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GaN-based p-channel heterostructure field-effect transistors (p-HFETs) face significant constraints on on-state cur-
rents compared with n-channel high electron mobility transistors. In this work, we propose a novel double heterostructure
which introduces an additional p-GaN insertion layer into traditional p-HFETSs. The impact of the device structure on the
hole densities and valence band energies of both the upper and lower channels is analyzed by using Silvaco TACD simula-
tions, including the thickness of the upper AlGaN layer and the doping impurities and concentration in the GaN buffer layer,
as well as the thickness and Mg-doping concentration in the p-GaN insertion layer. With the help of the p-GaN insertion
layer, the C-doping concentration in the GaN buffer layer can be reduced, while the density of the two-dimensional hole gas
in the lower channel is enhanced at the same time. This work suggests that a double heterostructure with a p-GaN insertion
layer is a better approach to improve p-HFETs compared with those devices with C-doped buffer layer alone.

Keywords: GaN, double-channel heterostructure field-effect transistors, p-GaN insertion layer, C-doped

buffer layer
PACS: 81.05.Ea, 85.30.De, 85.30.Tv

1. Introduction

In recent years, GaN has demonstrated great prospects
in the field of power electronics due to its wide bandgap and
high electron mobility. GaN-based high electron mobility
transistors (HEMTSs) on Si substrates have been widely ex-
plored in research, and fabricated as power switches with a
high breakdown voltage for commercial usage.!""*) The appli-
cation of discrete GaN-based power switches requires the col-
laboration of Si-based peripheral circuit structures such as gate
driver, controller and protection modules. However, the differ-
ences between the two materials and the interconnections be-
tween devices can introduce extra parasitic effects to the power
conversion circuit, which induce instability of GaN power
switches and circuits.>! Furthermore, the high-temperature
stability of Si is worse than that of GaN. These problems de-
teriorate the performance of GaN-based HEMTs and have se-
riously hindered the industrialization process.

GaN-based monolithic integration technology is an
emerging but promising solution to solve these problems; it
not only allows GaN-based devices to have more functions but
also enhances circuit robustness and promotes the miniatur-
ization of the power conversion system.!%7] Therefore, there
has been great interest in researching the integration of GaN-
based gate drivers and power switches. So far, most of the
developed GaN-based gate drivers are based on the combi-
nation of enhancement mode (E-mode) and depletion mode

Corresponding author. E-mail: bhou@xidian.edu.cn
fCorresponding author. E-mail: yangling@xidian.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acc7f4

(D-mode) n-channel HEMTs (n-HEMTs). But such direct-
coupled FET logic circuits suffer from serious power losses
that are not conducive to the efficiency of the power conver-
sion system.[®° Given these considerations, a complemen-
tary logic circuit prepared from GaN-based E-mode p-channel
heterostructure field-effect transistors (p-HFETs) and E-mode
n-HEMTs has been proposed as a promising alternative to
greatly suppress power losses.

However, p-HFETs have encountered many challenges in
their development. One of the major challenges is the much
lower mobility of the holes in GaN than that of the electrons,
which will lead to a low on-state current and decreased driv-
ing capability of p-HFETs. To address this issue, aggressive
lateral scaling of p-HFETs, the fin configuration, ['”) GaN/AIN
heterostructures!! 12! and multi-channel structures!!>!#! have
been proposed. The reported multi-channel p-HFETS intro-
duced Mg doping in each layer, but the presence of the large
number of Mg impurities in the heterostructure resulted in se-
vere ionized-impurity scattering, which in turn reduced the
mobility of the holes.

In this work, we propose a double heterostructure with
a p-GaN insertion layer to realize double-channel p-HFETsS,
where holes can be distributed in two channels. By using Sil-
vaco TCAD simulations, the influences of the thickness of the
upper AlGaN layer, the doping impurities and concentrations
of the GaN buffer layer, and the thickness and doping concen-
tration of the p-GaN insertion layer on the densities of the two-
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dimensional hole gas (2DHG) and valence band energies of
two channels are discussed; this complements the mechanisms
concerning the impact of doping on the modulation of energy
bands in double heterostructures. The increased 2DHG den-
sity in the lower channel and the reduced doping concentration
in the GaN buffer layer can be achieved by the insertion of a p-
GaN layer between the AlGaN layer and C-doped GaN buffer
layer. It is worth noting that the distribution of the 2DHG be-
tween the two channels is mainly affected by the variation in
the thickness of the upper AlGaN layer. Our results suggest
that a double heterostructure with a p-GaN insertion layer is
an attractive approach for realizing double-channel p-HFETs.

