Enhanced two dimensional electron gas transport characteristics in AloO3/AlInN/GaN
metal-oxide-semiconductor high-electron-mobility transistors on Si substrate

J. J. Freedsman, A. Watanabe, Y. Urayama, and T. Egawa

Citation: Appl. Phys. Lett. 107, 103506 (2015);
View online: https://doi.org/10.1063/1.4930876
View Table of Contents: http://aip.scitation.org/toc/apl/107/10
Published by the American Institute of Physics

Articles you may be interested in

Thermal stability of an InAIN/GaN heterostructure grown on silicon by metal-organic chemical vapor deposition
Journal of Applied Physics 118, 235705 (2015); 10.1063/1.4937902

Characterization of interface states in AlpO3/AlGaN/GaN structures for improved performance of high-electron-

mobility transistors
Journal of Applied Physics 114, 244503 (2013); 10.1063/1.4859576

Dynamics of carrier transport via AlGaN barrier in AIGaN/GaN MIS-HEMTs
Applied Physics Letters 110, 173502 (2017); 10.1063/1.4982231

Thickness engineering of atomic layer deposited AloO3 films to suppress interfacial reaction and diffusion of Ni/
Au gate metal in AlIGaN/GaN HEMTs up to 600 °C in air
Applied Physics Letters 110, 253505 (2017); 10.1063/1.4986910

Threshold voltage control by gate oxide thickness in fluorinated GaN metal-oxide-semiconductor high-electron-
mobility transistors
Applied Physics Letters 103, 033524 (2013); 10.1063/1.4815923

On the physical operation and optimization of the p-GaN gate in normally-off GaN HEMT devices
Applied Physics Letters 110, 123502 (2017); 10.1063/1.4978690

Scilight

Sharp, quick summaries illuminating

the latest physics research

Publishing



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1923910458/x01/AIP-PT/APL_ArticleDL_1217/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Freedsman%2C+J+J
http://aip.scitation.org/author/Watanabe%2C+A
http://aip.scitation.org/author/Urayama%2C+Y
http://aip.scitation.org/author/Egawa%2C+T
/loi/apl
https://doi.org/10.1063/1.4930876
http://aip.scitation.org/toc/apl/107/10
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4937902
http://aip.scitation.org/doi/abs/10.1063/1.4859576
http://aip.scitation.org/doi/abs/10.1063/1.4859576
http://aip.scitation.org/doi/abs/10.1063/1.4982231
http://aip.scitation.org/doi/abs/10.1063/1.4986910
http://aip.scitation.org/doi/abs/10.1063/1.4986910
http://aip.scitation.org/doi/abs/10.1063/1.4815923
http://aip.scitation.org/doi/abs/10.1063/1.4815923
http://aip.scitation.org/doi/abs/10.1063/1.4978690

APPLIED PHYSICS LETTERS 107, 103506 (2015)

@CrossMark

Enhanced two dimensional electron gas transport characteristics
in Al,O3/AlInN/GaN metal-oxide-semiconductor high-electron-mobility
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The authors report on Al,Os/AlygsIng sN/GaN Metal-Oxide-Semiconductor High-Electron-
Mobility Transistor (MOS-HEMT) on Si fabricated by using atomic layer deposited Al,O3 as gate
insulator and passivation layer. The MOS-HEMT with the gate length of 2 um exhibits excellent
direct-current (dc) characteristics with a drain current maximum of 1270 mA/mm at a gate bias of
3V and an off-state breakdown voltage of 180V for a gate-drain spacing of 4 um. Also, the 1 um-
gate MOS-HEMT shows good radio-frequency (rf) response such as current gain and maximum os-
cillation cut-off frequencies of 10 and 34 GHz, respectively. The capacitance-voltage characteristics
at 1 MHz revealed significant increase in two-dimensional electron gas (2DEG) density for the
MOS-HEMT compared to conventional Schottky barrier HEMTs. Analyses using drain-source con-
ductivity measurements showed improvements in 2DEG transport characteristics for the MOS-
HEMT. The enhancements in dc and rf performances of the Al,O3/Aly gsIng 1sN/GaN MOS-HEMT

are attributed to the improvements in 2DEG characteristics. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930876]

