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In this paper, two-dimensional electron gas (2DEG) regions in AlGaN/GaN high electron mobility transistors

(HEMTS) are realized by doping partial silicon into the AlGaN layer for the first time. A new electric field peak is

introduced along the interface between the AlGaN and GaN buffer by the electric field modulation effect due to partial

silicon positive charge. The high electric field near the gate for the complete silicon doping structure is effectively

decreased, which makes the surface electric field uniform. The high electric field peak near the drain results from the

potential difference between the surface and the depletion regions. Simulated breakdown curves that are the same as

the test results are obtained for the first time by introducing an acceptor-like trap into the N-type GaN buffer. The

proposed structure with partial silicon doping is better than the structure with complete silicon doping and conventional

structures with the electric field plate near the drain. The breakdown voltage is improved from 296 V for the conventional

structure to 400 V for the proposed one resulting from the uniform surface electric field.

Keywords: AlGaN/GaN, high electron mobility transistors (HEMTSs), two-dimensional electron gas

(2DEG), electric field modulation
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1. Introduction

Since the development of silicon power devices is
limited in the high frequency, high temperature, and
high power fields, wide band-gap semiconductor de-
The band

gap of wide band-gap semiconductors is larger than

vices have become a hot research topic.

2.0 eV, and includes diamond, four-compound SiC,
ITI-VI compound GaN and ternary compounds. These
materials generally have a wide band-gap, high criti-
cal breakdown field, high thermal conductivity, high
electron saturation velocity, and low intrinsic leak-
age current, are are suitable for devices with high-
temperature, high-frequency, and high power, com-
pared with devices based on silicon and narrow-band
GaAs.[12 AlGaN/GaN high electron mobility tran-
sistors (HEMTS) are the core of the microwave signal
amplification system due to their high-density two-
dimensional electron gas (2DEG: 10'* cm~2) and high
electron mobility (about 2000 ¢cm?/V-s), which can

produce much higher RF power. For AlGaN/GaN
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HEMTSs, the main areas of research include design-

ing new structures with high breakdown voltage,!3—¢

79 via struc-

10,11]

relieving self-heat and current collapse
tural design and and reliability improvements.|
To achieve a certain power density and specific power
conversion in the power devices, the breakdown volt-
age is an important parameter. Researchers have
proposed many methods and techniques to improve
the breakdown voltage and decrease the specific on
resistance.12~18]

In this paper, new AlGaN/GaN HEMTS are pro-
posed with partial silicon doping in the AlGaN layer.
The silicon doping has modulated the concentration
of the high density 2DEG, and a new electric field
peak has been introduced in the AlGaN layer, which
modulates the electric field distribution at the inter-
face between the AlGaN and GaN buffer. The high
electric field near the gate edge is reduced and the
breakdown voltage is increased. The percentage of Al

is 25% for the AlGaN layer.
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2. Device structure and descrip-
tion

AlGaN/GaN is a heterojunction including the Al-
GaN materials, with the larger band gap grown on the
GaN buffer. The AlGaN is formed by epitaxy, and the
polarization field is obtained from the positive charge
of the AlGaN surface to the negative charge at the
interface of the AlGaN and GaN buffer. In order to
shield the polarization electric field, the high density
2DEG is formed at the conductive channel with the
low barrier. This polarization includes the piezoelec-
tric and spontaneous polarization. The total polariza-
tion charge can be expressed by

o(z) = Pspontancous(AleGa(—4)N)
- spontaneous(GaN)
+ Ppiczoclectric (Alz Gag—z)N)
— Ppiczoclectric(GaN). (1)

The break mechanism of the AlGaN/GaN
HEMTs is different from the silicon devices with the
PN junction or MOS system. The traditional silicon
structure bears the voltage by the depletion region of
the PN junction. This depletion region includes the
negative charge and positively charged areas. The Al-
GaN/GaN HEMTs have formed a high polarization
electric field in the AlGaN layer. The high density
charge includes the AlGaN surface positive charge and
2DEG due to the polarization effects. The depletion
layer is formed to bear the breakdown voltage from the
charged state into the neutral state of the GaN buffer
layer, which is adverse to traditional silicon power de-
vices.

a new Alyo5GagrsN/GaN
HEMTs structure with the part silicon doping in the
middle of the AlGaN layer for the first time. A low
barrier is introduced into the GaN surface to the

