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Abstract— GaN vertical trench-MOSFETSs incorporating
molecular beam epitaxy (MBE) regrown channel are devel-
oped and investigated. The channel regrowth by MBE
prevents repassivation of the p-type GaN body while
promising higher channel mobility. Two different designs
of the lateral portion of the regrown channel are com-
pared: without or with an n*-GaN buried layer. Without an
n* buried layer, a respectable 600-V breakdown voltage (BV)
is measured in the absence of edge termination, indicat-
ing a decent critical field strength (>1.6 MV/cm) of the
regrown channel. However, the oN-resistance is limited by
the highly resistive lateral channel due to Mg incorporation.
With an n* buried layer, the limitation is removed. Excellent
oN-current of 130 mA /mm and oN-resistivity of 6.4 m - cm?
are demonstrated. The BV is limited by high source-drain
leakage current from the channel due to drain-induced
barrier lowering (DIBL) effect. Device analysis together with
TCAD simulations points out the major cause for the DIBL
effect: the presence of interface charge beyond a critical
value (~6 x 10'2 em~2) at the regrowth interface on etched
sidewalls. This paper provides valuable insights into the
design of GaN vertical trench-MOSFET with a regrown
channel, where simultaneous achievement of low ON-
resistivity and high BV is expected in devices with reduced
interface charge density and improved channel design to
eliminate DIBL.

Index Terms— Drain-induced barrier lowering (DIBL),
GaN, molecular beam epitaxy (MBE) regrowth, power elec-
tronics, regrown channel, trench-MOSFET, vertical power
transistor.

I. INTRODUCTION

aN is an attractive material for power electronic applica-
G tions due to Baliga’s figure of merit (BFOM) superior to
SiC and Si. With the use of high-quality bulk GaN substrates
in recent years, record high BFOM, fast switching speed and
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avalanche capability have been demonstrated in GaN vertical
p-n diodes [1]-[7], suggesting high potential for three terminal
power transistors. Compared with GaN lateral power HEMTs,
vertical power transistors with p-type body have many advan-
tages, such as higher power density, better device reliability,
avalanche capability, and the presence of reduced surface field
effect [8]. To date, vertical GaN power transistors in the
literature can be characterized into two categories: gate-on-epi-
surface (GoE) and gate-on-sidewall (GoS). In GoE devices,
the gate is planar and parallel with the epitaxial surface,
whereas in GoS devices, the gate conformally covers the
trench sidewall where the channel is located. The GoE devices
include current aperture vertical electron transistors (CAVETS)
[9], [10] and vertical-diffused MOS (VDMOS)-like transis-
tors [11], [12]. The GoS devices include UMOS or trench-
MOSFETs with inversion channel [13]-[17] or regrown chan-
nel [18]-[22], as well as vertical fin MISFETs [23]-[25].

The vertical fin MISFET is relatively simple to fabricate.
However, it does not have avalanche capabilities inherently
due to the lack of a p-type GaN body. Besides, it is dif-
ficult to achieve sufficiently large threshold voltage (V).
It is easier for UMOS to achieve normally-OFF operation,
high breakdown voltage (BV), and small footprint without
the need for selective-area doping. However, it is chal-
lenging to achieve high mobility in the inversion channel.
In contrast, CAVETs, VDMOS-like transistors, and Polar-
MOS [9]-[12] utilize high mobility AIGaN/GaN channel to
achieve low ON-resistivity (Ron) despite having an additional
junction-gate-FET (JFET)-like drift region. However, the chan-
nel regrowth posts challenges in achieving low OFF-state
leakage from the ungated regrowth junction interface. The
absence of body contact as in CAVETs may avoid interface
leakage but may also impact avalanche capability and Vi,
stability.

Recently, a novel design based on trench-MOSFET
is realized by metal-organic chemical vapor deposi-
tion (MOCVD) regrowth of a AlIGaN/GaN or unintentionally
doped (UID)-GaN channel conformally over the trench
sidewall [18]-[21]. This concept promises higher channel
mobility than traditional trench-MOSFETs due to less
impurity scattering and smoother channel surface. Moreover,
the GoS topology allows gate control of the regrowth
interface, where high density of sheet charge ~1 x 103 cm ™2
is typically found [15], [17], [20], likely due to etching
damage and impurity gettering. The key issue with MOCVD
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regrown channel is that the buried p-GaN will be repassivated
during the regrowth and needs to be reactivated; furthermore,
in order to achieve an acceptable activation percentage of
the acceptors, the buried p-GaN in the device active region
needs to be exposed to the surface or at least within microns
of an exposed surface during the high-temperature anneal.
This leads to high thermal budget and limitations on device
geometry. Furthermore, any incomplete activation of the
buried p-GaN body leads to reduced BV.