AlInN/GaN based high electron mobility transistors
(HEMTs) have recently attracted a great deal of research in-
terest. The AlInN/GaN HEMTs are expected to deliver higher
drain current (Ipg) because of its polarized two dimensional
electron gas (2DEG) density, (Ny) higher than AlGaN/GaN
HEMTs. This makes AlInN/GaN HEMTs promising for high
power and radio-frequency (rf) applications.! Deeply scaled
short-channel HEMTs with sub-micron gate footprints have
delivered a high output current density as well as excellent rf
performance.” However, AlInN/GaN based high voltage
devices require longer gate length (L,) and relatively long
gate-to-drain distance (L), respectively.® In addition, the lat-
tice matched AlInN/GaN devices using longer L, could not
achieve a high output current >1 A/mm as expected.*”’ In
contrast, the AlInN/GaN heterostructures with lower In com-
position <17% are potential candidates to deliver high cur-
rent because of its high N; due to in-built piezoelectric and
spontaneous polarization effects.® Such AlInN/GaN hetero-
structure with high conductivity and/or Ny is required for
attaining low on-resistance (R,,) which is essential for high
power switching applications. This can be realized in slightly
tensile strained AlInN/GaN heterostructure with high conduc-
tivity and N; values delivering a low sheet resistance
(Ry) ~ 182 Q/1°

In spite of these advantages, metal-organic chemical
vapor deposition (MOCVD) growth of AlInN/GaN hetero-
structure typically on Si substrate is challenging because of
large lattice and thermal mismatches for GaN-on-Si.'®
Besides growth difficulties, the AIInN/GaN Schottky barrier
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HEMT (SB-HEMT) is prone to detrimental gate leakage cur-
rent (I;), which often degrades the subthreshold device char-
acteristics such as On/Off current ratio (Ip,/lop) and
subthreshold-swing slope (SS). To minimize I; and to
improve device characteristics, several oxides have been
investigated for AlInN/GaN metal-oxide-semiconductor
HEMTs (MOS-HEMTs). These MOS-HEMTs employed
various oxides and different deposition techniques such as:
pulsed laser deposited (PLD) Y203,4 reactive ion sputtered
(RIS) AlL,O3;°> MOCVD grown Al,0;, GdScO3,° ZrO,,’
atomic layer deposited (ALD) A1203,] Mand plasma enhanced
CVD (PE-CVD) SiO,."? Considering the available choice of
insulators and their deposition techniques, ALD Al,O;
emerges as an attractive gate dielectric and passivating mate-
rial for III-V nitrides owing to its large band gap (E, ~7¢eV),
high dielectric constant (¢ ~9), and breakdown field strength
(~10 MV/cm) in combination with its high degree of confor-
mity in deposition. By using ALD-Al,0O5 as gate insulator,
improved transport characteristics have been reported for
AlGaN/GaN MOS-HEMTs.'>!'*  Recently, AlInN/GaN
HEMT passivated with ALD-Al,0O5 has also proved good
candidate for millimeter wave power generation.'> However,
still there is a lack of detailed report on the direct-current
(dc) and rf performance and the transport properties of
A10.85In0_15N/GaN MOS-HEMT on Si by using ALD-A1203
as gate oxide as well as passivating material. In particular, a
majority of the available reports for AlInN/GaN devices are
on sapphire or SiC substrates.”-'*'>!® Addressing the
issues aforementioned, we have fabricated AlggsIng 5N/
GaN MOS-HEMT typically grown on Si. The MOS-HEMT
fabricated by using ALD-Al,O; as gate insulator shows
reduction in I; by 10° orders and improvements in dc and rf

© 2015 AIP Publishing LLC
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performances compared to SB-HEMT. The channel conduc-
tivity analyses on the MOS-HEMT reveal enhanced carrier
transport properties.