Figure 1 shows

bound electron. The electron can be injected into
the low barrier when the partial silicon atoms are ion-
ized and a positive charge is formed in the AlGaN
layer. This is a mature technology for GaAs and Al-
GaN/GaN heterojunctions.'*=2! The different 2DEG
regions from the gate to the drain electrodes are in-
troduced by partial silicon doping in the AlGaN layer.
The surface electric field of the AlGaN/GaN is mod-
ulated by the positive charge after the doped silicon
is ionized. The high electric field near the gate of the
AlGaN/GaN HEMTs is decreased due to the new elec-

tric field peak produced by the partial silicon doping,

which improves the breakdown voltage. This is the
kind of electric field modulation technique proposed
in Refs. [14]-[18].
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Fig. 1. Cross section of the partial silicon doping
Alg.25Gag.75N/GaN HEMTs.

3. Simulation results and discus-
sion

The results were obtained by ISE simulation.??
The parameters for the Aly25Gag75N/GaN HEMTs
with N-type impurities and acceptor-like traps into
the GaN buffer are as follows. The thicknesses of the
GaN buffer and AlGaN are 2.0 um and 20 nm, respec-
tively; the length from the source to the gate electrode
(Lgs) is 1.0 um; the length from the gate to the drain
electrode (Lgq) is 8.0 um; and the length of the gate
electrode (Lg) is 1.0 pm.

The 2DEG of the Algo5Gag7sN/GaN HEMTs
with partial silicon doping is formed by AlGaN layer
doping and polarization effects. Two concentration
regions are introduced from the gate to the drain elec-
trodes. Figure 2 shows the 2DEG concentration of the
proposed partial silicon doping Alg25Gag 75N/GaN
HEMTs. Figure 2(a) is the lateral distribution of the
2DEG concentration. Because of the polarization ef-
fect for the Alg 25Gag.75N/GaN heterostructure, a car-
rier with the concentration 7.3x10* ¢cm=3 is formed
at the interface between the AlGaN and GaN. The
carrier concentration near the drain is 8.4x10™ cm™3
due to partial silicon doping, which makes the drift
region concentration gradient from the gate to drain
electrodes. This kind of concentration gradient is simi-
lar to the drift region zoning for a silicon LDMOS (lat-
eral double diffusion metal oxide semiconductor). 2324
The silicon is defined to dope into the AlGaN layer us-
ing ISE simulation software.

Figure 2(b) shows the 2DEG vertical distribution

at the low barrier channel region. It can be seen
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that the 2DEG concentration of 8.4x10° cm ™3 is the
highest at the interface between the AlGaN and GaN
buffer. This concentration decreases gradually along
the vertical direction, and the range is about 5 nm. By
simple integral calculation, the 2DEG concentration
is 2.1x10"® cm~2 and 1.8x10'® ¢cm~2 for the partial
silicon doping and conventional Alyo5Gag 75N/GaN
HEMTsS, respectively.
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Fig. 2. The 2DEG of the Alg.25Gag.75N/GaN HEMTs:
(a) lateral distribution and (b) vertical distribution.

For the un-doped GaN buffer, the conductiv-
ity is N-type and the concentration is not less than
1.0x10% cm™3. An unintentionally doped GaN
buffer, grown by both MOCVD and MBE, exhibits
some degree of N-type conductivity due to the un-
intentional oxygen or silicon doping which results
in buffer leakage current in the GaN-based elec-
tric devices.[?=2%1 When the drain electrode of the
Alp25Gag 7sN/GaN HEMTs is of positive bias, the
output of Iqs—Vgs is an ohmic behavior due to the
ohmic contact for the source and drain electrodes,
even though the 2DEG is depleted, which can be
seen from Fig. 3. Figure 3 shows the I4—Vys for the
Alp.25Gag 75N/GaN HEMTs based on the doped GaN

buffer with different N-type concentration. It can be
seen that the Iys is increased linearly with Vgs, which
is an Ohmic characteristic.
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Fig. 3. I4s—Vys for the Alg 25Gag.75N/GaN HEMTs with-
out the acceptor-like trap.

