ELECTRON DEVICES SOCIETY

Received 6 June 2022; accepted 2 July 2022. Date of publication 5 July 2022; date of current version 14 July 2022.
The review of this article was arranged by Editor K. Joshi.

Digital Object Identifier 10.1109/JEDS.2022.3188463

Hf-Based and Zr-Based Charge Trapping Layer
Engineering for E-Mode GaN MIS-HEMT Using
Ferroelectric Charge Trap Gate Stack

1, CHIH-CHIEH LEE', CHIA-HSUN WU !, CHENG-JUN HUANG2, YAN-KUI LIANG'2,
YOU-CHEN WENG2, AND EDWARD YI CHANG ~ 23 (Life Fellow, IEEE)

1 Department of Materials Science and Engineering, National Yang Ming Chiao Tung University, Hsinchu 300, Taiwan
2 International College of Semiconductor Technology, National Yang Ming Chiao Tung University, Hsinchu 300, Taiwan
3 Department of Electronics Engineering, National Yang Ming Chiao Tung University, Hsinchu 300, Taiwan

JUI-SHENG WU

CORRESPONDING AUTHOR: E. Y. CHANG (e-mail: edc@.nycu.edu.tw)

This work was supported in part by the “Center for the Semiconductor Technology Research” from The Featured Areas Research Center Program within the framework of the Higher
Education Sprout Project by the Ministry of Education (MOE), Taiwan; in part by the Ministry of Science and Technology, Taiwan, under Grant MOST 111-2634-F-A49-008 and
Grant MOST 111-2622-8-A49-018-SB; and in part by the National Chung-Shan Institute of Science and Technology under Grant NCSIST-404-V407(111).

ABSTRACT E-mode hybrid ferroelectric charge storage gate (FEG) GaN HEMTs have shown promising
performances for future power GaN device applications. The FEG-HEMT demonstrates a combination of
ferroelectric polarization and charge trapping process in the ferro-charge-storage gate stack, leading to a
positive threshold voltage shift for E-mode operations. In this work, FEG-HEMTs with various Hf-based
and Zr-based charge trapping layers are systematically studied. FEG-HEMT which employed nitrogen
incorporated HfO, (HfON) as the charge trapping layer shows an E-mode operation with the highest Vi
(+2.3 V) after initialization. Moreover, the gate leakage of the HfON sample was further reduced due
to the nitrogen incorporation, leading to a more complete charging process during initialization. The Vi,
instability is also addressed and investigated. The FEG-HEMT with HfON as the charge trapping layer
showed a negligible Vi, hysteresis (—43mV) and the highest Vy, stability in both the PBTI (positive bias
threshold voltage instability) and NBTI (negative bias threshold voltage instability) test measurements.

INDEX TERMS AlGaN/GaN, metal-insulator-semiconductor (MIS)-HEMT, enhancement-mode, charge

trap gate stack, threshold voltage stability.

I. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs)
have emerged as important candidates for the next-generation
power switching device applications. [1], [2]. Due to lower
standby power dissipation, single-voltage operation, and fail-
safe consideration, enhancement-mode (E-mode) is essential
and GaN E-mode HEMT devices will play a crucial role in
future electrical vehicle applications. Lately, a series of novel
hybrid ferroelectric (HZO) charge trap gate stack schemes
were presented to achieve E-mode operations [3], [4], [5].
A flash memory-like E-mode hybrid ferroelectric charge stor-
age gate (FEG) GaN HEMT was introduced. Fig. 1 shows
the schematic FEG-HEMT structure and the ferro-charge-
storage gate stack structure. Due to the combination of the

charge trapping layer (CTL) and the ferroelectric laminated
layer, the threshold voltage would shift positively to a safety
margin (+2.5 V) after a positive gate bias initialization
and thus achieving an E-mode operation. The initialization
process would result in a strong polarization in the ferro-
stack and 2DEG electrons tunneling into the charge trapping
layer and captured [4], [5]. Furthermore, since the polariza-
tion of the AlGaN/GaN heterostructure is not affected by
the initialization charging process, the device shows both
a high threshold voltage and a high current density at the
same time. In the previous works, however, there still lacks
an intensive study on the charge trapping abilities of var-
ious charge trapping layers and how they affect the Vi,
stability.
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FIGURE 1. The schematic structure of the (a) E-mode hybrid ferroelectric
charge storage gate (FEG) GaN HEMT (with device dimensions shown at
the corner of the schematic structure) and (b) the schematic structure of
the laminated ferroelectric charge storage gate stack.