Alternatively, if the channel is regrown by molecular beam
epitaxy (MBE), no repassivation of buried p-GaN will happen
in the absence of hydrogen-containing reactants. The lower
growth temperature by MBE may also suppress Mg diffusion,
which is observed in MOCVD regrown films [26]. Previously,
we reported the first trench-MOSFET with MBE regrown
UID-GaN channel, where a respectable BV of 600 V was
demonstrated [22]. However, the ON-current (/,,) was rel-
atively low and Vi, was unusually high (~18 V). In this
paper, we seek to understand and resolve the previous issues
of the MBE channel regrowth in the trench-MOSFETSs while
identifying new areas for improvement, by combining exper-
iments and simulations. The previous limiting factor of the
forward conduction is removed by the incorporation of an
nt-GaN buried layer under the lateral regrown channel, result-
ing in >100x improvement in [,,. Drain-induced barrier
lowering (DIBL) effect is observed in the vertical regrown
channel, which helps point to the significant influence of
donorlike sheet charge on the regrowth interface. Finally,
several approaches to reduce the interface charge are proposed.

Il. DEVICE FABRICATION

The starting epitaxial wafer is grown by MOCVD on a
2-in bulk n-type GaN substrate (SCIOCS COMPANY Ltd.,).
It has a high-voltage p-n diode structure similar to our previous
report [7], instead of an n-p-n structure to make sure the p-GaN
can be readily activated. The p-GaN layer has a thickness of
400 nm and a Mg-doping concentration of 1 x 10'% cm™3,
capped with a thin p™™ layer for p-type ohmic contact purpose.
The 8-um-thick n™-GaN drift layer has a Si concentration
of ~1 —2 x 10'® cm~3 and a net carrier concentration of
~1 x 10'® cm~3 as determined from C—V measurement. The
p-GaN layer is activated in situ in the MOCVD chamber prior
to device fabrication.

The schematic device cross sections are shown in Fig. 1.
Two different designs of the lateral part of the channel
with varying lengths Lcp jaeeral = 1 — 4 um are depicted:
without [Fig. 1(a)] or with [Fig. 1(b)] an n™-GaN buried
layer underneath the UID regrown channel. The lateral channel
portion exists due to the need to align the top ohmic contacts
to the regrown channel and, ideally, should be eliminated
to minimize the ON-resistivity of the device. In this paper,
the lateral portion of the channel is also designed to enable the
investigation on possible differences between regrowth on the
c-plane in the lateral channel and regrowth on the etched
semipolar plane in the vertical sidewall channel.

The process flow for the two designs without or with the n™
buried layer differs only in the first step, where a 30-nm-thick
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Fig. 1. Schematic cross section of two designs of the vertical GaN
trench-MOSFETs incorporating MBE regrown UID-GaN channel.
(a) Without and (b) with an n*-GaN buried layer between the lateral
part of the regrown UID-GaN channel and the p-GaN body.

On trench bottom

On epi surface

Fig. 2. AFM surface morphology of the MBE regrown UID-GaN channel
on top of (left) epi surface (right) trench-bottom surface.