The AlInN/GaN heterostructure was grown using Taiyo
Nippon Sanso (SR 4000) MOCVD system on 4 in. silicon
substrate. In an effort to maximize output dc characteristics
with low R,,, the AlInN/GaN heterostructure was designed
with a 10nm AlInN barrier and the In composition was
measured as 15%. The GaN layer thickness was 1 ym, and a
I nm AIN spacer layer was grown between the GaN and bar-
rier layer to improve channel conductivity by minimizing
alloy disorder and/or interface roughness scattering of
2DEG. To complement the growth of device grade AlInN/
GaN/Si heterostructure, a 110nm buffer layer and a thick
strained layer superlattice (SLS) of 3 um, similar to our
buffer design for MOCVD grown AlGaN/GaN/Si hetero-
structure was introduced.'”

The AlInN/GaN MOS-HEMT fabrication is started with
a mesa isolation by using BCl; plasma based reactive ion
etching. Ohmic patterns were formed by using conventional
photolithography followed by metallization of Ti/Al/Ni/Au
(15/80/12/40nm). The ohmic contacts were annealed at
800 °C for 30s in N, ambient using rapid thermal annealing
(RTA). For MOS-HEMTs, a 10nm ALD-AL,O5; was depos-
ited at 300°C by using trimethylaluminum (TMA), water
vapor (H,0), and ozone (O3) as precursors. Post deposition
annealing of Al,Oj3 layer was carried out to improve the ox-
ide/semiconductor interface. Gate metals Pd/Ti/Au (40/20/
60nm) was deposited directly on the Al,O5 layer. As refer-
ence, AlIInN/GaN/Si SB-HEMT without the passivation layer
was also fabricated simultaneously. The dc current-voltage
(Ips-Vps) characteristics and rf characteristics were meas-
ured using Agilent BI500A semiconductor parameter ana-
lyzer and N5247A PNA-X network analyzer. Circular
shaped SB and MOS-diodes of area 7.07 x 10~* cm? were
used for capacitance-voltage (C-V) measurements at 1 MHz.
The ohmic characteristics of the fabricated devices were
investigated by transmission line method (TLM). TLM
measurements show a low contact-resistance (R,) and Ry,
values of 0.5 Q-mm and 187 Q/[] for the MOS-HEMT. The
SB-HEMT without the Al,O3 passivation layer shows rela-
tively high R. and R, values of 0.9 Q-mm and 212 Q/7],
respectively. A lower R, value with a better R, value for
MOS-HEMT with Al,O5 passivation signifies better conduc-
tivity that leads to an increased in Ny-u product as R, can be
defined as (R, ~ 1/gN,u), where g is the electronic charge
and p is the 2DEG mobility.

Figure 1 shows the comparison dc Ipg-Vpg characteris-
tics of MOS-HEMT and SB-HEMT. The MOS-HEMT
showed a well-behaved Ips-Vpg characteristics with a drain
current maximum (/pg uq) of 1270 mA/mm at gate-source
bias (Vgg) of 3 V. This accompanied a low R, value of 3.2
Q-mm for a source-drain distance (Lgp) of 10 um. A high
Ips. max Was achieved for AlInN/GaN MOS-HEMT with the
device width and gate length (W,/L,) of 15/2 um and is the
highest reported on Si. For SB-HEMT with similar device
dimensions, the Ipg,..x and R,, values at Vg of 2V were
1020 mA/mm and 4.2 Q-mm, respectively.

Figures 2(a) and 2(b) show the semi-log and linear scale
transfer characteristics at Vpg=8V for MOS-HEMT and
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FIG. 1. (a) Typical dc Ipg-Vps characteristics of Al,O3/AlInN/GaN MOS-
HEMT and (b) AlInN/GaN SB-HEMT.

