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Groove-type channel enhancement-mode AlGaN/GaN MIS HEMT
with combined polar and nonpolar A1GaN/GaN heterostructures®
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A novel groove-type channel enhancement-mode AlGaN/GaN MIS high electron mobility transistor (GTCE-HEMT)
with a combined polar and nonpolar AlIGaN/GaN heterostucture is presented. The device simulation shows a threshold
voltage of 1.24 V, peak transconductance of 182 mS/mm, and subthreshold slope of 85 mV/dec, which are obtained by
adjusting the device parameters. Interestingly, it is possible to control the threshold voltage accurately without precisely
controlling the etching depth in fabrication by adopting this structure. Besides, the breakdown voltage (Vp) is significantly
increased by 78% in comparison with the value of the conventional MIS-HEMT. Moreover, the fabrication process of the
novel device is entirely compatible with that of the conventional depletion-mode (D-mode) polar AlIGaN/GaN HEMT. It
presents a promising way to realize the switch application and the E/D-mode logic circuits.
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1. Introduction

GaN-based electronic devices have attracted more and
more attention due to their excellent material properties such
as high saturation electron velocities and breakdown electric
fields.!!->] Most of the reported AIGaN/GaN high electron mo-
bility transistors (HEMTs) show D-mode operation because
the two-dimensional electron gas (2DEG) exists at the het-
erointerface at a gate bias voltage of 0 V.’) However, E-mode
operation is essential for the safe operation of power elec-
tronic applications and the realization of various monolithic
integrated enhancement-/depletion-mode (E/D-mode) digital
circuits.

So far, several techniques for achieving the enhancement-
mode (E-mode) operation in the AlIGaN/GaN HEMTs have
been reported, such as gate recess, fluoride-based plasma treat-
ment, reducing the composition or the thickness of the AlIGaN
barrier, and a nonpolar a-plane channel. However, in the above
techniques some problems still exist. Gate-recess is a viable
approach;#! but the threshold voltage cannot be easily repro-
duced by the dry etching technique, because the polarization
charge density is highly dependent on the recess depth.’! An-
other approach to fluoride-based plasma treatment may de-
generate the device uniformity and make the devices very
unstable.[®”] As a part of the epitaxial design, the decreasing
of the composition or the thickness of the AIGaN®“! to reduce
the sheet charge can achieve the E-mode operation, but the in-
crease of parasitic resistance between the source and the drain
is difficult to overcome. As the above technique difficulties all
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arise from the purpose of reducing two-dimensional electron
gas (2DEG) under the gate in polar AlGaN/GaN, the nonpolar
AlGaN/GaN HEMT that is free from the polarization-induced
sheet charges has attracted attention and been demonstrated

[10-121 Some techniques

with E-mode operation in recent years.
such as Si 8-doping,!'3 regrown n*-GaN contact layer,!!'¥]
and Al,O3 gate dielectric!!'> have been adopted to improve
the performance of nonpolar GaN-based HEMT. However, its
maximum transconductance and maximum current density are
still low compared with E-mode AlGaN/GaN HEMT on c-
plane GaN. Thus, combining the advantages of the polar and
nonpolar heterostructure to realize E-mode operation is ex-
pected to be a promising method to solve this problem. How-
ever, to the best of our knowledge, both the design and the
fabrication of structure based on this concept have not been
discussed so far.

In this paper, a novel device structure called groove-
type channel enhancement-mode AlGaN/GaN MIS HEMT
(GTCE-HEMT) is presented, in which the recess etching and
regrowth technology are adopted to realize the combination
of the polar and nonpolar AlIGaN/GaN heterostructure. These
technologies are widely used in the fabrication process,[¢-18]
especially in the fabrication of the vertical GaN HEMT.[1°-21]
Therefore, the fabrication process of the GTCE-HEMT is
compatible with that of the conventional D-mode devices. In
this paper, we analyze the physical mechanism of the GTCE-
HEMT to realize E-mode operation, and the influence of gate
recess depth on the direct current (DC) characteristics, and
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then we investigate the mechanism of the GTCE-HEMT to
improve the breakdown voltage by two-dimensional (2D) nu-
merical simulations. The simulations show excellent device
performances. Interestingly, by using the groove channel, the
breakdown voltage (V) is successfully increased compared
with that of the conventional MIS-HEMT. Moreover, the Vi
has a saturation value as the recess depth is beyond 500 nm.
That is to say, when the recess depth reaches about 500 nm,
a continued process of recessing has almost no effect on Vyy,.
Therefore, the GTCE-HEMT can avoid the difficulty in con-
trolling the threshold voltage by dry etching technique and im-
prove the threshold voltage uniformity. In addition, the fabri-
cation process of the GTCE-HEMT is compatible with that of
the conventional D-mode devices.