2. Device structure

The typical cross-sectional structure of a double-channel
p-HFET is exhibited in Fig. 1(a). The designed epilayer, from
top to the bottom, consists of a 20 nm p*-GaN layer (Mg:
5x 10" em™3), a 40 nm p-GaN layer (Mg: 1 x 10'? cm™3),
a 10 nm upper unintentionally doped (UID)-GaN layer, an up-
per Alg,5GaN layer, a 10 nm UID-GaN layer, a 20 nm lower
Alp25GaN layer and a 3 um GaN buffer layer with residual
background electrons of 1 x 10'3 cm™3. Mg can diffuse from
the p-GaN layer to the UID-GaN layer during the growth of
the heterostructure, which makes the upper UID-GaN layer
into a p-type one. The diffusion coefficient of Mg is set to
be 0.2. All the results in this work were obtained using Sil-
vaco TCAD. The model used in these simulations has been

calibrated to match the published results.[!3]

Al ,;GaN

Semi-insulating GaN

Si substrate

ty
Semi-insulating GaN

Si substrate

Fig. 1. Schematic illustration of a cross-section of the GaN-based double-
channel p-HFET (a) without and (b) with a p-GaN insertion layer.

C doping and Fe doping play a key role in achieving a
highly resistive GaN buffer layer,!!%!7! which will also influ-

ence the energy band and density of the 2DHG in the dou-
ble heterostructure. C doping in the simulations is modeled as
deep acceptor traps with energy Ey +0.9 eV,!'®! while Fe dop-
ing is modeled as acceptor traps with energy Ec —0.57 eV.!""]
The ionized densities are calculated according to a literature
study.?°] The 2DHG density is the integral of hole concentra-
tion in the GaN channel layer with respect to its channel thick-
ness. Figures 2(a) and 2(b) show the influence of the C-doping
induced acceptor concentration in the GaN buffer layer on the
distribution of holes and the variation of the valence band (i.e.,
in the access region). As shown in Fig. 2(a), the density of
the 2DHG in the upper channel is almost unaffected. How-
ever, the 2DHG density in the lower channel increases sig-
nificantly when the concentration rises from 1 x 10'® cm—3
to 1 x 10! cm™3, and even gets close to that of the upper
channel when the concentration is between 5 x 108 cm =3
1 x 10" em™=.

the GaN buffer layer rises with the increase in C-doping in-

and
As shown in Fig. 2(b), the valence band of

duced acceptor concentration, which explains the significant
increase in the 2DHG density in the lower channel when the
concentration exceeds 1 x 10'® cm =3,
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Fig. 2. Schematic illustration of (a) the distribution of 2DHG density and
(b) the variation of the valence band of two channels in the access region
with the C-doping induced acceptor trap concentration.

The effect of Fe doping in the GaN buffer layer on the
2DHG density in the access region of the two channels is now
discussed. It can be seen in Fig. 3(a) that when the concentra-
tion varies from 1 x 10 cm=3 to 1 x 10'° cm’3, the 2DHG
density remains constant in the upper channel but changes
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slightly in the lower one. Figure 3(b) displays the variation of
the valence band according to different Fe-doping induced ac-
ceptor concentrations. The rise of the valence band for the Fe-
doped GaN buffer layer is not obvious, suggesting that the Fe-
doped buffer layer is not preferred for the double heterostruc-
ture compared with the C-doped one.
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Fig. 3. Schematic illustration of (a) the distribution of 2DHG density and

(b) the variation of the valence band of two channels in the access region
with the Fe-doping induced acceptor trap concentration.
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3. Results and discussion

