarely explored [11]-[20]. The use of Mg-implantation
to form the CBL seems to be an advantageous process to
allow for the direct implementation of the HEMT surface
process technology. In contrast to CAVETs demonstrated by
Shibata ef al. [11] or Nie et al. [12], trench etching in the
active area can be avoided and a planar regrowth can be used to
finalize the CAVET structure, as the Mg-implantation process
leaves the surface morphology unaffected. Promising results of
CAVETs were presented [17] with Mg-implanted CBL’s fab-
ricated by molecular beam epitaxy (MBE) regrowth to prevent
Mg-diffusion from the CBL, which compensates the 2-D elec-
tron gas (2DEG) at the AlGaN/GaN interface [14]. However,
these demonstrated devices were limited to the mA-range and
large periphery devices could not be demonstrated. We have
recently presented the first results on large area CAVETSs
completely grown by metalorganic chemical vapor deposition
(MOCVD) [21], which circumvents the need for an indus-
trially unsuitable and expensive MBE regrowth step [17].
In this work, recent progress on the technology of large
area CAVETs is presented with lateral HEMTs co-integrated
on-chip fabricated by Mg-implantation and MOCVD regrowth
under standard growth conditions. An analysis of the intrinsic
CAVET design and its impact on the ON-state and transfer
characteristics of the fabricated devices is given. An optimized
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Fig. 1. Schematic overview of the CAVET fabrication process and the
final device layout. (a) CBL-formation by Mg-ion implantation. (b) MOCVD
AlGaN/GaN regrowth. (c) Metallization and passivation. (d) Definition of
intrinsic design parameters. (e) On-chip HEMTs with CBL in vicinity to
the AlGaN-barrier. (f) CAVET schematic.

device layout is derived and applied on large area multi-finger
CAVETs with a chip size of 1 x 1 mm? and 2 x 2 mm?, and
their ON-state, transfer, OFF-state characteristics are analyzed
as well as their pulse power stability. Vertical and lateral
transistors are realized on-chip to compare the vertical device
performance directly as a function of the total gate width
and to demonstrate the possibility of a direct integration of
the AlGaN/GaN-HEMT. The combination of CAVETs and
on-chip integrated HEMTs enables the introduction of several
new design opportunities in the AlGaN/GaN-technology for
high-functional, monolithic integrated GaN power ICs.

Il. EXPERIMENTAL SECTION

The fabrication of the devices started with the growth of
a 2 um n~-GaN layer by MOCVD on 2-in bulk n™-GaN
substrates. The HVPE grown substrate has a resistivity of
p < 05 Q.cm and a dislocation density of DD < 5 x
10° cm™2. The CBL was formed by Mg-ion implantation
[Fig. 1(a)] with an energy of 100 keV and a dose of 2 x
10" cm™2, which gives a peak Mg-concentration of 1 x
10" ¢m™3. This Mg-concentration allows for the regrowth
of the following epitaxial layers under standard MOCVD
growth conditions [22]. The aperture region was protected by
a ~3-um-thick photoresist during implantation. After the pho-
toresist was removed, the CAVET was finalized by MOCVD
regrowth of a 250 nm uid-GaN channel, a 24 nm Al 24Gagy 76N
barrier, and a 4 nm GaN-cap layer [Fig. 1(b)]. The regrowth
surface temperature of about 1050 °C also served as in situ
annealing for the Mg-implanted CBL without the require-
ment of a capping layer. Atomic force microscopy (AFM)
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Fig. 2. TCAD simulations of the area-specific ON-state resistance
Ron x A versus the aperture length Lap in dependence of the donor
concentration in the aperture region. A free donor concentration of Np =
2 x 10'® cm~3 is assumed in the drift region. Measured data of three
single transistors (Wg = 100 um) are given in green.