In order to decrease the buffer leakage to improve
the breakdown voltage, some deep levels have been
introduced by the GaN MBE. The deep levels are
the acceptor-like traps and can capture the electron
emitted from the source electrode.?=29 To obtain a
breakdown behavior that is consistent with the exam-
ination curve, the acceptor-like trap is introduced into
the GaN buffer. For the positive voltage of the drain
electrode, the Schottky junction, formed by the gate
and drain electrodes, is reverse biased. The electrons
emitted from the source electrode to form the leak-
age current are captured by the acceptor-like trap. A
breakdown curve that is the same as the test results
is shown in Fig. 4, and is thanks to the acceptor-like
trap. So, for the simulation of Aly25Gag 75N/GaN
HEMTSs, the acceptor-like trap is an important pa-
It can be seen from Fig. 4 that the Iqs—
Vas is a linear relationship for the Aly o5Gag 75N/GaN
HEMTs without the acceptor-like trap in the GalN
buffer, which results from the source and drain ohmic

rameter.

contacts. When the acceptor-like trap is introduced
into the GaN buffer, the leakage current due to the
N-type GaN buffer is decreased by the capturing of
The break-
down voltage is improved and the breakdown curve

the electron emitted from the source.

is obtained thanks to the acceptor-like trap. For
the conventional structure without silicon doping in
the AlGaN layer, the breakdown voltage is 296 V.
The breakdown voltage is increased to 400 V for the
Alg 25Gag 75sN/GaN HEMTs with partial silicon dop-
ing due to the new electric field peak. The uniform
surface electric field is obtained by this new electric
field peak to decrease the high electric field near the
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gate electrode. The surface electric field distributions
are shown in Fig. 5.
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Fig. 4. The breakdown curve that is the same as the
test results for the Alp.25Gag.75N/GaN HEMTs with an
acceptor-like trap.

Figure 5 shows the surface electric field dis-
tributions for the partial silicon doping and con-
ventional Alg25Gag7sN/GaN HEMTs.  When the
Alp.25Gag 7sN/GaN HEMTSs are in reverse bias, the
voltage between the gate and drain electrodes is gen-
erated by the Schottky junction, and the voltage of
the source and drain electrodes is assumed through
the high resistivity GaN buffer layer after the 2DEG is
depleted. These electric field distributions are similar
to the silicon LDMOS. Two high electric field peaks
are introduced near the gate and drain electrodes. The
two electric field peaks are equal under the optimized
conditions. Figure 5 shows the surface electric field of
the conventional Alyo5Gag 75N/GaN HEMTs. There
are two distinct electric field peaks at the gate and
drain edges.
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Fig. 5. The surface electric field of the conventional and
partial silicon doping Alg.25Gag.75N/GaN HEMTs.

The high electric field peak near the drain can
be expressed by Fig. 6. The potential gradually in-
creases from the source to the drain electrode along

the channel after the 2DEG is depleted. It can be
seen from Fig. 6 that the potential of point A is lower
than that of B at the interface of AlIGaN/GaN. How-
ever, the potential of point A’ is equal to that of B’
due to the drain electrode equipotential effect, which
is the effect for the partial silicon doping AlGaN/GaN
HEMTSs shown in Fig. 1. Thus, the potential differ-
ence is formed between A’ and A. This potential dif-
ference causes the equipotential line cluster and brings
the high electric field peak near to the drain electrode.
Drain field plate structures!?2!) have been proposed to
optimize the high electric field near the drain. How-
ever, a physical explanation of the high electric field
has not been obtained yet. In this paper, the reason
for the high electric field peak has been explained for
the first time, essentially by the potential difference
distribution. The location of the high electric field is
a breakdown point for power devices and results in a

decline in reliability.

AlGaN/GaN HEMTSs

SisNy A’ drain B’

AlGaN

(D]

>
B
2DEG depletion

GalN

Fig. 6. Cross section of the drain electrode for the
Alp.25Gag.75N/GaN HEMTs.

For the partial silicon doping Alg 25Gag 75N/GaN
HEMTS, a new electric field peak is introduced in the
middle of the low field region resulting from the posi-
tive charge in the AlGaN polarization layer. This new
electric field peak decreases the high electric field near
the gate and drain electrodes, and the electric field
distribution tends to be optimized. When a positive
charge is connected with the drain electrode, this new
structure possesses not only the electric field modula-
tion effect, but also the drain field plate effect.

