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A B S T R A C T   

III-nitrides based high electron-mobility transistors (HEMTs) are well-known excellent candidates for high- 
power, radio-frequency (rf) and high-temperature applications. However, HEMTs have to face the essential is-
sues of high gate leakage current and drain current collapse (gate-lag), which inevitably limits the device per-
formances and reliability. Here, we fabricate an optimized AlGaN/GaN metal-oxide-semiconductor high electron 
mobility transistor (MOS-HEMT), by using HfZrOx (HZO) as a gate dielectric, that can improve the interfacial and 
transport properties. Compared to the conventional high permittivity (high-κ) gate dielectric HfO2 which has 
attracted wide attention in recent years, the concentrations of interface traps and the inside fixed oxide defects 
are obviously reduced by using high quality HZO layer. Through the dielectric engineering of HZO, the MOS- 
HEMT with HZO dielectric shows an enhanced DC output performance with an increase of 54% at the 
optimal working condition, which is indeed much higher than that of the HfO2 MOS-HEMT (40%). And the HZO 
MOS-HEMT exhibits a higher Ion/Ioff ratio of 106, an excellent subthreshold swing (SS) of 85 mV/decade, and a 
higher voltage swing (GVS). The gate leakage is reduced by nearly 8 orders of magnitude compared to the 
conventional unpassivated HEMTs (conv. HEMT) at the gate voltage of � 5 V. These results are mainly caused by 
the replacement of the low-height Schottky barrier (SB) and the reduction of interface traps density. In order to 
further investigate the interfacial and electric properties of HZO MOS-HEMT, the dynamic gate/drain voltage 
and high-frequency capacitance-voltage (C–V) measurements are both applied. Remarkably, no measurable 
current collapse and C–V hysteresis are clearly observed, showing the enhanced interfacial and electric perfor-
mances of the MOS-HEMT with dielectric engineering of HZO.   

1. Introduction 

III-nitrides based HEMTs are well-known excellent candidates for 
high-power, radio-frequency (rf) and high-temperature devices, owing 
to the high carrier concentration, high carrier mobility and large 
breakdown voltage [1]. Compared with other III-V heterostructures, the 

AlGaN/GaN heterostructures are more advantageous in the HEMTs ap-
plications, because of the strong spontaneous and piezoelectric polari-
zation induced 2-dimensional electron-gas (2DEG) at the AlGaN/GaN 
interface [2]. Nevertheless, the large gate leakage current and gate-lag 
are still mainly barriers limiting the reliability and properties of 
AlGaN/GaN HEMTs in high-power, rf, and high-temperature 
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applications [3,4]. These problems are mainly caused by the relatively 
low-height Schottky barrier formed in the conventional HEMTs which is 
near about 1 eV, and the surface states within the gate-drain area filled 
by the electrons emitted from the reverse-biased gate [5]. Due to the 
large leakage current of conventional AlGaN/GaN HEMTs, not only the 
breakdown field but also the power-added efficiency decrease while the 
noise increasing [6]. Recently, a large number of studies have reported 
the use of metal-oxide-semiconductor (MOS) or 
metal-insulator-semiconductor (MIS) structures to suppress gate leakage 
current and obtain significant pinch-off characteristics [7]. The gate 
dielectrics such as SiO2 [8], Si3N4 [9], Ga2O3 [10], and Al2O3 [11] have 
also been used in the nitride-HEMTs to form the more effective MOS 
structure. The gate leakage current is obviously reduced, and the 
breakdown field is enhanced. Since the deposition of an extra gate 
dielectric and the formation of a new oxide/AlGaN interface, it also 
presents a new challenge that introducing the interface-related imper-
fections which leading to a gate-lag deteriorate [12]. The gate-lag is 
manifested as a drop of the pulsed drain current when compared to that 
of the DC regime. This phenomenon can be described by analyzing the 
changes of the drain parasitic resistance with dynamic measurements. 
The drain current collapses seriously limit the high temperature stability 
and switching performance of the devices, owing to the relatively slow 
filling and emptying of the interface states [13]. Therefore, it is sug-
gested that a high quality gate dielectric/AlGaN interface formed in the 
dielectric engineering is very necessary for the AlGaN/GaN MOS-HEMTs 
in fast-switching, high-power applications. However, dielectric engi-
neering increases the separation from gate electrode to the channel, 
which inevitably decreases the device transconductance (gm). Recently, 
high-κ insulating materials such as HfO2 (κox ~ 25) [14], ZrO2 (κox ~ 30) 
[15,16] have been used in the AlGaN/GaN MOS-HEMTs to improve 
stability and transport performance of the devices, because the larger 
dielectric permittivity can be converted to a more efficient gate modu-
lation [17]. Compared to conventional low-κ gate dielectrics, high-κ 
gate dielectrics can achieve the same equivalent oxidized layer thickness 
with a thicker geometric thickness, which can more effectively reduce 
the losses of the device transconductance. As an emerging high-κ gate 
dielectric material, HfO2 is attracting much attention in the MOS 
field-effect transistors applications [18]. However, the main barrier is 
still existed because it is hard to form a thermodynamically stable and 
high-quality insulating layer on the AlGaN/GaN heterostructures, which 
reduces the interface state density and obtains a good interfacial layer 
comparable to the SiO2/Si interface [19]. To date, few papers have re-
ported the use of Hf ternary compounds (e.g., HfAlOx, and HfSiOx) as the 
gate dielectric layer in AlGaN/GaN HEMTs, to improve the thermal 
stability of the devices [20–22]. Those devices with high-κ dielectric 
layers have significantly reduced gate leakage current, but do not show 
the pronounced enhancement on the output performances. 