revealed a root mean square of rms = 0.19 nm (10 x
10 um? scan). The device processing [Fig. 1(c)] is based
on standard III-V technology [3]. Alignment markers were
etched and protected by SiOx prior to regrowth to orientate
the surface processing with respect to the aperture region.
A Ti/Al/Ni/Au metal stack is deposited and alloyed at around
825 °C in N, ambient to form the ohmic contacts. Afterward,
the devices are passivated with a SixNy dielectric deposited
by plasma-enhanced chemical vapor deposition (PECVD)
and then isolated by Ar-implantation. Afterward, the pas-
sivation layers are opened by inductively coupled plasma
etching (ICP-RIE) and Ni-Au-based Schottky gate contacts
are deposited. The surface process is finalized by an additional
SixNy passivation layer and a TiPtAu-based interconnection
metallization. The drain contact in the vertical devices is
realized on the backside of the GaN substrate by the previously
mentioned alloyed ohmic and interconnection metallization.

[1l. RESULTS AND DISCUSSION

The initial testing of the fabricated CAVETs comprises the
characterization of standard Hall- and transfer length method
(TLM)-structures. Hall measurements on isolated areas reveal
sheet carrier density of ng = 8.7 x 102 cm™2, electron
mobility of 4 = 1320 cm?/V-s, and sheet resistance of Ry =
538 Q/1 . Contact resistance mapping by TLM reveals an
Rc = 03 - 0.35 Q-mm over the complete wafer, which
is slightly above literature values [20]. One of the critical
design parameters of the CAVET is the aperture length Lap
[Fig. 1(d)] [15], [21], [22]. To avoid current choking, the
aperture resistivity should be low, which can be achieved
either by intentional n-type doping of the aperture region or
by increasing the aperture length. In order to investigate the
impact of the aperture resistivity on the total area-specific
ON-state resistance Roy X A, TCAD simulations are carried out
using a self-consistent Poisson-solver (Silvaco Atlas) (Fig. 2).
It is visible, that for small Lap, the Roy X A is significantly
increasing because of the dominating Rap, particularly for low
donor concentrations in the aperture. However, the impact
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of Rap successively vanishes with increasing Lap, almost
independent of the free donor concentration in the aperture.
Furthermore, the lowest minimum Ry X A is shifting to higher
Lap with decreasing Np. Thus, even though low Roy X A is
achievable with small Lap, higher aperture length (>4 xm)
still seems beneficial when addressing high voltage stability
due to the higher critical fields at low donor concentrations.
However, for high aperture length (>10 um), the lateral
spreading of the transistor increases the total Roy x A which
makes very large apertures unsuitable. Small gate width tran-
sistors (Wg = 100 um) are fabricated on-chip to measure
Ron X A empirically. The length of the active area Lacr is
defined between the centers of the two source contacts of each
transistor (gate—source distance of Lgs = 4 um and length of
the ohmic contacts of Logy = 5 um).

The measured data reveal higher resistances as expected
from the TCAD simulations. It is assumed that the effec-
tive donor concentration in the aperture and drift layer is
lower due to slight carrier compensation by carbon, which
causes a slightly higher resistance. Carbon is a deep acceptor
that may be introduced by auto-doping during the epitaxial
growth, because of the carbon atoms present in the MOCVD
precursors. Another potential contributor could be related to
surface contamination during the aperture definition process.
Nevertheless, the measured Roy x A for CAVETs with an
aperture length of Lap = 10 um is close to the expected values
as the active device area becomes larger and the impact of
the low carrier concentration is decreasing. A second critical
parameter in the design of the CAVETs is the gate aperture
overlap Lgap [13], [17] shown in Fig. 1(d). The gate aperture
overlap can be defined as the difference between the length
of the gate L and the aperture length Lap. Lgap determines
the gate control by suppressing source-drain leakage through
the GaN-channel below the gate. The required overlap needs
to be adjusted with respect to the channel thickness between
the CBL and source contact in the fabricated device structure.
To determine the required dimension of the gate-aperture
overlap, small gate width CAVETSs were fabricated with Lgap
ranging between O and 2 um and a gate width of Wg =
100 xm. The corresponding transfer characteristics at Vpg =
10 V and varying Vgs = —5 to 1 V are shown in Fig. 3. The
device with an aperture length of Lap = 10 gm and Lgap =
2 um presented a threshold voltage of Vg = —2.82 V. Similar
Vry is obtained for on-chip lateral HEMTs test structures. The
device with an aperture length of Lap = 10 yum and Lgap =
2 um presented a threshold voltage of Vg = —2.82 V. Similar
Vru is obtained for on-chip lateral HEMTs test structures.
Thus, the turn-off behavior is determined by the depletion
of the 2DEG and unmodulated electrons in the GaN-channel
seem to play a minor role in the OFF-state at Vpg = 10 V.