2. Device structure and physical models

The GTCE-HEMT structure is proposed and schemati-
cally shown in Fig. 1. It includes a 500-nm p-doped c-plane
GaN buffer layer, a 600-nm unintentionally doped (UID) GaN
layer with a recessed gate, followed by a 100-nm UID re-
grown GaN channel and Aly3Gag 7N barrier layer on the re-
cessed GaN layer. The cross section of AlGaN/GaN heteroint-
erface is of a groove type. The heterostructures outside and
at the bottom of the groove are polar-plane, which grows

along the (0001) orientation; the sidewall of the groove is
nonpolar-plane, the growth direction of which is perpendicu-
lar to the (0001) direction. The nonpolar-plane heterostructure
is not affected by polarization-induced charges since the po-
larization field is not formed perpendicularly to the nonpolar-
plane. !0 Therefore, 2DEG exists at the c-plane heterostruc-
ture (the channel except for the sidewalls of the groove), but
almost no 2DEG is formed at the interface of the nonpolar Al-
GaN/GaN heterostructure. This induces the E-mode operation
and a larger maximum drain current. The relevant design pa-
rameters used in the SILVACO-ATLAS simulations are listed
in Table 1.
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Fig. 1. (color online) The schematic diagram of GTCE-HEMT in the AT-
LAS simulator.

Table 1. Required characteristic for designing the GTCE-HEMT.

Parameter Value

Gate length, Ly/um 0.5

Gate—source spacing, Lgs/pm 2.25

Gate—drain spacing, Lgq/pm 2.25

Recess etching depth, t/nm 0, 100, 200, 300,400, 500
c-plane AlGaN thickness/nm 20

Lateral growth nonpolar AlGaN thickness, dajgan/nm 15

Gate dielectric SiN, thickness, dgin/nm 5

Source/drain doping concentration/cm > 110"

GaN channel layer background concentration, nlem™3 1x10% (Ref. [22])
GaN buffer layer p-doped concentration, p/cm > 5x101'6

Gate metal work function, WF/eV
2DEG density, nypgg/cm—3

Low field electron mobility of polar GaN/(cm?/V s)
Low field electron mobility of nonpolar GaN/(cm?/V -s)

5.2 (Ref. [23])
1x10"3 (Ref. [22])
900 (Ref. [23])

50 (Ref. [10])

Low field electron mobility of AlGaN/(cm?/V-s) 100

Viat Of GaN/cm-s ™!
Viar of AlGaN/cm-s~!

1.91x107 (Ref. [24])
1.12x107 (Ref. [24])

The analysis of the GaN-based HEMT in this paper is per-
formed by SILVOCAL-ATLAS software. The positive sheet
charge with a density of 1x10'3 cm™2 at the interface between
polar AlGaN and GaN is used to model the positive polariza-

e. [22

tion charg I Meanwhile, the fixed sheet charge along the

nonpolar plane heterointerface is designed to be zero. Accep-

tor traps with a density of 1x 10" cm™> located at 0.5 eV be-
low the conduction band edge are employed in the buffer layer
to model the carbon atomic pollution during the growth. >
The Shockley—Read—Hall (SRH) carrier recombination model,
constant low field mobility model, field-dependent mobility

model at high electric fields, and the impact ionization model
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are used in the simulation study.!?®! The low field electron mo-
bility is designed to be 900 cm?/V-s and 50 cm?/V-s in the
polar GaN region and nonpolar GaN region (the GaN region

[10.11.23] respectively.

near the nonpolar AlIGaN/GaN interface),
The impact ionization for GaN is described as o exp(—Ec/E)
with g = 2.9 x 10%/cm, and Ec = 3.4 x 107 V/ecm. All the
simulations are carried out at the room temperature of 300 K.
Under these conditions, the DC characteristics of the GTCE-
HEMT are simulated and analyzed.