SB-HEMT, respectively. In MOS-HEMT, the detrimental
gate leakage was suppressed by order of magnitude ~10°
compared to SB-HEMT that leads to enhanced subthreshold
characteristics, namely, /o,/l g value of 10® and SS value of
62mV/dec. In contrast, the SB-HEMT shows a Iy,/I o5 value
of 10° and SS of 114 mV/dec. The H,O and O assisted high
quality ALD-AIL,Oj3 insulating layer is believed to be respon-
sible for the mitigation of gate leakage in MOS-HEMT.
Recent studies using H,O and Oj assisted ALD-AI,O3 oxide
layer have proved effective to reduce the gate leakage and
interface density for AIGaN/GaN MOS-HEMT.'® And the
observed improvements in subthreshold characteristics of
Al,O3/AlInN/GaN MOS-HEMT also suggest such high qual-
ity gate insulator.'” As shown in Fig. 2(b), the AlInN/GaN
SB-HEMT and MOS-HEMT exhibits complete pinch-off
characteristics with the threshold voltage (V,,) of —4 and
—7V, respectively. For the AlInN/GaN MOS-HEMT, the
transconductance maximum (G,,) was 186 mS/mm which is
only 5% lower than Gy, value of 195 mS/mm for SB-HEMT
in spite of the negative V,, shift due to increased gate-to-
channel separation.

As observed from the dc output characteristics, the on-
current drive for the MOS-HEMT was significantly higher.
Although identical AlInN/GaN/Si heterostructure was used
for the device fabrication, the MOS-HEMT shows increase
in saturation drain current (/pgs ,,,) compared to conventional
SB-HEMT with a high access resistance. A high Ipg could
be expected for MOS-HEMT as Ip5/Wg=q.N,.v,; where v,
is the drift velocity of electrons and depends on intrinsic
transport properties of the channel. In the literature, the drain
current improvements due to enhanced drift mobility (u,)
have been reported for AlInN/GaN MOS-HEMT by using

4 —110*
10° B B0 1500 [oetan T 2501 250
10? ! V!'IU ==1200 e sBHEMT > ! 200
E10° | [gomt i1o°E§ I E
2 E||7 11025 £ 900
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FIG. 2. (a) Semi-log scale transfer and /5s-Vs characteristics of AlInN/
GaN based MOS-HEMT and SB-HEMT (W,/L,=15/2 um). (b) Transfer
and transconductance characteristics of SB-HEMT and MOS-HEMT.
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FIG. 3. (a) Typical C-V and N-Vi characteristics of AlInN/GaN MOS-
diode and SB-diode. (b) Extracted drift mobility (x,) as a function of 2DEG
density (Ng) for Al,O3/AlInN/GaN MOS-HEMT.

MOCVD AlL,O5 gate oxide.” Wang et al. observed 20%
improvement of current density for AIlnN/GaN HEMTsS pas-
sivated with ALD-AI,O3 layer.21 Therefore, the observed
enhancement in output current for the AlInN/GaN MOS-
HEMT is believed to be due to an increased Ny and/or
N X pg product.

To quantify this, channel transport properties of the
AlInN/GaN MOS-HEMT were assessed by using channel
conductivity along with C-V measurements. Conductivity
measurements were carried out on long-gate “FAT-HEMT”
with W,/L, =200/100 um present on the same wafer, where
W, and L, are the channel width and length, respectively.
The drift mobility was extracted according to the equation®>

Lc\ (Geng)
Re =\ )\ —— |»
Wea qN;

where Gy, is the channel conductance at a low drain bias
(0.1-0.3 V). Due to relatively severe gate leakage, the chan-
nel conductivity could not be measured for SB-HEMT.
Typical C-V characteristics of the AlInN/GaN based SB-
diode and MOS-diode are shown in Fig. 3(a). As shown, the
C-V curve of MOS-diode shows a sharp transition from
depletion to accumulation regime suggesting good Al,Os3/
AlInN interface. The N; was extracted from the integration
of respective C-V curves using the equation