Besides, a sub-threshold slope of Ssty = 87.6 mV/decade
and an Ion/Iopr ratio of 1.18 x 10° are derived from the
transfer characteristics. A significant change is not observable
for CAVETs with the same gate aperture overlap but different
aperture lengths between 2 and 30 um. Thus, the ratio of
the gate aperture overlap and the aperture was found to
be not relevant. However, when decreasing the gate-aperture
overlap to 1 um, a significant reduction of the gate control
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Fig. 3. Transfer characteristics at Vpg = 10 V of small gate width CAVETs
(Wg = 100 um) with a gate aperture overlap of Lgap = 2 um and varying
aperture length (black). In addition, the gate aperture overlap of CAVETs
with Lap = 10 um is reduced to Lgap = 1 um (red) and Lgap = 0 um
(blue), showing increasing loss of the gate control.

is visible, as the sub-threshold swing increases drastically to
Ss.tn = 404.1 mV/decade and the threshold voltage shifts to
Vg = —3.79 V.

Devices without any Lgap did not reveal any turn-off
behavior and the gate control is completely lost. To investigate
the suitability of the intrinsic device layout on the large area
cell topology, two different dimensioned comb structures are
fabricated with a chip size of 1 x 1 mm? and 2 x 2 mm?. The
two different multi-finger transistors feature an aperture length
of Lap = 10 um, a gate-finger length of Lg = 14 um, and a
gate-aperture overlap of Lgap = 2 um. The 1 x 1 mm?-chip
device has a total gate width of Wrorar = 26 x 0.53 mm =
13.78 mm (number of fingers x finger width = N x Wg)
and an active finger area of Aact = 0.53 mm x 0.85 mm
(Wg x Lact). The 2 x 2 mmz-chip device features a total
gate periphery of Wrorar = 58 x 1.32 mm = 77 mm and an
active finger area of Apct = 1.32 mm x 1.85 mm. Both comb
structures are realized on the same chip with the previously
shown small transistors (Wg = 100 pum) to allow a direct
comparison. Transfer characteristics of both large-area devices
are mapped over the complete wafer (Fig. 4). A threshold volt-
age shift due to Mg-diffusion, observed for MOCVD-regrown
CAVETs [14], is not observable, demonstrating the suitability
of our MOCVD-based regrowth process even for much larger
devices. In order to analyze the OFF-state behavior of the
large area CAVETs, IV-characteristics at Vgs = —5 V are
measured until device breakdown (Fig. 5). The small gate
width transistors reveal OFF-state drain currents in the range
of Iporr = 8 x 107® A/em? below Vps = 200 V. Breakdown
is measured in the range of Vgr = 206 — 222 V (at room
temperature) independent of the aperture length and also for
the transistor without an aperture. Thus, it is assumed that
breakdown is caused by electrons punch through the CBL.

Further improvement is expected by connecting the CBL
with the source contact. In this case, the formation of a body
diode improves reverse leakage behavior and self-biasing can
be avoided by keeping the CBL at the source potential. The
breakdown voltage of the 1 x 1 mm? device is found within



5550

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 11, NOVEMBER 2021

100 T T T T T T T

102

10+

Ip [A/mm]

VGS [V]