nT-GaN is regrown by MBE on top of the p-GaN surface as
the n™ buried layer. The remaining processes are the same for
both designs, as shown in [22]. The V-shaped trenches with
designed widths of 2,4, 6, and 8 um are formed by our low
damage inductively coupled plasma dry etch recipe [3] using a
gas combination of Ar(10 sccm)/BCl3(10 sccm)/Cl2(20 sccm)
and SiO; as mask. The etching depth is 250 nm into the drift
layer and the sidewall angle is ~47° from the vertical as mea-
sured by atomic force microscopy (AFM). In order to reduce
impurity concentration at the etched surface, a combination
of UV-ozone cleaning and HF 4+ HCI wet etch is performed
before loading into the MBE chamber, where the UID-GaN
channel layer with a nominal thickness of 50 nm is regrown.
The V-shaped trench profile helps reduce shadowing effect
during the channel regrowth, thus resulting in a rather uniform
UID-GaN regrowth for both the lateral portion and the vertical
portion of the device channel. As shown in Fig. 2, the MBE
channel regrowth achieved smooth surface morphology with
clear atomic steps on top of the epi surface as well as at
the trench bottom. A patterned n™-GaN regrowth is then
performed for source ohmic contact purpose. In order to form
body contact to the p-GaN, the regrown layers on top of the
p-GaN are etched way, followed by device mesa isolation,
all by the same trench etching recipe. After that, nonalloyed
Pd/Au (50/50 nm) body contact and Ti/Au (50/100 nm) source
ohmic contact metallization is realized by lift-off processes.
The Al,O3 gate dielectric is deposited by atomic layer depo-
sition, followed by Ni/Au (50/100 nm) gate electrode and
nonalloyed Ti/Au (50/100 nm) drain electrode deposition.
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Fig. 3. Measured transfer /-V characteristics of the trench-MOSFETSs.
(a) Without and (b) with the n* buried layer. The representative device in
(a) has a trench width of 4 um and Lgp, jateral = 3 um. The representative
device in (b) has a trench width of 8 um and Lgp, jateral = 1 #m.
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Fig. 4. Measured output -V characteristics of the trench-MOSFETSs.
(a) Without and (b) with the nt buried layer. The device dimensions are
the same, as described in Fig. 3.

I1l. RESULTS AND DISCUSSION

The transfer /-V characteristics and output /-V charac-
teristics of single gate-finger devices without or with the
n™ buried layer are shown in Figs. 3 and 4. The current is
normalized by the finger/trench length, which is designed to be
50 um. The device without the n™ buried layer shows a decent
ON-OFF ratio of 10% at Vg = 10 V and low source—drain and
gate leakage current. A normally-OFF operation is observed
with a threshold voltage of ~18 V defined at I; = 1 g A/mm.
No shift of the threshold voltage (A Vi) with the increase
of Vys is observed, indicating the absence of DIBL effect.
The dispersion of low-level current below 3 x 107> mA/mm
is likely due to trapping effect in the channel. As shown in
Fig. 4(a), a good saturation behavior is observed in the output
characteristics. However, the ON-current (I,,) is lower than
1 mA/mm and the ON-resistivity (Ron) is extracted from the
linear region to be 0.3 Q - cm? (normalized by the trench area),
both of which are around two orders of magnitude inferior than
the state-of-the-art performance.

As pointed out in our previous report [22], the relatively
poor Iy, and Ry, were determined to be limited by the lateral
part of the regrown UID channel, most likely due to Mg dif-
fusion from the p-GaN underneath during the regrowth. The

the n' buried layer. Inset: schematic device cross section.

insertion of an n™ buried layer underneath the lateral portion
of the UID channel should help reduce the resistivity due to
two reasons: 1) the added distance from the p-GaN to the
regrown UID channel reduces the Mg incorporation into the
UID film, due to the exponential decay of the Mg incorporation
profile [26] and 2) the 30 nm n*-GaN buried layer prevents
the depletion of the UID channel due to the body p-GaN.

Indeed, as shown in the transfer curves in Fig. 3(b),
the device with the n* buried layer shows ~100x increase
in the ON-current, resulting in an excellent ON—OFF ratio
of >10'"" at Vg 10 V. A clockwise hysteresis of less
than 2 V is observed. As shown in the family curves in
Fig. 4(b), Ion is 130 mA/mm at Vgs = 10 V and R, is
extracted to be 6.4 mQ-cm? as normalized by the trench
area, which are on par with the state-of-the-art performance.
The nonlinearity at low Vg, indicates that the source ohmic
behavior is nonideal, although an excellent source metal con-
tact resistance of 0.05 © - mm is extracted from transmission
line measurements. Detailed investigation of the nonlinearity
is beyond the scope of this paper, but preliminary results from
simulation show that the nonlinearity is due to a combination
of Mg incorporation in the UID channel and the interface
charge at the regrowth interface on the sidewall.