When the drain voltage is 296 V, the high electric
field peak for the conventional structure has reached
the critical breakdown electric field of the GaN mate-

rial (see Fig. 5). So, the device reaches the avalanche
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break, and the breakdown voltage is 296 V for the con-
ventional structure. The leakage current is small for
the device’s surface and substrate. However, for the
partial silicon doping Al o5Gag7sN/GaN HEMTs,
the electric field distribution is uniform. Its maximum
electric field is only 2.0x10° V/cm as the drain volt-
age is 300 V, which has not yet reached the critical
breakdown electric field of the GaN material. That
is to say, the breakdown voltage will be greater than
300 V. This is the essence of the electric field modu-
lation effect to improve the breakdown voltage.
Figure 7 shows the surface electric fields with
different drain voltages for the partial silicon dop-
ing Alp25Gag 75N/GaN HEMTs. It can be seen from
Fig. 7 that the electric field peak near the gate in-
creases with the drain voltage. This high electric field
is mainly attributed to the device avalanche in the
conventional structure. The new electric field peaks of
the partial silicon doping structure are almost equal
for the different drain voltages of 300, 360, and 400 V.
The surface electric field tends to be uniform due to
the drain field plate effect. When the drain voltage is
400 V, the peak of the surface electric field has reached
the critical breakdown electric field of the GaN ma-
terial. The avalanche break occurs for the partial
silicon doping Alg 25Gag75sN/GaN HEMTs, and the
breakdown voltage is 400 V. The breakdown voltage
increases by about 35% compared with that of the

conventional structure, which is 296 V.
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Fig. 7. Surface electric field distributions with dif-

ferent drain voltages of the partial silicon doping
Alp.25Gag.75N/GaN HEMTs.

Figure 8 shows the surface electric field distri-
butions for the partial and complete silicon doping
Alp.25Gag 7sN/GaN HEMTs.
con doping structure, although the 2DEG concentra-

For the complete sili-

tion is larger than that of the partial silicon doping in

the channel region, the surface field is a typical trian-
gle. The highest electric field is at the gate edge near
the drain electrode, and the electric field decreases
sharply along the drift region. Avalanche breakdown
occurs due to the reverse bias Schottky junction. The
device reliability is affected by the hot electron ef-
fect resulting from the high electric field near the
gate. The 2DEG concentration and output current
decrease due to the triangle electric field distribution
for the complete silicon doping Alg.25Gag 75N/GaN
HEMTs. The high electric field near the gate reaches
about 4.8x10% V/cm for a 296 V drain voltage of
the complete silicon doping structure, which exceeds
the critical breakdown electric field of the GaN mate-
rial. While for partial silicon doping, the new electric
field peak is introduced in the surface electric field
distribution due to the electric field modulation ef-
fect by the partial positive charge. The high electric
field near the gate is decreased effectively. The crit-
ical breakdown electric field of the GaN material is
reached when the drain voltage is 400 V for the par-
tial silicon doping Alp.25Gag.75N/GaN HEMTs. How-
ever, the electric field reaches 5.7x10° V/cm when the
drain voltage is 400 V in the complete silicon doping
Alp 25Gag 75N/GaN HEMTs. This exceeds the critical
breakdown electric field of the GaN material.

— 6
I
g m part Si doping V=400 V
3
:>' o complete Si doping Vgs =400 V
é o complete Si doping Vi3 =296 V
~ 4
=
2
&
Q
EREII A\
o - %OO
g L
sl oo
=
n 0 L
0 4 8 12
X /um

Fig. 8. Surface electric field distributions with different
drain voltages of the Alg.25Gag.75N/GaN HEMTs.

Figure 9 shows the I4—Vjs curves for the conven-
tional and partial silicon doping Alg 25Gag 75N/GaN
HEMTSs structures.
that the two kinds of devices are the depletion-mode
Alp25Gag 7sN/GaN HEMTs. The output current is
related to the 2DEG concentration. For the partial sil-
icon doping Alg 25Gag 75N/GaN HEMTSs, the output

It can be seen from Fig. 8
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current is larger than that of the conventional struc-
ture due to high 2DEG density.

0.6} O cov. structure

m part Si doping

Fig. 9. I43s—Vys curves of the conventional and partial
silicon doping Alg.25Gag.75N/GaN HEMTs.