Figure 2 shows a fabrication flow chart of the GTCE-
HEMT. The process starts with GaN epitaxial layer growth
over a c-plane sapphire structure at stage 1. Then, the GaN
layer in the gate region is etched by reactive ion etching (RIE)

using a BCl3/Cl, gas mixture, followed by tetramethylammo-

s | Lo D]
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nium hydroxide treatment for the removal of the roughness
of the dry etched GaN surface?”-?8! at stage 2. Stage 3 in-
cludes the regrowth of AIGaN/GaN heterostructure by molec-
ular beam epitaxy (MBE). Prior to the regrowth process, the
template is cleaned with standard RCA clean and further by
in situ alternating vacuum thermal dissociation and GaN re-
growth cycles.!?°! The regrown epilayer consists of, first, 100-
nm-thick GaN on the recessed GaN template and, subse-
quently, a 20-nm-thick Aly3Gag 7N barrier layer, thus smooth
AlGaN/GaN interfaces and the better electron transport chan-

1301 The final stage includes device isola-

nel can be expected.
tion, Ohmic electrode deposition, gate dielectric layer depo-
sition, and gate metal electrode deposition, the same as the

procedure done for the conventional HEMT.

GaN

Fig. 2. (color online) Fabrication flow chart of GTCE-HEMT.

3. Results and discussion

3.1. Physical mechanism

3.1.1. Physics of the polar and nonpolar AlGaN/GaN
heterostructures

The natural structure of the III-V nitrides is wurtzite, a
noncentrosymmetrical structure with polar axis, namely the
c axis. The centers of positive and negative charges do not
coincide in the equilibrium lattice of the IIl-nitrides at zero
strain, hence inducing the spontaneous polarization along the

31.32] Furthermore, with an applied stress, the lat-

polar axis.|
tice deformation induces a separation of the centers of the pos-
itive and negative charges in the crystal, thus forming dipole
moments, the accumulation of which leads to the polariza-
tion charges on the crystal surface. This additional polar-
ization in strained II-nitrides crystal is called piezoelectric
polarization.31-33]

In the (0001) plane AlGaN/GaN heterostructures, the
spontaneous polarization occurs along the [0001] direction;
the piezoelectric polarization in the AlGaN layer is in the

same direction as the piezoelectric polarization direction. The

polarization gives rise to a strong build-in electric field on
the order of MV/cm along the growth axis and polarization
bound charges with a density of 1x10'3 cm~? at the inter-
face, which have been shown to modulate the energy band
of the heterostructures and influence mobile carrier distribu-
tions. The positive bound charges will attract electrons at the
interface between the two layers, thereby inducing the 2DEG
(which is formed without any intentional doping).3!3+331 To
achieve high 2DEG mobility, the interface at AlGaN/GaN het-
erostructures must be laterally smooth and the composition
transition is vertically abrupt. Fortunately, up to now, the
AlGaN/GaN heterostructures have widely been investigated
and found to have good material characteristics, such as the
smooth interface, low dislocations and the high confinement
of 2DEG. For well-confined 2DEG, defects, such as ionized
impurities or dislocations can be effectively screened and con-
tribute less to the overall scattering. Besides, most of the
studied AlGaN/GaN heterostructures are undoped, thus hav-
ing no ionized dopants scattering. From the above, the 2DEG

in polar heterostructures is in the nature of the high electron
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mobility. 36!

For the nonpolar AIGaN/GaN, the crystal orientation is
perpendicular to the polar axis, hence it is not affected by the
polarization effect. In the undoped nonpolar heterostructure,
no 2DEG is formed at the interface. This characteristic can be
used to realize the E-mode operation. However, recent reports
show that the electron mobility of the nonpolar heterostruc-
ture is still very low. One possible reason for the low mo-
bility is the rough interface of the nonpolar heterostructure.
The root mean square surface roughness is 2.8 nm on a-plane
AlGaN/GaN measured by an atomic force microscope, as re-
ported by Chang et al.'®”) It is much larger than the root mean
square surface roughness of 0.3 nm on the (0001) plane het-
erostructures. Besides, many dislocations in the nonpolar ma-
terial also affect the electron mobility. As Kuroda et al.!']
reported, the density of the threading dislocations in the a-
plane GaN is more than 10'° cm~2, which is much higher
than 10° cm™2 in the c-plane GaN. Therefore, controlling the
growth process to substantially improve the quality of the non-
polar crystal will be an important work to improve the electron
mobility. In this paper, we just use the nonpolar materials at
the sidewalls of the groove channel, thus significantly reducing
the drawbacks of the nonpolar heterostructures.

3.1.2. Working principle of the device

The 2DEG density and the energy band diagrams of the
proposed GTCE-HEMT under different bias conditions are
shown in Fig. 3.
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Fig. 3. (color online) Energy band diagram and electron density (a) un-
derneath the gate region (polar AlIGaN/GaN) and (b) on the sidewall of
the groove (nonpolar AIGaN/GaN ) with V=0V and4 VatVg=0V.