Vi stability is a crucial issue for E-mode GaN operations,
and thus very important for GaN FEG-HEMTs. As for FEG-
HEMTs, the charge trapping and detrapping of the charge
trapping layer strongly affects the Vy, behaviors and cause
Vi instability, which needs to be fully addressed. It is also
important to point out that gate leakage induced incomplete
charging process during the initialization process could also
cause Vy, instability.

Over the years, Hf-based and Zr-based high-k dielectrics
have been adopted and investigated to replace con-
ventional SizNg as CTLs, mainly due to their better
scalability, large numbers of trapping sites, larger con-
duction band offset, and relatively higher dielectric con-
stant. However, reports have shown that there exist O
vacancy (Vp) levels in HfO, which plays a crucial role
in the leakage current [6]. Moreover, trap-assisted tunnel-
ing through these high-k dielectrics could result in an
increase in gate leakage current [7]. On the other hand,
nitrogen incorporation in high-k dielectrics has been inten-
sively researched. Nitrogen incorporation in high-k films
showed an enhanced dielectric constant [8], [9], increase
in crystalline temperature [10], and suppressed gate leakage
[11]-[14]. All of which show promising properties to further
increase and stabilize the threshold voltage of the E-mode
FEG-HEMT.

In this letter, FEG-HEMTSs with Hf-based and Zr-based
oxides, nitrides, and oxynitrides as the charge trapping layer
are systematically investigated by DC and PBTI tests to
show the charge trapping properties. Benefiting from the
nitrogen incorporation, the oxynitride samples showed larger
Vi shifts after initialization due to the larger conduction
band offset. Furthermore, suppressed gate leakage currents
were also observed, resulting in a more complete charg-
ing process during the initialization. The Vy, stability of
the FEG-HEMTs is thus studied through the up and down
DC sweep, a high gate bias PBTI (positive bias threshold
voltage instability) stress test, and an NBTI (negative bias
threshold voltage instability) stress test to further investigate
the incomplete charging phenomenon in the charge trapping
layer.
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1l. DEVICE FABRICATION

The AlGaN/GaN epitaxial layers were grown on silicon
substrate by MOCVD. The AlGaN/GaN heterostructure epi-
taxial structure consisted of a 1-nm GaN cap layer, a 25-nm
Alp.23Gag 77N barrier layer, a 4-pm undoped GaN layer, and
a 100 nm AIN nucleation layer. The device fabrication starts
with ohmic contact formation using an alloyed Ti/Al/Ni/Au
metal stack. In-situ nitrogen plasma treatment was employed
prior to the deposition of a 50-nm SiNx passivation layer
using PECVD [15]. After passivation, the gate was fabri-
cated. Nitride etch and gate recess were performed by a
low-power ICP system and the remaining barrier thickness
after etching was about 5 nm. The samples were then loaded
into the ALD machine promptly. The gate stack growth by
ALD consisted of a ferroelectric laminated structure (28 nm
AlrO3-HfZrO4-Al;03) / charge trapping layer (6 nm) / tun-
neling oxide layer (10 nm Al,O3) (Fig. 1(b)). The adopted
gate stack is identical to that of [4] and only the charge
trapping layer has been modified. Six samples were fabri-
cated with different charge trapping layers for comparison,
namely (a) HfN (b) HfO; (c) HfFON (d) ZrN (e) ZrO,
(f) ZrON. The oxides (b, e) were grown by thermal ALD
using H>O as the oxidant and on the other hand, the nitrides
(a, c) were grown by plasma ALD with N; plasma as
the reactant. Both oxides and nitrides were deposited for
60 cycles. Additionally, the oxynitrides (c, f) were deposited
with a cycle ratio of thermally grown oxide: plasma grown
nitride = 1 : 1, for a total of 30 cycles (thermally grown oxide
deposition immediately followed by a plasma grown nitride
deposition). The six samples then underwent post-deposition
annealing in N> ambient at 400 °C. After the gate stack depo-
sition, ion implantation was used for mesa isolation. For the
gate metal deposition process, a 4ium gate region was defined
to form the T-gate structure. Ni/Au (50nm/300nm) was then
deposited by electron beam evaporation as the gate metal.