Fig. 4. Mapping of the transfer characteristics at Vps = 10 V of large
area CAVETSs. The devices feature an aperture length of Lap = 2 um,
a gate aperture overlap of Lgap = 2 um. Transfer curves are shown
for 1 x 1 mm2-chip devices (red) and 2 x 2 mm?-chip devices (black)
having a total gate width of WrotaL = 13.5 mm and WrotaL = 77 mm,
respectively. The current compliance was set to 1 A.
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Fig. 5. OFF-state characteristics at Vgs = —5 V of the large area devices
with a chip size of 1 x 1 mm? (red), 2 x 2 mm? (blue). Small gate width
CAVETSs on the same chip with different aperture lengths are given in
black. In addition, a CAVET without an aperture was measured (orange)
to force the current through the CBL.

the same range at Vgg = 201 V. However, the drain leakage
current is significantly increased, especially in the range of
Vps > 100 V. It is assumed that the higher leakage currents
are the cause of a lower yield in the upscaled device but further
data are needed to verify this assumption. A further increase
in the drain leakage current of about two orders of magnitude
is observable in the 2 x 2 mm?2 device, and the breakdown
voltage is reduced to Vgr = 122 V, which is in agreement with
the assumption of the loss in yield by further upscaling of the
device area. Another reason for the higher leakage and reduced
breakdown voltage could also result from dislocations/defects
originating from the GaN-substrate.

The measured breakdown voltage of the 2 x 2 mm
device corresponds to a critical field strength of Ecrir =
1.4 MV/cm assuming depletion over the complete drift layer
distance (according to [2]). It is also worth noting that the
calculated field strength is still close to published values
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Fig. 6. Pulsed output characteristics of the multi-finger CAVETSs with a
chip size of 1 x 1 (blue) and 2 x 2 mm? (black). A pulsewidth of 100 us
and a sample time after 50 us are used, with a duty cycle below 1%.

of small gate width CAVETSs in [17] (1.72 MV/cm, Wg =
75 pm). The critical field strength of the 1 x 1 mm? (Ecrir =
2.3 MV/cm) is even exceeding these values, which demon-
strates the suitability of the present in situ annealing/regrowth
process for large multi-finger CAVETSs as reported in this
work. However, a higher breakdown voltage can be expected
by increasing the drift layer thickness, as demonstrated in other
vertical GaN-designs [S]-[9], [11], [12], in view to increase
the area-efficiency with respect to lateral GaN-based power
transistors.

To demonstrate the behavior of the devices in terms of
current handling capability and pulse power stability, pulsed
output characteristics of the fabricated multi-finger CAVETSs
are measured (Fig. 6). A pulsewidth of 100 us and a sample
time of 50 us is used with a duty cycle far below 1%. The
CAVET with a chip size of 1 x 1 mm? revealed a maximum
absolute drain current of Ipymax = 4.97 A (normalized to
the active area Ipmax = 1.08 kA/cm?) and a total differ-
ential ON-state resistance of Roxn = 3.56 Q (Rox X A =
16.2 mQ/cm?) at Vgs = 1 V. The knee-voltage is found
at Vx = 25 V, which corresponds with a pulse power of
PpuLs = 121 W or a pulse power density of 26.86 kW/cm?.
The larger multi-finger CAVET with a chip-size of 2 x 2 mm?
revealed a maximum absolute drain current of Ipmax =
14.76 A and a total differential ON-state resistance of Roy =
1.81 Q (Rox X A = 409 mQ/cm?) at Vgs = 1 V. The
maximum drain current normalized to the active device area
is reduced to Ipmax = 0.61 kA/cm?, when compared to the
smaller multi-finger CAVET. The knee voltage is found at
Vk = 34V, corresponding to a total pulse power of Ppyrs =
501.8 W (20.4 kW/cm?). As Hall- and TLM-measurements
revealed typical values, the high ON-state resistance and the
high knee voltage Vk in the fabricated devices are assumed
to be the result of reduced effective carrier concentration in
the nominally undoped aperture and drift region as mentioned
previously. Additional testing of the aperture and drift region
further indicated this assumption (not shown here).