4. Experimental and measure-

ment results

There are two commercial samples used in this
paper for the experimental and measurement re-
sults. One is the conventional wafer with un-doped
Alp 25Gag 75N/GaN, and the other is the complete sil-
icon doping in the Alp25GagrsN/GaN HEMTs. For
the two samples, the epitaxial structure contains a
GaN buffer and a 20 nm AlGaN layer. Firstly, mesa
isolations were carried out by inductively coupled
plasma reactive ion etching. Secondly, the ohmic con-
tacts were formed simultaneously by the e-beam depo-
sition of Ti/Al/Ni/Au (20 nm/120 nm/50 nm/80 nm)
and subsequent rapid thermal annealing (RTA) at
850 °C for 30 s. Thirdly, the Schottky contacts were
defined by the photolithography and subsequent CF,
plasma treatment at 120 W for 180 s. Then, the sam-
ples were annealed at 400 °C for 10 min to repair the
plasma-induced damage in the AlGaN layers. The
negatively charged fluorine ions effectively depleted
the 2DEG, and the threshold voltages are shifted to
0.68 V and 0.509 V for the conventional structure with
un-doped and complete silicon doping at the AlGaN
layer samples, respectively. Finally, the self-aligned
Schottky contacts were deposited by e-beam evapora-
tion of Ni/Au and liftoff.

The transfer characteristics of Igs and V; are
It shows that the threshold
voltage is 0.68 V for the conventional structure
(Fig. 10(a)), and 0.509 V for the complete silicon dop-

shown in Fig. 10.

ing Alg 25Gag 7sN/GaN HEMTs (Fig. 10(b)). The two
devices are both of depletion-mode operation, which
is obtained by CF, plasma treatment at 120 W for
180 s. The fluorine ions with the negative charge de-
plete the 2DEG.! The 2DEG density is lower in the
conventional structure than in the complete doping
one, and therefore the 2DEG is depleted effectively
for the former, which causes a higher threshold volt-

age compared with the latter.

1.6
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|
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0
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Fig. 10. The transfer characteristics for (a) the conven-
tional structure with an V;y, of 0.68 V and (b) the complete
silicon doping structure with V4 of 0.509 V.

Figure 11 shows the measured forward dc-output
characteristics for both the conventional and complete
silicon doping Al 25Gag.75N/GaN HEMTSs structures.
The Iy is lower for the former than that of the
latter due to the high 2DEG density. This reveals
that the two devices are depletion-mode AlGaN/GaN
HEMTs because of the positive threshold voltages
(Fig. 10). The output current of the complete sili-
con doping structure is 338 mA/mm for V;, = 2 V,

which is greater than that of its conventional counter-
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part (294 mA/mm).
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Fig. 11. The I45—Vgs output characteristics of conven-
tional and complete silicon doping Alg.25Gag.75N/GaN
HEMTs.

Figure 12 shows the reverse blocking characteris-
tics for the conventional and complete silicon doping
AlGaN/GaN HEMTs. BV is defined as the voltage,
with the drain leakage current reaching 1 mA/mm.
The value of BV is 308 V in the conventional structure
with an un-doped AlGaN layer of Alj 25Gag 75N/GaN
HEMTSs, which is higher than that of 210 V in the
complete silicon doping at the Aly 25Gag. 75N layer. It
is more difficult to deplete 2DEG bearing reverse bias
in the complete silicon doping structure than in the
conventional structure due to the high 2DEG density.
However, a large forward current can be obtained for
the high 2DEG in the complete silicon doping struc-

ture, which is shown in Fig. 11.
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Fig. 12. Measured output characteristics for the conven-
tional and complete silicon doping structures at reverse
bias.

5. Conclusions

In this paper, a novel Aly o5Gag 75N/GaN HEMT
has been proposed with partial silicon doping in the
Alg 25Gag 75N layer applying the electric field modu-
lation effect. For the first time, the electric field peak
near the drain is explained by the potential differ-
ence between the drain electrode and GaN surface.
Simulated breakdown curves the same as the exam-
ination results are obtained for the first time by in-
troducing an acceptor-like trap into the N-type GaN
buffer. The surface electric field of the proposed struc-
ture is optimized to be uniform due to the new elec-
tric field peak by the positive charge of the part silicon.
The breakdown voltage is improved because of the de-
creased high electric field near the gate edge, and in-
creases from 296 V to 400 V for the partial silicon dop-
ing Alg.25Gag75N/GaN HEMTs compared with the

conventional structure. The resistance of the chan-

nel region is decreased in the partial silicon doping
Al 25Gag.7sN/GaN HEMTs due to high 2DEG con-
centration, which increases the output current. The
reliability caused by the hot electron is improved due

to uniform surface electric field distribution.
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