11l. RESULTS AND DISCUSSION

A. THRESHOLD VOLTAGE SHIFT CHARACTERISTICS AND
BAND ALIGNMENT

Six samples were measured for the transfer characteristics
before and after the initialization process to show the charge
trapping abilities of different charge trapping layers (CTL)
(Fig. 2). The Vi, shift shown in Fig. 2 is a combination of
data of two Ip-V characteristics, which is a Vg sweep from
—8 to 0 and a Vg sweep from O to +8. The reason there
exists a negative to zero Vgs DC transfer characteristic is to
show the Vi, value before the initialization, demonstrating
the Vi, shift before and after the initialization. Furthermore,
the negative Vggs doesn’t affect the initialization process.
After the initialization process, devices showed Vi, values
of —0.49, 1.53, 2.3, —0.99, 0.62, and 1.12 V for the FEG-
HEMT device with HfN, HfO, HfON, ZrN, ZrO,, and
ZrON as the CTL, respectively (The Vy, was determined
at the drain current of 1 wA/mm). Meanwhile, the devices
showed positive Vy, shift values of +3.83, +6.53, +7.56 V,
+4.01, +5.56, and +5.84 for the FEG-HEMT device with

VOLUME 10, 2022



WU et al.: Hf-BASED AND Zr-BASED CHARGE TRAPPING LAYER ENGINEERING FOR E-MODE GaN MIS-HEMT

ELECTRON DEVICES SOCIETY

(b)

10°fHfN VosTIV 10° fHfO, VoV 10°fHfON VoIV
= 10"} £ 10} = 10"}
g 10-1 { AVm=+3.83V E 10.1 : AV, =+653V g 10-1 { AV, =+7.56 V
<L 403f <L 40f <L 4031
E el | Eqoel cem. | Eoel
~10 10§ 2 ~10°)
" 107} " 107} 107
-9 of Y -9 e
L -8 -6 -4 -2 0 2 4 6 8 L -8 -6 -4 2 0 2 4 6 8 L -8 -6 -4 2 0 2 4 6 8
@, =0 © = @) =
10°;ZrN G 10°} Va1V 10°;ZrON YotV
10} 10'} 10'}
r r r
E Al AV, =+4.01V E af E Al AV, =+5.84V
€ 107} n =+ £ 10"} AV, = +5.56V £ 107} i
Em“ 210'3r Em“
— V,, definition — . r V,,, definition = r V,, definition
\01 0 sf at /. = TuA/mm \01 0 S r at [, = TuA/mm \01 0 S5 I at /= TuA/mm
107P-J 107} 107}
-9 [ s . . -9 ] L N N . . N s -9 r
1o -8 -6 -4 -2 0 2 4 6 8 o 8 6 -4 -2 0 2 4 6 8 10 -8 -6 -4 -2 0 2 4 6 8
Vas (V) Vas (V) Vas (V)

FIGURE 2. Ip-Vg characteristics showing Vy, shifts of FEG-HEMTs with (a) HfN (+3.83 V), (b) HfO, (+6.53 V), (c) HON (+7.56 V), (d) ZrN (+4.01 V),
(e) ZrO, (+5.56 V), and (f) ZrON (+5.84 V) as the charge trapping layer before and after the initialization (Vgg = 16 V, Vpg = 0 V for 1ms).

HfN, HfO, HfON, ZrN, ZrO,, and ZrON before and after
the initialization (Vgs = 16 V, Vpg = 0 V for 1ms), respec-
tively. Nitride CTL samples had the lowest Vi, shifts and
even resulted in D-mode operations after initialization. The
possible reason is that transition metal nitrides are metallic
and they are usually used as electrodes and not for charge
storage [16]. Samples with oxynitride CTL such as ZrON
and HfON had higher Vy, shifts than oxide dielectrics (HfO;,
ZrO»), nitrogen incorporation increases the dielectric con-
stant of ZrO; [8] and HfO, [9] and further redistribute the
electric field in the ferroelectric gate stack. When the same
electric field is applied to the gate dielectric for the initial-
ization process, the electric field across the Al,O3 tunneling
layer is increased. This results in more electrons tunneling
into the CTL and leads to a higher Vy, shift [17].