To verify that the lateral portion of the channel is indeed
not limiting the ON-current, a planar test transistor with the
same lateral channel design is measured on the same sample,
as shown in Fig. 5. Although also limited by the imperfect
source ohmic characteristics, the planar transistor shows much
higher current than the trench-MOSFET, indicating that the lat-
eral channel is not limiting the current of the trench-MOSFET.
The planar transistor also shows an always on behavior with
no clear gate modulation under the tested bias range. This is
due to the high sheet charge density of the n* buried layer.
It is estimated that the lateral channel and the source contact
combined only contribute to ~5% of the total Ry, of the
device, while the vertical channel contributes to ~90%.

In both designs, the lateral regrown channel is connected
in series with the vertical regrown channel, and thus the overall
Vin is determined by the channel with higher Vi,. In the device
with the n™ buried layer, the lateral channel is always on, and
thus Vi, is determined by the vertical channel. At Vgs =1V,
Vin ~ —5 V is extracted for the vertical channel. In the device
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Fig. 6.  Measured three-terminal breakdown characteristics of the
regrown channel trench-MOSFETSs; ~600-V BV and low drain leakage
current are measured on the device without the nt buried layer at
Vgs = —15 V. Soft breakdown behavior at ~130 V limited by drain
leakage current is observed for the device with the n™ buried layer.
Inset: Vys dependence of the drain leakage current in the device with
the nT buried layer.

without the n* buried layer, the vertical channel should be
the same as the other design, and thus Vi, of ~18 V must
be determined by the lateral channel. The negative Vi of
the vertical regrown channel indicates the presence of extra
donorlike states, most likely at the regrowth interface [27],
since the ideal Vi, of the UID channel is ~3 V according
to TCAD simulation [see Fig. 8(b)]. The higher than ideal
Vi in the lateral regrown channel means the presence of
extra acceptors in the UID-GaN. Assuming no interface charge
at the lateral regrowth interface on the c-plane, the acceptor
concentration in the lateral regrown channel is estimated to be
~2x 10" cm™3 from the analytical calculation of V. This is
likely due to a high number of Mg atoms incorporated into the
lateral channel during the regrowth on the top of the p*+-GaN
layer [26], which has a Mg concentration of >1 x 1020 ¢cm—3,
as determined by secondary ion mass spectroscopy. If the
ptT layer is etched off before the channel regrowth, much
lower Mg incorporation can be expected, which should allow
a more reasonable Vi and improved ON-current without using
the n* buried layer design.

Two issues are observed in the ON-state characteristics of
the device with the n™ buried layer. First, a pronounced DIBL
effect is shown in the transfer /-V characteristics. The DIBL
can be calculated by: DIBL = AVy/AVg = 0.8 V/V.
Second, there is no clear saturation behavior in the output
characteristics, which is attributed to the combination of the
nonlinear source ohmic characteristics and the DIBL effect.
Since the hysteresis is much smaller than the observed Vi,
the charging and discharging of trap states should not be the
main cause of the DIBL. In Section IV, TCAD simulation
is performed in order to investigate the causes of the DIBL
effect.

The three-terminal breakdown characteristics are shown in
Fig. 6. A respectable BV of ~600 V and low drain leakage are
measured in the device without the n™ buried layer, indicating
good critical electrical field strength of the regrown channel
(>1.6 MV /cm) and the effective gate control over the interface
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Fig. 7. (a) Simulation structure and net doping concentration of
the device without the nT buried layer in the presence of interface
donor sheet density. (b) Simulated transfer I~V characteristics with
Nint = 1x 1013 cm~2. Three different thicknesses of the interface donor
region (dint) are simulated: djy; = 2,10, and 20 nm. Trench width =
4 pum. Lep, jateral = 1 um. Dielectric thickness = 40 nm. UID-GaN channel
thickness: dg, = 50 nm.

charge at the vertical regrowth channel, thanks to the GoS
design. During the measurement, Vo = —15 V is applied
to completely pinch off the vertical portion of the regrown
channel, which has a lower threshold voltage than the lateral
channel due to the presence of interface charge. In the device
with the nt buried layer, soft breakdown behavior is observed
due to the fast increasing drain leakage current, resulting in the
limited BV of ~130 V. The inset shows the dependence of the
drain leakage on V. As the gate bias becomes more negative,
the drain leakage reduces and the current profile shifts to the
right. This is another indication of DIBL effect. The extracted
DIBL is ~0.4 V/V at I3s = 1 ¢ A/mm, which is similar with
the extraction from the transfer characteristics.