The conduction band in the polar GaN region near the in-
terface of the AlIGaN/GaN heterostructure underneath the gate
region is lower than the Fermi level Ef even as no voltage is
applied, which indicates the existence of 2DEG in the potential
well as shown in Fig. 3(a). However, the energy band of the
nonpolar AlGaN/GaN heterostructure on the sidewall of the
groove is different from that of the polar-plane. As shown in
Fig. 3(b), the conduction band is higher than the Er when no
voltage is applied, thus, there is no 2DEG near the interface
of the nonpolar-plane heterostucture. When the gate voltage
exceeds the Vi, the conduction band in the GaN region near
the interface of the nonpolar heterostructure falls below the Ep
with an accumulation of the carriers in the potential well in
Fig. 3(b). At this moment, the groove channel forms and the
device can work. Figure 4 shows the simulated electron con-
centrations in the GTCE-HEMT for the off-state condition and
for the on-state condition in logarithmic coordinates respec-
tively. It is obvious that there are no carriers on the sidewalls
of the groove as no voltage is applied, so the channel is off.
When Vy =4 V and Vg = 10 V, a large number of electrons
accumulate in the groove channel, including the sidewalls, so
the device works, which is in accordance with the above dis-
cussion.

off-state

Distance/pm

Distance/pm

Fig. 4. (color online) Logarithmic electron concentrations in the GTCE-
HEMT for (a) off-state condition (V; =0V, V4 = 0 V) and for (b) on-
state condition (Vg =4V, Vg =10 V).

3.2. Influence of the gate recess depth

The gate recess depth is an important parameter in the or-
dinary gate-recessing HEMT, which affects the value of the
threshold voltage, so discussion about the recess depth is nec-
essary in this paper. Device models with various values of gate
recess depth t are established to investigate the DC character-
istics of the GTCE-HEMT with a gate metal work function
of 5.2 eV. The thickness of SiN, and the nonpolar AlGaN are
5 nm and 15 nm, respectively. Figure 5(a) shows the transfer
characteristics of the devices with different recess depths at
Va = 10 V. By defining the threshold voltage as the gate volt-
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age axis intercept of linear extrapolation of the I3—V, curve at
the gate bias that produces the peak transconductance, the val-
ues of extracted threshold voltage (Vi) are —2.83 V, —0.35 V,
093V, 1.17V,1.22V, and 1.24 V for the 0 nm—500 nm recess
depth in steps of 100 nm, respectively. As shown in Fig. 5(b),
the Vi, shifts to the positive direction with ¢ increasing and be-
comes saturated at a certain recess depth, which means that an
obvious variation of the recess depth (100 nm) has almost no
effect on the threshold voltage (0.02 V). In the conventional
gate recessed GaN-HEMT, the Vy, variation is expected to be
about 2 V as the recess depth varies 10 nm.[*8) This result indi-
cates that the proposed structure can control the threshold volt-
age accurately without precisely controlling the recess depth
in fabrication. Figure 5(b) also shows that the peak transcon-
ductance (gm(max)) increases with the recess depth increasing
from 0 nm to 300 nm, and then decreases with a continued pro-
cess of etching. Besides, the subthreshold slope (SS) is shown
in Fig. 5(c).
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Fig. 5. (color online) (a) Transfer characteristics for different depths,
(b) Vi, and transconductance characteristic, and (c) subthreshold slope
and DIBL of the GTCE-HEMT each as a function of gate recess etching
depth.

The DC characteristics of the devices with different recess
depths can be explained by the short channel effect (SCE). As
the channel at the bottom of the groove is always conductive
under the normal switch condition, the sidewall of the groove
channel near the source dominates the device characteristics.
Thereby the effective gate length is actually the groove depth
t, but not the horizontal gate length L,. To mitigate the short-
channel effects, the minimum aspect ratio (¢/fyy) of 15 is
proposed.*?] Herein, tyar = da1Gan + dsiN. AS fpye in this simu-
lation is 20 nm, the recess depth should be larger than 300 nm.
It means that short-channel effects such as the threshold volt-
age shift, transconductance decreasing, and the subthreshold
slope deterioration may occur if the recess depth is lower than
300 nm. The conventional definition of the drain-induced bar-
rier lowering (DIBL) (defined as AVy,/AVy) is used to char-
acterize the threshold voltage shift in HEMT. A plot of the
simulated DIBL as a function of the recess depth is shown in
Fig. 5(c). As the recess depth ranges from 500 nm to 300 nm,
Then the DIBL increases
rapidly with the recess depth continually decreasing. When

the DIBL just increases a little.