In this paper, we present AlGaN/GaN HEMT with dielectric engi-
neering of HZO which is fabricated by incorporating Zr into HfO2. The 
as-prepared HZO dielectric layer could have a larger dielectric constant 
and a relatively better interface properties when compared to that of 
HfO2, representing a better dielectric performance [23,24]. Further-
more, we fabricated three types devices, i.e., conventional unpassivated 
HEMT (conv. HEMT), HfO2 MOS-HEMT and HZO MOS-HEMT, and 
systematically investigated the interface properties and output perfor-
mances in different device configurations. For the HZO MOS-HEMT, not 
only the saturation current density has been significantly improved, but 
also a desired interface is simultaneously obtained. It significantly re-
duces the gate leakage and the current collapse with an excellent output 
performance. Compared with the high-κ gate dielectric HfO2 based de-
vice, HZO MOS-HEMT also shows enhanced performances in the pro-
posed aspects, which indicates a good prospect for the application of 
HZO as a gate dielectric. 

2. Device structure and fabrication 

Fig. 1(a) schematically shows the stack layers of the HZO MOS- 
HEMTs. The epitaxial layers were synthesized on 4-inch silicon (111) 
substrate by using metal-organic chemical vapor deposition (MOCVD) 
with a 2DEG density of 8:5� 1012e1:1� 1013 cm� 2 and a carrier 
mobility of 1850–2010 cm2/V⋅s. The heterostructure is composed of an 
AlN/AlxGa1-xN buffer layer of 3.5–4 μm, a GaN channel layer of 0.4–0.6 
μm, an AlN interlayer of 1 nm, an Al0.3Ga0.7N barrier layer of 40 nm and 
a GaN cap layer of 2 nm. The device fabrication process started with 
mesa isolation which was implemented by a high power inductively 
coupled plasma (ICP) etching with Ar/BCl3/Cl2 (5/15/30 sccm). The 
size of an individual device was 24 μm � 32 μm. Then, the Ohmic 
contacts with Ti/Al/Ni/Au (20/120/45/55 nm) were formed through 
electron beam deposition and rapid thermal annealing (RTA) at 850 �C 
for 30 s in N2 atmosphere. Moreover, a 20 nm thick HZO or HfO2 was 
deposited at 200 �C by atomic layer deposition (ALD), and followed by 
RTA at 600 �C for 30 s in N2 atmosphere to form the gate dielectric layer. 
Finally, the Schottky gate metallization was fabricated by the deposition 
of Ni/Au (80/50 nm). The device without the dielectric layer as the 
control sample was also prepared by the same process. All the devices 
with a gate length LG of 5 μm, a gate width of 24 μm. The gate to source 
distance LGS and gate to drain distance LGD were 7 μm and 10 μm, 
respectively. The I–V characteristic of the devices shows Ohmic contacts 
at drain/source electrodes, as shown in the inset of Fig. 1(a). Fig. 1(b) 
shows a scanning electron microscopy (SEM) image of an individual 
HZO MOS-HEMT device. The cross-sectional scanning transmission 
electron microscope (STEM) image (Fig. 1(c)) is presented to charac-
terize the stack layers and the corresponding thickness which shows that 
the results are well consistent with our designs. The high-resolution 
transmission electron microscope (HRTEM) images in Fig. 1(d and e) 
indicate sharp interfaces of the AlGaN/GaN and AlGaN/HZO without 
obvious defects. Through the HRTEM image of HZO in Fig. 1(e), we can 
see the dielectric is polycrystalline after the RTA treatment. The energy- 
dispersive X-ray spectroscopy (EDX) elemental mapping of HZO MOS- 
HEMT (Fig. 1(f)) clearly shows the distributions of Ga, N, Al, Hf, Zr 