)]

1 (Y
Ng = —J C(Vg)dVg, 2
qA Jv,,
where A is the diode area. As shown Fig. 3(a), the MOS-
diode shows a significant increase in N, values in comparison

with SB-diode. At V=0V, the N, values for MOS and SB-
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diodes were 2.3 x 10'* and 1.6 x 10"%cm 2, respectively.
An N; increase by 49% for MOS-diode is due to surface pas-
sivation effects by high quality ALD-Al,0O5 and is consistent
with the observed drain current enhancements. Maeda
et al.* reported similar observations of about 50% increase
in Ny for AlGaN/GaN MIS-structure by using electron-
cyclotron resonance (ECR) plasma sputtered Al,Os. Figure
3(b) shows the extracted drift mobility for AlInN/GaN
MOS-HEMT as a function of effective N, in the channel. As
shown, the p, increases with smaller N; and reaches a peak
g of 2145 cm?/V-s at N, value of 9.6 x 10"?>cm 2. For N,
values exceeding ~1 X 10 cm 2, the Lq changes slope and
decreases with N;. Nevertheless, the extracted p,; is over
1500 cm?/V-s even at higher N, values. The zero-bias u,
and corresponding N, values were 1678 cm?/V-s and 2.3
x 10" cm ™2, respectively. The extracted zero-bias mobility
value is comparable with the ALD-Al,03/AlGaN/GaN chan-
nel MOS-HEMT,'* although a high 2DEG density is con-
fined in the present AlInN/GaN channel MOS-HEMT. The
presence of the 1nm AIN spacer layer should also be
accounted for the observed high mobility as it helps to
reduce the alloy disorder and interface roughness scatter-
ing.>* The enhancement in N, x p, product for the MOS-
HEMT is due to the device grade AlInN/GaN/Si heterostruc-
ture and the incorporation of high-quality gate oxide which
gives better gate controllability over the channel.

To study the passivation effectiveness, dynamic drain
current characteristics were compared. Figure 4(a) shows the
comparison of dynamic /ps-Vpg characteristics measured at
Ves=0V. A pulse width and period of 500 us and 10 ms
were applied during the measurement. The gate and drain
was set at a quiescent bias condition of 0 V. Compared to the
SB-HEMT, the MOS-HEMT shows a 48% increase in
dynamic Ipg g, (from 743 to 1098 mA/mm) suggesting good
degree of passivation due to ALD-Al,05 layer. The presence
of ALD-Al,Oj3 layer further reduces remote Coulomb scat-
tering of the 2DEG and effectively passivates the surface
traps.25

The MOS-HEMT was also subjected to three-terminal
off-state breakdown voltage (BV,+) measurements at a con-
stant gate bias of —8 V. The BV is defined as the drain bias
at which a drain current of I mA/mm was observed. As
shown in Fig. 4(b), the MOS-HEMT shows lower gate-
leakage current and a BV value of 180V for an L,;=4 um.
The dc performances of fabricated AlInN/GaN based SB-
HEMT and MOS-HEMT in this work are compared with

1200 1 00 30 [fr/fnax = 10/34 GHz =
— =25 Ly=1um -]
— £ Vos=-5V
€ 900 £ .
E = 102 FIG. 4. (a) Dynamic Ips-Vpg charac-
2 < teristics of AlINN/GaN based MOS-
E 600 E HEMT and SB-HEMT. (b) 3-Terminal
= ~ Hz) breakdown voltage characteristics of
7 \0 10-4 MOS-HEMT with a L,,=4 pum. The
<300 © MOS-HEMT - inset shows rf performance of MOS-
o SB.HEMT 2 w2 s HEMT with (WolLo/Ly,
.| od = m ¢
0 L 10° R Lea) = (2% 50)/1/3/3 pm.
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TABLE I. Comparison of dc characteristics of lattice-matched AlInN/GaN based devices reported in literatures with this work.