Based on the above results, the buffer layer of the double
heterostructure utilized in this work is selected to be C doped.
For the structure shown in Fig. 1(a), the main way to im-
prove the carrier density of the lower channel is to increase the
C-doping induced acceptor concentration in the GaN buffer
layer. If the concentration is 1 x 10'® cm™3, the carrier density
of the lower channel can increase to 5 x 10'2 cm~2. Although
a highly C-doped buffer layer facilitates the presence of an
increased 2DHG density in the lower channel, it introduces
other challenges. On the one hand, a C-doped GaN buffer
should be grown at a relatively low temperature to enhance
incorporation of C in the GaN layer, so that the buffer layer
will have poor structural quality resulting in the degradation
of hole mobility.”?!! On the other hand, acceptor traps intro-
duced by the high C-doped buffer layer will seriously affect
the carriers, which leads to the hot-carrier effect, trapping ef-
fect and current collapse.!???3! Since p-GaN has a low trap

(241 and its energy band modulation can enhance

concentration
the 2DHG density in the lower channel, the introduction of the
p-GaN insertion layer can improve device performance and re-
liability without reducing the carrier density. As a result, the
C-doping induced trap concentration can be reduced, and the
performance of devices can be improved.

Figure 1(b) demonstrates the proposed double het-
erostructure with a p-GaN layer inserted between the C-doped
buffer layer and the AlGaN layer. Based on this heterostruc-
ture, the variation of 2DHG density with different thicknesses
of the upper AlGaN layer (¢;) is discussed, as shown in
Fig. 4(a).
set to be 20 nm, while the Mg-doping concentration was
4% 10" cm™3. It can be seen from Fig. 4(a) that the distri-
bution of the holes between the two channels is critically in-
fluenced by #;. When #; is small, the density of the 2DHG
in the lower channel is larger than that in the upper chan-

The thickness of the p-GaN insertion layer was

nel, and vice versa. This is mainly because a larger 7; will
increase the density of the 2DHG at the upper GaN/AlGaN
interface and screen the holes at the lower GaN/AIGaN inter-
face. Figure 4(b) shows the effect of different #; values on the
valence band energy. It can be observed that the hole quan-
tum well (QW) only exists in the lower/upper channel when
t; = 2 nm/13 nm, while hole QWs exist in both channels when
t; = 6 nm.
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Fig. 4. Variation of (a) 2DHG density and (b) valence band energy of two
channels in the access region with the thickness of the upper AlGaN layer #.

During the fabrication process, the p-GaN layer in the
gate region requires etching followed by the deposition of a

108101-3



Chin. Phys. B 32, 108101 (2023)

dielectric layer. These two steps will inevitably cause dam-
age and create a high density of interface states in the recessed
region, leading to the degradation of carrier mobility and oper-

25,26 Hence, a low 2DHG density in the up-

ational stability.!
per channel is preferred. When the AlGaN layer is thinner
than 5 nm, the 2DHG density in the lower channel is much
higher than that in the upper channel. Nevertheless, this is not
conducive to the optimization of performance of p-HFETs. A
much higher density of 2DHG in the lower channel will not
only affect the off-state characteristics of the devices but also
increase the scattering effect between holes. As a result, a

5 nm AlGaN layer is selected in our simulations.
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Fig. 5. Variation of (a) 2DHG density and (b) valence band energy of two

channels in the access region with the Mg-doping concentration in p-GaN
insertion layer.

The effect of doping concentration nyg in the p-GaN in-
sertion layer on the density of the 2DHG in the access region
was evaluated, as shown in Fig. 5(a). The thicknesses of the
upper AlGaN layer and p-GaN insertion layer were set to be
5 nm and 20 nm, respectively. It can be observed that nyg
in the p-GaN layer greatly influences the lower channel while
demonstrating little impact on the upper one. The larger the
nMg, the higher the 2DHG density in the lower channel. When

3 ng in

nMg increases from 2 x 108 cm™3 to 4 x 10'® cm™
the lower channel increases significantly. This is mainly a
result of the fact that the valence band energy of the p-GaN
insertion layer appears to be close to the Fermi level when

nMg = 4 X 10'® cm™3, as shown in Fig. 5(b), thus causing an

increase in 2DHG density in the lower channel. With ny in-
creasing to 1 x 10'° cm ™3, the valence band of the p-GaN layer
is even closer to the Fermi level. However, a higher ny, will
lead to difficulties in achieving excellent off-state characteris-
tics for p-HFETs and intensify the ionized-impurity scattering
effect with lower hole mobility.
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Fig. 6. (a) Variation of 2DHG density in two channels in the access region
with the thickness of the p-GaN insertion layer #,. (b) Variation of 2DHG
density in the lower channel in the access region with #, for different C-
doping induced acceptor trap concentrations in the buffer layer.