and O elements, confirming with the stack layers as shown in Fig. 1(c). 
The band diagram of the fabricated HZO MOS-HEMT at a positive gate- 
source bias was illustrated in Fig. 1(g). Due to the strong piezoelectric 
polarization effect, a high density of 2DEG was induced at the AlGaN/ 
GaN interface. Based on the X-ray photoelectron spectroscopy (XPS) in 
Fig. 1(h), the composition of HZO film is found to be Hf 0.48 and Zr 0.52, 
similar to the previous reported [25]. Fig. 1(i) displayed the X-ray 
diffraction (XRD) curves of the HZO and the HfO2 films. It clearly shows 
that the crystal structure of HfO2 film is a monoclinic phase, while that 
of the HZO film is a mixture of tetragonal/orthorhombic phases [23]. 
Additionally, the tetragonal phase has a higher dielectric constant value 
(κ~40–50) when compared to that of the monoclinic phase (κ~20). So 
the dielectric constant values of HZO films could be obviously improved. 

3. Results and discussion 

The DC output performances (Ids-Vds) of the three-type devices, i.e., 
conv. HEMT, HfO2 MOS-HEMT, and HZO MOS-HEMT, are shown in 
Fig. 2(a–c), respectively. In order to facilitate comparison, the practi-
cally measured current data has already been converted into gate-width 
per millimeter [26]. Owing to the high gate to source leakage current, 
gate voltage of the conv. HEMT can be only applied to þ1 V at the 
optimal working condition, while that of the HfO2 MOS-HEMT can be 
applied to þ4 V. Impressively, for HZO MOS-HEMT, the gate voltage 
bias can even reach þ6 V at the optimal working condition, which in-
dicates a better stability at higher positive voltages of HZO MOS-HEMTs 
when compared to the MOS-HEMTs with common high permittivity gate 
dielectrics or unpassivated HEMTs. Furthermore, the current collapse 
and gate leakage problems are both obviously reduced by using the 
dielectric of HfO2 or HZO. As shown in Fig. 2(d), the maximum output 
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drain current density (Id, max) of the HfO2 MOS-HEMT and the HZO 
MOS-HEMT at a positive gate bias of þ4 V and þ6 V are 640 mA/mm 
and 705 mA/mm, respectively, while that of the conv. HEMT is only 457 
mA/mm at a positive gate bias of þ1 V. Obviously, the current density 
shows an increase by 40% and 54% for the HfO2 and HZO passivated 
devices, respectively. It reveals that the MOS-HEMT with HZO dielectric 
layer exhibits a more effective capability to enhance the device output 
performances. Normally, the improvement of the saturated drain cur-
rent density in MOS-HEMTs can be explained as the suppression of the 
virtual gate effects after the dielectric layers deposited, i.e., decreasing 
the resistance within the source to drain area by increasing the con-
centration of the sheet carrier and reducing the gate depletion region 
[27]. Additionally, reducing the interface traps density at the interface 
of metal/AlGaN, resulting in an increased carrier density in the active 
area, thereby improving the maximum drain current density and 2DEG 
carrier density of the MOS AlGaN/GaN heterostructures [28]. In addi-
tion, the HZO film has a larger dielectric constant value and better 
interface properties. Thereby, the gate controllability of 2DEG channel 
and the suppression of the virtual gate effect have been increased which 
can significantly reduce the surface states density and the depletion of 
electron in the 2DEG channel [29]. So that the output performance of 
HZO MOS-HEMT is better than that of the HfO2 MOS-HEMT. 