In addition, the important characteristic of the charge trap-
ping layer is its capability to confine the electrons, which
would directly lead to higher threshold voltages after ini-
tialization. Figure 3(a) shows the band alignment of the
Hf-based and Zr-based oxide and oxynitride charge trapping
layers [8], [18], [19], [20], [21]. The conduction band off-
set of ZrON and HfON with respect to Al,Os is higher than
that of ZrO, and HfO,. The larger AEcs of oxynitrides from
the Al,O3 layer directly contributes the enhancement of the
direct tunneling during initialization due to the reduced bar-
rier heights induced by nitrogen incorporation (Figure 3(b)).
Furthermore, out of the 6 samples, FEG-HEMT with HfON
as the CTL showed the largest Vy, shift, indicating a sign
of more charge trapping in the HfON CTL than in other
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samples. The largest AEc (HfON) with deeper trapping
energy would result in the largest Vi, shift and the best elec-
tron confinement, which is a key factor for improved GaN
E-mode performance and better Vy, stability [20]. Moreover,
the increase in crystalline temperature due to the nitrogen
incorporation in HfO; could also help with the charge trap-
ping process [10], [17]. The charge trapping behaviors of
dielectric layers are strongly dependent on the deep trapping
processes. It is commonly known that amorphous materi-
als contain higher deep trap density than polycrystalline
materials and possess higher disorder and band-tail local-
ization, thus enhancing the charge trapping capability [22].
With the help of nitrogen incorporation, the partial crys-
tallization in HfO, could be mitigated during the 400°C
post-deposition annealing process [23], [24]. In addition,
Hf-based dielectrics had higher Vy, shifts than Zr-based
dielectrics either oxide or oxynitride, suggesting that Hf-
based dielectrics have higher trap density and relatively
higher crystalline temperature.

B. GATE BREAKDOWN CHARACTERISTICS

Figure 4 shows the Ig—Vg characteristics of all the devices.
Devices showed a gate breakdown voltage of 21.4, 23.4,
22.9,22.2,22.8, and 24.1 V for the device with HfN, HfO,,
HfON, ZrN, ZrO;, and ZrON, respectively. The gate break-
down voltage was determined as the drain current reaches
1 wA/mm. It has been reported that trap-assisted tunneling
through these high-k dielectrics is the reason for gate leakage
to occur [7]. As for the case of HfO,, O vacancy (V) levels
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FIGURE 3. (a) The band alignment of the Hf-based and Zr-based oxide and
oxynitride charge trapping layers with respect to Al 03 and (b) Schematic
band diagram of polarizing the ferroelectric gate stack during initialization,
illustrating a charge storage process of a FEG-HEMT with oxide or
oxynitride CTL [4].

(which are located at ~1.2eV below the bottom of the con-
duction band) play a crucial role in electron leakage current.
From Fig. 4 we could see that with the help of the nitrogen
incorporation effect, the gate leakage current of HFON was
much lower than that of HfO,. The reason why the HfON
sample showed reduced gate leakage current is because of
the elimination of Vy related gap states. Nitrogen incorpo-
ration could effectively deactivate V related gap states by
changing the charge states of Vo from neutral (V) to posi-
tive (Vo21) [11]. Meanwhile, the same trend was observed in
Zr-based dielectrics but the effect of nitrogen incorporation
in ZrO, was not obvious.

Furthermore, gate leakage at Vg = 16 V needs to be fully
addressed. Due to the initialization process of the FEG-
HEMT, gate leakage could cause an incomplete charging
process and thus leading to Vy, instabilities. FEG-HEMT
with ZrON as CTL shows a larger gate leakage current of
1.1%*107> mA/mm at Vg = 16 V compared to HfON as CTL
shows a lower gate leakage current of 5.22%107% mA/mm
(Figure 4).
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FIGURE 5. Vy, shifts versus different initialization voltages from the range
10 to 20 V.

Figure 5 shows the Vy, shifts of the HfON and the ZrON
CTL sample under different initialization voltages. The Vi,
shifts showed a gradual increase when the gate was biased
from 10-16 V. When samples underwent initialization larger
than 16 V, the increase of Vy, slowed. This may be due to the
CTL already reached the maximum charge storage capacity.
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FIGURE 6. Up sweep and down DC sweep of FEG-HEMTs with (a) ZrON
and (b) HfON as charge trapping layers.

The HfON sample exhibits an overall larger Vi, shift which
verifies the aforementioned larger AE¢ and relatively higher
crystalline temperature. Furthermore, the reduced gate leak-
age current of the HfON sample at high gate biases also
benefits the charging process at high initialization voltages.