the recess depth decreases to 100 nm, the DIBL increases to
126 mV/V, since the channel control becomes worse with the
aspect ratio decreasing. It is in accordance with the subthresh-
old slope degradation.
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Fig. 6. (color online) Conduction band profiles along the channel of
GTCE-HEMT for (a) 100 nm- and (b) 500-nm recess depth with differ-
ent drain bias voltages.
In order to further investigate the DIBL effect, the poten-
tial barriers of the channel with different drain bias voltages at
Vg =0V are simulated and the results are shown in Fig. 6. The

087304-5



Chin. Phys. B  Vol. 25, No. 8 (2016) 087304

potential barrier is reduced by 0.40 eV for the device with a re-
cess depth of 100 nm, which leads to the Vi, reduction and the
DIBL. However, as the recess depth is 500 nm, the reduction
of the potential barrier (0.06 eV) can be ignored even under a
high drain bias. The gate can well control the potential bar-
rier when the recess depth is larger than 300 nm. However,
the performance of this device is seriously affected by SCE as
the depth is below 300 nm. It has been well explained why
the g, increases first and then decreases with the recess depth
ranging from 500 nm to 100 nm.

3.3. Breakdown characteristic

In Fig. 7, we present the effect of the recess depth
It shows that the Vg in-
creases markedly as the recess depth increases from 100 nm
to 500 nm.

on the breakdown voltage (Vg).

260

250

240

230

220

Breakdown voltage/V

210

200

100 200 300 400 500
Depth/nm

Fig. 7. Variation of breakdown voltage with recess depth.

To further investigate the breakdown characteristic of the
GTCE-HEMT, a conventional MIS-HEMT with a planar chan-
nel is simulated as a referential sample by using the same chan-
nel length and other device parameters as the GTCE-HEMT.
The device simulation shows that GTCE-HEMT enhances the
breakdown characteristics successfully by managing the elec-
tric field profile in the channel. The Vg is significantly in-
creased by 78% from 143 V of the conventional MIS-HEMT
(recess depth of 0 nm) to 255 V of the GTCE-HEMT (recess
depth of 500 nm).

------------------------------------- i S|

source ; z
4 , cutline

Electric field/(MV/cm)

Distance/pm

Fig. 8. (color online) Electric field distributions along the interface of
AlGaN/GaN for GTCE-HEMT (red line) and the conventional device
(blue line). The dash line is from the source to the drain.

The comparison in electric field distribution at the Al-
GaN/GaN interface between the 500-nm-recess depth GTCE-
HEMT and the conventional MIS-HEMT is shown in Fig. 8.
As can be seen, when the simulation is performed at V4 =
200 V, the maximum value of the electric field for GTCE-
HEMT is 2.9 MV/cm, while that of the conventional MIS-
HEMT is 3.7 MV/cm. The breakdown happens at Vg =200 V
in the conventional device, as the value of the electric field
peak has exceeded the critical electric field value of GaN
(3.3 MV/cm).*01 Interestingly, GTCE-HEMT can work well.
On the proposed structure, three extra electric field peaks oc-
cur in the electric field distribution. All the peaks are observed
at the corners of the gate; C and D are two higher peaks lo-
cated at the gate edge near the drain side due to the electric
field crowding effect. It is worth noting that the recess gate
has broadened the high-field region and effectively reduced
the amount of the electric field crowded near the upper gate
edge (peak D). Therefore, higher voltage is required in order
to reach the critical electric field, which means that GTCE-
HEMT can work at high voltage compared with the conven-
tional structure. That is the reason why the GTCE-HEMT can
improve the breakdown characteristics.

4. Conclusions

In this paper, we present a GTCE-HEMT that combines
the polar and the nonpolar AlIGaN/GaN heterostructure, and
study its operation principle and DC characteristic by 2D sim-
ulations. A threshold voltage of 1.24 V, peak transconductance
of 182 mS/mm, and subthreshold slope of 85 mV/dec are ob-
tained by adjusting device parameters. Interestingly, a large
variation of recess depth has almost no effect on the threshold
voltage when the recess depth is up to 500 nm, which indicates
a good tolerance of the etching process in the fabrication. In
addition to this, by using the short channel effect, we also ana-
lyze the reason why the threshold voltage conspicuously shifts
towards the negative direction as the recess depth is reduced
to less than 300 nm. Moreover, the proposed structure is fea-
sible to broaden the high-field region and hence reduce the
peak electric field intensity, which makes breakdown voltage
be 78% higher than Vp of the conventional MIS-HEMT. In ad-
dition, as the fabrication process of GTCE-HEMT is compat-
ible with that of the conventional D-mode devices, this struc-
ture can realize the possibility of achieving the switch applica-
tion and the E/D-mode logic circuit.
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