The transfer characteristics of the conv. HEMT, HfO2 MOS-HEMTs, 
and HZO MOS-HEMTs are shown in Fig. 3(a–c), respectively. As 
shown, the threshold voltage (Vth) shows negative shifts for the MOS- 
HEMTs. One reason for the negative shift of the Vth is the increased 
distance between the Schottky contact and the channel by dielectric 
engineering. It reduces the capacitance of gate-to-channel and weakens 
the gate control of 2DEG [30]. The other reason is that the newly formed 
gate dielectric layer would divide the gate partial voltage. Therefore, a 
larger negative voltage is required to turn the device off. The maximum 
transconductance (gm,max) of the conv. HEMT measured at Vds of 10 V is 
63 mS/mm, as compared to 54 mS/mm and 53 mS/mm for the HZO and 
HfO2 passivated MOS-HEMTs, respectively. The reduction of gm,max in 

the MOS-HEMT is inevitable, which is also mainly caused by the larger 
separation from the Schottky contact to the channel [31]. However, in 
our devices, the transconductance deterioration is only 14% and 16%, 
respectively, much smaller than that of the MOS-HEMTs with low-κ gate 
dielectrics [32], which is benefited from the high dielectric constant of 
HZO and HfO2. Fig. 3(d and e) plots the Ids, max and the gm,max of all 
three-type devices extracted from Fig. 3(a–c) to more intuitively 
compare the differences between each other. The HZO MOS-HEMT 
shows higher stability and performances in this measurement. What is 
more, the gate voltage swing (GVS), defined as the changes of Vg while 
the transconductance dropped 10% from the gm,max, is 4.8 V for the HZO 
MOS-HEMT, 2.2 V for the HfO2 MOS-HEMT and 2.1 V for the conv. 
HEMT, as shown in Fig. 3(f). The enhanced GVS linearity is mainly due 
to the improvement of gate insulation performance and the reduction of 
surface states in the HZO MOS-HEMT [33]. Higher GVS value demon-
strates a better linear performance could be expected in the HZO 
MOS-HEMT application, by which the phase noise and the intermodu-
lation distortion could be reduced while the dynamic range increasing 
[31]. 

The dielectric engineering not only enhanced the output perfor-
mances and transfer characteristics of the MOS-HEMTs but also obvi-
ously improved some other properties of the device. Fig. 4(a) illustrates 
the Ids-Vg characteristics of the proposed devices at a constant Vds ¼ 10 
V. As is indicated, the minimum subthreshold swing (SSmin) of the HZO 
MOS-HEMT can be scaled down to 85 mV/decade, far smaller than that 
of the conv. HEMT and HfO2 MOS-HEMT. It demonstrates that the HZO 
MOS-HEMT has a lower interface trap density [34]. Furthermore, a high 
Ion/Ioff ratio above 106 can also be found in the HZO MOS-HEMT, while 
that of the HfO2 MOS-HEMT and conv. HEMT are only 102 and 101.5. 
Fig. 4(b) shows the Ig-Vg characteristics of all fabricated devices. From 
the three curves, all passivated HEMTs exhibit significant reductions of 
Ig, especially for the HZO MOS-HEMT. When the gate voltage bias 
applied to � 5 V, the gate leakage decreases by eight orders of magnitude 
compared to the conv. HEMT, and four orders of magnitude lower than 