Figure 6 shows the Vy, hysteresis loops of the E-mode
FEG-HEMT devices with HfON and ZrON as the charge
trapping layer. The Vi, hysteresis measurement was per-
formed using a continuous double DC sweep, with the gate
voltage traced from O V to 16 V and then 16 V back to
0 V. The Vy, of the up-sweep and down-sweep curves were
both set at Ip = 1 wWA/mm. To illustrate the Vy, hystere-
sis region better, Figure 6 only shows the Vg in the range
from 0 V to 4 V. The FEG-HEMT with HfON as the CTL
showed a much lower Vg, hysteresis (AVy = —43 mV)
than the one with ZrON (AVy = +521 mV). This result
was due to the reduced gate leakage during the initialization
as mentioned above. A larger gate leakage current during ini-
tialization means that a portion of the electrons wasn’t fully
trapped in the CTL and leaked at high gate voltage (Fig. 7).
Fig. 7(b) illustrates a schematic band diagram of the origin
of the incomplete charging, which causes threshold voltage
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instability. During the down sweep process, the charge trap-
ping was further completed due to the lower gate voltage
of the down sweep procedure. This is why in addition to
the larger Vi, hysteresis of the ZrON CTL sample, the Vi,
hysteresis also showed a positive value. On the other hand,
the HFON CTL sample showed a significant reduction of Vi,
hysteresis, and the Vi, hysteresis was negative. The result
indicates a more fully charged initialization process. The
negative Vi, hysteresis of the HFON CTL sample could be
the result of electron detrapping in the CTL which occurred
due to the lower gate applied voltage during the down sweep
cycle. This negative Vy, hysteresis exhibits charge retention
characteristics of the FEG-HEMT. Nonetheless, the negative
Vin shift of the HFON CTL sample is small and negligible,
showing excellent charge trapping abilities.

C. PBTI AND NBTI STRESS TESTS

To further investigate the Vy, stability, both PBTI (positive
bias threshold voltage instability) and NBTI (negative bias
threshold voltage instability) tests were conducted to demon-
strate the charging characteristics under different gate bias
stresses. Figure 8 shows the PBTI characteristics of all the
devices after the initialization. The devices showed posi-
tive Vi shifts of 2.09, 3.17, 1.72, 2.25, 3.27, and 2.51 V
at 1000 seconds for the devices with HfN, HfO,, HfON,
ZrN, ZrO,, and ZrON as CTL, respectively. The PBTI mea-
surement demonstrates further signs of incomplete charging
in the HfO, and ZrO, CTL samples, showing the largest
Vi shift over time. With the help of nitride incorporation,
the oxynitride CTLs were able to charge more completely
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FIGURE 8. PBTI results of FEG-HEMTs after initialization with (a) Zr-based
and (b) Hf-based dielectrics as the charge trapping layers.

during the initialization process. This result is mainly due
to the reduction of the electron leakage mentioned before.
As for the NBTI test (Fig. 9), the devices were stressed at
Ve = —5V for 100 seconds. Due to unintentional ringing
or intentionally applying off-state bias to prevent false turn
on, an NBTI test was also conducted to show the Vy, sta-
bility of the devices. The reason for choosing a stress bias
of Vg = —5 V is because the devices had a Vy, of approxi-
mately —5 V before the initialization. Negative threshold
voltage shift percentages (AV NBTI/A Vih initialization) Of
48.37, 42.68, 32, 64.7, 50.35, and 49.23 % at 100 sec-
onds were observed for the devices with HfN, HfO,, HfON,
ZrN, ZrO3, and ZrON as CTL, respectively. The HFON CTL
sample, which possesses better charge confinement, shows
an overall reduction of negative threshold voltage shift. From
the results shown above, the FEG-HEMT that adopts HfON
as CTL shows the highest Vy, stability under various DC
measurements such as DC up and down sweeps as well as
NBTI and PBTI measurements.
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IV. CONCLUSION

In this work, the effects of nitrogen incorporation in Hf-based
and Zr-based charge trapping oxide layers are investigated
through the behaviors of the threshold voltage shifts of the
FEG-HEMTs. FEG-HEMT which employed nitrogen incor-
porated HfO, (HfON) as the charge trapping layer showed
the largest Vi, shift (47.56 V) after initialization, resulting
in an E-mode operation with higher Vy,. From the band
alignment simulation, the HfON material showed the largest
conduction band offset and the smallest band gap, which
was most suitable for electron confinement. Owing to the
nitrogen incorporation, the gate leakage (at Vg = 16 V)
of the HfON sample was further reduced by an order of
magnitude when compared to the sample with ZrON as the
CTL layer, leading to a more complete charging process
during initialization. Moreover, Vy, stability is investigated
through a double DC sweep, a 1000 second PBTI test, and
a 100 second NBTI test. The FEG-HEMT with HfON as
the charge trapping layer showed a negligible Vy, hysteresis
(—43mV) and the highest Vy, stability in both the PBTI and
NBTI measurements.
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