IV. SIMULATION STUDY

In order to understand the causes of the DIBL effect
observed in the device with the n™ buried layer, simulation of
the devices with or without the n* buried layer is performed
in TCAD Sentaurus. Similar geometry along the critical cur-
rent path as the fabricated devices is used in the simulator.
The MBE-regrown UID channel is modeled as an ideal
n~-GaN film with a donor concentration of 1 x 10'® cm=3.
The incorporation of Mg is not considered, since it will
not contribute to the DIBL effect. The interface charge in
the vertical channel is modeled as a thin sheet of interface
donor [27], as shown in Figs. 7(a) and 8(a). The interface
charge in the lateral channel on c-plane is not considered in
this paper, since there is no clear evidence of its presence
from the experimental results, and the concentration should
be reasonably low [27]. Electron mobility of 30 cm?/V - s is
assigned to the UID channel considering the carrier scattering
augmented by Mg incorporation in the regrown UID channel.
This value is also consistent with the reported lower limit
of the electron mobility in a similar regrown channel by
Gupta et al. [28]. Electron mobility of 1500 cm?/V - s is used
in other n-type GaN regions.

Fig. 7(b) shows the simulated transfer /-V characteristics of
the device without the n™ buried layer assuming a typical inter-
face donor sheet density (Nijp) of 1 x 1013 cm~2. As the depth
of the crystal damage due to dry etch can extend to tens of
nanometers, three different thicknesses of the interface donor
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Fig. 8. (a) Simulation structure and net doping concentration of
the device with the nt buried layer in the presence of interface
donor sheet density. (b) Simulated transfer /~V characteristics with
Nipt = 1 x 10'3 cm—2. Three different thicknesses of the interface donor
region (di,) are simulated: diyy = 2, 10, and 20 nm. (n* buried layer
thickness = 30 nm; other dimensions are the same as the structure
without n buried layer. )

region (din¢) are simulated: dip; = 2, 10, 20 nm. In comparison
with the device with no interface charge, the inclusion of
1 x 103 cm~2 interface donor does not change Vy,, regardless
of dint. The “local” Vi, of the vertical sidewall channel should
be lowered by the interface charge; however, the observed Vi
of the whole device does not change. This means the threshold
voltage of the whole device is determined by the lateral part of
the channel, irrespective of the interface charge in the vertical
channel. As a result, no DIBL effect is observed, in agreement
with experimental measurements on the device without the
n™ buried layer. The lower Vi, in the simulation compared
with experimental value is attributed to the absence of Mg
incorporation into the UID channel in the simulated device.

Fig. 8(b) shows the simulated transfer /-V charac-
teristics of the device with the n™ buried layer under
Nt =1 x 1013 cm™2. In comparison with the device with
no interface charge, the inclusion of 1 x 10'® cm~2 interface
donor shifts Vi, to lower values and increases the ON-current
significantly. DIBL effect is clearly noticeable and increases
with djy¢. For dine =2 nm, AV, of 1.5 V under AVgg =9 V
is extracted, corresponding to DIBL = 0.2 V/V. Since DIBL
is absent when no interface charge density is present and
increases with increasing Njp¢, the interface charge is identified
as the major cause of the DIBL effect in the simulated devices
with the n™ buried layer.

Fig. 9(a) shows the simulated transfer /—V characteristics of
the device with the n™ buried layer under different Nj, values.
The extracted DIBL values are plotted against Nj¢ in Fig. 9(b).
The onset of DIBL is observed at Nj,; ~ 6 X 10'2 em—2,
where a sharp increase of DIBL is observed. Note that the
active acceptor concentration (N4) in Fig. 9(a) is set to be
1x108 cm™3. If Ny is lowered to 2 x 10'7 ¢cm~3, the DIBL
increases from 0.17 to 0.41 V/V under Nijy = 1 x 103 cm—2,
On the other hand, if N4 is increased to 1 x 10'° c¢cm—3,
the DIBL is no longer present. Alternatively, if the regrown
channel thickness (dcn) is reduced to 5 nm while keeping
N4 to be 1 x 1018 ¢cm™3, the DIBL also decreases by more
than 50%.