Oxides T, (nm) Deposition technique L, (um) Ips. max (A/mm) G, may (MS/mm) Reverse /55 (A/mm) Substrate Ref.
Y,05 15 PLD 2.0 0.60 NA NA Si 4
Al,O4 7 RIS 4.0 0.29 45 1.0x 10 %at—10V Sapphire 5
Al O3 12.5 MOCVD 2.0 0.77 142 12x 10 %at -5V Sapphire 6
71O, 19 MOCVD 2.0 0.76 NA 1.0 x 1077 at =15V Sapphire 7
SiO, 10 PECVD 1.8 1.60 290 40x10%at—6V SiC 12

0.5 1.00 310 1.0x 107 %at—10V SiC 16

2.0 0.70 160 50x 107 2at -5V Sapphire 6
2.0 1.02 195 6.0 x10™%at —6V Si This work
ALO; 10 ALD 2.0 1.27 186 1.0 x 107%at =9V

The dc characteristics of AlInN/GaN based SB-HEMT and MOS-HEMTs on Si are highlighted.

those reported in literatures as shown in Table I. It can be
seen that the AljgslngsN/GaN SB-HEMTs shows higher
drain current >1A/mm than those lattice-matched Al g3
Ing 17N/GaN HEMTs on sapphire6 or SiC.'® For the Alggs
Ing 15N/GaN MOS-HEMT on Si, the drain current is further
improved to 1.27 A/mm.

On-wafer rf characteristics were measured for the MOS-
HEMT with the dimensions of Wo/Lo/Lge/Leq= (2 x 50)/1/3/
3um and by biasing at Vpg=10V and V5g=—-5V. The
MOS-HEMT exhibits excellent frequency response with a
unit current gain cut-off frequency and maximum oscillation
frequency (f7/faa.) values of 10/34 GHz as shown in inset of
Fig. 4(b). In spite of its longer gate (L, ~ 1 um) and source-
drain spacing (Lg;~ 7 um), the MOS-HEMT still delivers
the product of f7 X L, =10 GHz um which is better than pre-
vious reports for AlInN/GaN short channel devices on
SiC*'® or Sapphire.!' The effective electron velocity (V, o)
in the MOS-HEMT channel is estimated to be 0.6 x 10" cm/s
by using Vg=2n-fr-L,. A high effective electron velocity
considering the large periphery of the MOS-HEMT is due to
enhanced carrier transport properties. By vertical and lateral
scaling down of these MOS-HEMTs, they are capable of
achieving higher fr and fy,. values.?® The improvements in
dc and rf performances are due to the observed enhance-
ments in the two dimensional electron gas transport proper-
ties of Al g5Ing ;sN/GaN MOS-HEMT on Si.

In summary, we have designed and characterized high-
quality AlggsIng.;sN/GaN MOS-HEMT on Si with ALD-
Al,O3 as gate oxide. The fabricated MOS-HEMT shows
good gate control over the channel and exhibits excellent dc
and rf characteristics with reduced gate leakage current. A
maximum drain current of 1270 mA/mm and an off-state
breakdown of 180V were achieved for the MOS-HEMT.
The 1 um-gate MOS-HEMT also exhibits fr and fj,,, values
of 10 and 34 GHz, respectively. A zero-bias mobility value
of 1678 cm?/V-s and corresponding N, of 2.3 x 10"*cm ™2
were extracted for the MOS-HEMT using channel conduc-
tivity and capacitance measurements. The enhanced carrier
transport characteristics in Al gsIng 15N/GaN channel MOS-
HEMT are responsible for the observed improvements in dc
and rf performances. The results demonstrate the promising
features of utilizing ALD-Al,O5/AljgsIng 1sN/GaN MOS-
HEMTs on Si and their ability to deliver high-output current
density for future high-power devices.

This work was partially supported by the Japan Science
and Technology Agency (JST) — Super Cluster Program.
The authors would like to thank Mr. Y. Katayama, Nagoya
Institute of Technology for the help in rf measurements.
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