To compare the pulse power stability with published data
for lateral Schottky-gate HEMTs, a specific destruction energy
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Fig. 7. Pulsed output characteristics of the multi-finger CAVETs with a
chip size 2 x 2 mmZ2. Vpg is measured up to 50 V and Vgs is varied from
—5 to 3 V. A pulsewidth of 500 us and a sample time after 50 us are
used. A pulse power of Ppy s = 968 W was measured at Vps = 50 V
which is close to the predicted device failure of Pga. = 976 W (using
EFAIL =200 mJ/mm2).

of Epar. = 200 mJ/mm? at Vpg = 50 V is assumed, which
was experimentally derived by Mocanu et al. [24]. Using a
pulse power Ppyrs = 500 W and an active area of Aacr =
2.16 mm?, a destruction power of Ppar, = 976 W is calculated.
Pulsed output characteristics of the 2 x 2 mm?-chip CAVET
are measured for Vps = 0 to 50 Vand Vgs = —5t0 3 V
(Fig. 7). The multi-finger CAVET exhibited an absolute drain
current of 20.3 A at Vgs = 3 V and a total differential ON-state
resistance of Roy = 1.67 Q. A pulse power of Ppyrs = 968 W
was measured at Vps = 50V, close to the predicted destruction
power of a lateral HEMT. Self-heating is visible but device
failure in terms of sudden drain current increase or physical
breakdown was not observed [24].

Finally, lateral transistors are processed on-chip, without
an aperture below the gate. The fabricated HEMTs have a
gate width of Wg = 50 um and an active area length of
Lact = 25.5 um based on our 600 V HEMT-technology [23]
but features the Mg-implanted CBL in the vicinity to the
2DEG [Fig. I(e)]. Transfer characteristics (not shown here)
at Vps = 10 V and Vg = —6 to 0 V revealed a sub-threshold
swing of Ss.yy = 93.4 mV/decade and a threshold voltage of
Vry = —2.81 V. The measured gate leakage current was lower
than 1 x 10~* A/mm?. Output characteristics are measured for
Vps = 01to 40 Vin 0.1 V steps (Fig. 8).

The lateral FET reveals a maximum drain current of
Ipmax = 0.4 A/mm or Ipmax = 1.59 kA/cm? at Vgs =
0 V and an area-specific ON-state resistance of Roy X A =
2.98 mQ-cm’. The resulting output characteristics of the
lateral FETs demonstrate the suitability of the used fabrication
process. However, in comparison to the vertical FETs, a signif-
icantly improved current density and ON-state conductivity can
be observed. This is an additional indication that the aperture
and drift region conductivity is reduced. The measurements of
IV-characteristics of the on-chip integrated lateral transistors
reveal the potential of future monolithic integration of the
conventional HEMT-technology. On one hand, the CBL serves
as a potential barrier to suppress source-drain leakage in the

Vps [V]

Fig. 8. Output characteristic of the lateral on-chip HEMT with varying
gate—source voltage of Vgs = —61to 0V for Vps = 0 to 40 V. The device
features a gate width of W5 =50 um, a length of the active area of LacT =
25.5 um and a GaN-channel thickness of {cya = 250 nm between the
Mg-implanted CBL and the AlGaN barrier.

vertical transistors. On the other hand, this potential barrier is
expected to protect the low-voltage HEMT-logic from the high
drain potential. However, connecting the CBL to the source
contact of the CAVET will be beneficial to avoid any impact
of the drain potential on the static and dynamic behavior of
the lateral HEMTs.

IV. CONCLUSION

In this article, recent progress in the CAVET technology
is presented using low-dose Mg-implantation and MOCVD
regrowth. The intrinsic CAVET design was optimized with
respect to device performance and gate control. Larger aperture
lengths were chosen to avoid current choking for low donor
concentration. The fabricated multi-finger CAVETSs presented
in this work exhibit high absolute current capability and high
pulse power stability. Lateral HEMTs were co-integrated on-
chip, with the 2DEG in the vicinity of the Mg-implanted
CBL. This combination of a large area CAVET and an
on-chip integrated HEMT demonstrates a pathway to allow
monolithically integrated GaN power converters with power
switches based on the CAVET technology. Future works will
focus on the optimization of the aperture and drift region
conductivity, as well as the increase in breakdown voltage to
enable higher area efficiency in the vertical design with respect
to its lateral counterpart.
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