Physically, the interface charge weakens the channel back
barrier provided by the p-GaN and introduces a parasitic
channel under the UID channel, making the device more prone
to DIBL effect especially when the channel length is not long
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Fig. 9. (a) Simulated transfer I~V characteristics in device with the
nT buried layer under different Ny values. dn; = 2 nm. UID-GaN
channel thickness: ds;, = 50 nm. Acceptor concentration in p-GaN:
Ny =1 x10'8 om—3. (b) Extracted DIBL versus N, under different
dch and Ny values in p-GaN.

enough in comparison with the channel-to-gate distance. If the
back barrier is made stronger by higher N4 in the p-GaN or the
channel-to-gate distance is reduced by a thinner channel/gate
dielectric, the DIBL effect due to the interface charge can be
effectively suppressed, as shown in Fig. 9(b).

Based on the simulation results, the DIBL effect in the
fabricated device incorporating the n* buried layer can be
attributed to the presence of interface charge beyond a critical
value (~6 x 10'2 ¢cm™2) at the regrowth interface on the
vertical sidewall. The interface charge density is estimated to
be (1 £0.3) x 103 cm~2 based on the simulation results in
Fig. 9(b) and the Vg5 swing required to completely pinch off
the vertical channel [see Fig. 3(b)]. The simulated DIBL effect
in the device with the n™ buried layer is not as pronounced
as observed in the experiments. One of the possible reasons
is a lower active acceptor concentration than the apparent
Mg concentration in MOCVD grown p-type GaN due to
incomplete activation of the p-GaN or other compensation
mechanisms. Another possible reason is a deeper and more
extended interface charge region in the fabricated device than
considered in the simulation (dj,s = 2 ~ 20 nm). Other factors,
such as trapping effect and body potential instability due to
poor ohmic contact to the p-GaN [29], may also enhance the
apparent measured DIBL.

The experiments and simulations suggest that the key
to realizing normally-OFF and DIBL-free vertical regrown
channel in trench-MOSFETs is the reduction of interface
charge density at the regrowth interface. Nj, could poten-
tially be reduced by the removal of surface damage due
to dry etching by a hot tetramethylammonium hydroxide
treatment [23], [30], [31]. High temperature annealing in
N2/NH3 could also help reduce the interface donor den-
sity [20]. Even with a moderate amount of interface charge
present, it is still possible to achieve normally OFF regrown
channel without DIBL effect, as shown in Fig. 9. A thin-
ner regrown channel and higher Mg concentration in the
p-GaN could also mitigate the effect of the interface
charge and increase Vi, [32]. Gupta er al. [20] employed
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a Mg concentration of 3 x 10'° cm™ in the p-GaN and a
channel thickness of ~5 nm in their MOCVD-regrown trench
MOSEFETs, in which Vi of 3 V is achieved with no DIBL
effect, even with an estimated Niy around 8.5 x 102 cm™2.
In the absence of DIBL, much better breakdown characteristics
are expected in the devices with the n™ buried layer, since
decent critical field strength of the MBE regrown channel has
already been demonstrated in the device without the n™ buried
layer.

V. CONCLUSION

GaN vertical trench-MOSFETs with MBE regrown
UID-GaN channel are developed and investigated. The MBE
regrowth avoids the need to reactivate the buried body
p-GaN as is the case for MOCVD regrowth, while promises
the same benefit on channel mobility. From a respectable
BV of 600 V, decent critical field strength (>1.6 MV /cm)
of the regrown channel is demonstrated. Mg incorporation
in the lateral channel is identified as the limiting factor for
Ion and R,n and could be much reduced if the p™ capping
layer is removed before the channel regrowth, or alternatively
with an n* buried layer under the lateral channel. Excellent
Ion of 130 mA/mm and R,y of 6.4 mQ - cm? are demonstrated
in the device incorporating the n* buried layer. However,
prominent DIBL effect is observed and the BV is lim-
ited as a result. Device simulations help identify the major
cause of the DIBL effect: the presence of interface charge
beyond a critical value (~6 x 102 cm~2) at the vertical
regrowth interface. This paper provides valuable insights on
how normally-OFF and DIBL-free vertical regrown channel
can be achieved in MBE-regrown trench-MOSFETSs, where
simultaneous achievement of low ON-resistivity and high BV
is expected.
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