In addition to nyg in the p-GaN insertion layer, the thick-
ness of the p-GaN insertion layer (;) was also analyzed. The
Mg-doping concentration in the p-GaN layer was set to be
4 x 10" cm™> and C-doping induced acceptor concentration
in the GaN buffer layer was 5 x 10'® cm™3. Figure 6(a) il-
lustrates the variation in the 2DHG density of two channels in
the access region with increasing ;. As #, increases from O to
60 nm, the 2DHG density in the lower channel first demon-
strates an overall upward trend and then tends to saturate at
the end. But a sudden drop can also be observed when 1,
reaches 15 nm. To explain such nonmonotonic behavior, the
variation of 2DHG density according to #, with different C-
doping induced acceptor trap concentrations in the GaN buffer
layer was further analyzed, as shown in Fig. 6(b). When ¢ is
small, the 2DHG density in the lower channel changes signifi-
cantly across different C-doping induced acceptor trap concen-
trations. The 2DHG density in the lower channel is completely
determined by the p-GaN insertion layer when the C-doping
induced acceptor trap concentration is low, but it is gradually
dominated by the buffer layer as the concentration increases.
However, when 1, reaches 15 nm, the p-GaN insertion layer is
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sufficient to screen the impact of the GaN buffer layer. There-
fore, the nonmonotonic behavior of 2DHG density in the lower
channel at small 7, is a combined effect of both the C-doped
buffer layer and the p-GaN insertion layer.

According to the previous simulation results, the evalu-
ated baseline structure of the device can provide a reason-
ably satisfactory performance. The schematic illustration of
a cross-section of p-HFET is shown in Fig. 1(b), where 1?1,
f2, nvg and the C-doping induced acceptor trap concentration
are 5 nm, 20 nm, 4 x 108 cm™3 and 5 x 10'® cm™3, respec-
tively. For the device without a p-GaN insertion layer, the C-
doping induced acceptor trap concentration in the buffer layer
is 1 x 10! cm™3. Hence, 2DHG densities in the upper channel
and lower channel for the two devices are almost equal. The
thickness of the upper GaN channel in the gate region is 5 nm.

The gate length (Lg) is 0.5 um and Lgs = Lgp = 1 um. The
mobility model used in the simulations is the Albrecht model.
Figure 7(a) shows the transfer characteristics of the two de-
vices. The threshold voltages of the two devices are 2.4 V
and 2.6 V, respectively. The gate-control ability is better for
the device with a p-GaN insertion layer. Figures 7(b) and 7(c)
display the output characteristics of the two devices. The max-
imum current density of the device without a p-GaN insertion
layer is —42 mA-mm~" and that of the device with a p-GaN in-
sertion layer is —46 mA-mm~!. These values demonstrate that
the performance of the device with a p-GaN insertion layer is
improved. Although devices are D-mode, other methods such
as fin configuration and plasma treatment can be developed to
realize E-mode double-channel p-HFETs.
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insertion ayer _ _
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Fig. 7. (a) Transfer characteristics of two devices at Vps = —5 V. Output characteristics of the devices (b) with a p-GaN insertion layer and

(c) without a p-GaN insertion layer.

4. Conclusion

In this study, we have proposed a double heterostructure
with a p-GaN insertion layer that is promising for the real-
ization of double-channel p-HFETs. The influences of pa-
rameters of the different layers on the 2DHG densities and
valence band energies of two channels were analyzed using
Silvaco TCAD. The mechanisms concerning the influence of
doping on the modulation of the energy band in the double
heterostructure were also discussed. The enhanced 2DHG
density and the reduced doping concentration in GaN buffer
layer demonstrate that employing a p-GaN insertion layer in
the double heterostructure is a better approach for realizing
double-channel p-HFETs than using a highly C-doped buffer
alone.
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