Fig. 1. (a) The cross-section schematic of the HZO MOS-HEMTs with a gate length LG of 5 μm and gate to source and drain distance of 7 μm and 10 μm, respectively. 
(b)The scanning electron microscopy (SEM) image of an individual fabricated device. (c) The scanning transmission electron microscope (STEM) image of selected 
area marked by the red square in (b). The corresponding high-resolution transmission electron microscope (HRTEM) images of AlGaN/AlN/GaN (d) and HZO/GaN/ 
AlGaN (e) interfaces. (f) The energy-dispersive X-ray (EDX) spectroscopy elemental mapping of HZO MOS-HEMT, including the elements of N, Ga, Al, Hf, Zr. And O. 
(g) The band diagram of the fabricated HZO MOS-HEMT at a positive gate-source bias. (h) The X-ray photoelectron spectroscopy (XPS) analysis of the HZO film. (i) 
XRD curves of the HZO and the HfO2 films. 
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that of the HfO2 MOS-HEMT. Much lower gate leakage current means a 
higher saturated drain current at the positive voltage and a higher 
breakdown voltage in the device applications [35]. This phenomenon 
can be explained by two aspects: one reason is that the deposition of 
dielectric layers can suppress the transport of the charge carrier through 
the surface states; the other reason mainly causes the considerable 
reduction of leakage current is the Schottky-barrier formed in conv. 
HEMTs has been replaced by the more effective MOS structure, which 
has a larger barrier height [8]. Based on the better interface properties 
and lower concentration of O2 vacancies of the HZO dielectric, the HZO 
MOS-HEMT also exhibits a lower leakage current and a higher Ion/Ioff 
ratio when compared to the HfO2 MOS-HEMT [36]. All above data in-
dicates the HZO MOS-HEMT has a higher quality HfZrOx/AlGaN inter-
face, which improves the output performances and the passivation 
properties. In order to further prove this conclusion, we also perform the 
pulsed Ids-Vds measurements of the three-type devices. 

Fig. 5 (a) shows the schematic of the stress voltage applied during the 
pulsed measurements. The devices are switched by voltage pulses with 
1 ms pulse width and 5 ms pulse period. In order to ensure the OFF-state 
beyond the pulsed plateau, the quiescent bias applied in this pulse 
measurement is (Vds0, Vg0) ¼ (0 V, � 12 V). Fig. 5(b–d) show the dif-
ference between the DC and pulsed measurement of all three-type de-
vices. As can be seen, the conv. HEMT and HfO2 MOS-HEMT show 
significantly current collapse during the measurements. Especially, the 
HfO2 MOS-HEMT shows a degradation of 12%, while that of conv. 
HEMT is only 9%. However, the HZO MOS-HEMT has no obvious 
degradation of pulsed current, indicating a low surface defect trap 
density and a high quality of the HZO/AlGaN interface. It is mainly due 
to the smaller grains with better equiaxed shape trends, and the 

reduction of the equilibrium concentration of O2 vacancies in the bulk of 
the grains [24]. In addition, the high-frequency capacitance-voltage 
(C–V) measurement of the MOS-HEMTs is applied with the voltage bias 
frequency of 1 MHZ, as shown in Fig. 5(e) and (f). Through the forward 
and reverse sweeps of the C–V hysteresis curve, we can get the drift of 
the flat-band voltage in the MOS capacitor structure. The drift is mainly 
owing to traps inside the dielectric layer and electrons trapping effect of 
the interface states between the dielectric layer and the AlGaN barrier 
layer, which can be expressed as [37]: 

VFB ¼ ΦMS �
Qf þ QitðϕsÞ þ Qt

COX
(1)  

Where ΦMS is the difference of the work function between metal and 
AlGaN, Qf and Qt are the densities of fixed charge and trap charge in the 
insulated layer, Qit is the surface density of interface state charge, ɸs is 
the semiconductor surface potential. Since Qf does not change with the 
scan voltage, the amount of charge corresponding to C–V hysteresis is 
Qit þ Qt, which can be obtained by VFB � COX. As shown in Fig. 5(e and 
f), compared with the 30 mV C–V hysteresis of the HfO2, the extremely 
low hysteresis and sharp transition of the C–V curve reveal that an 
effective passivated interface is formed in the HZO MOS-HEMT [38]. 
From the data in the figures, we also calculated the sum of trap charge 
density and interface state charge density for the MOS-HEMT. The sum 
is 1.4 � 1010 cm� 2/eV and 1.1 � 109 cm� 2/eV for the HfO2 MOS-HEMT 
and HZO MOS-HEMT, respectively, demonstrating a fewer bulk traps in 
the HZO gate dielectric. It is consistent with the result of the pulse 
measurement, owing to the improved interface state of the HZO 
MOS-HEMT. 

Fig. 2. The DC output performances (Ids-Vds) of the conv. HEMTs (a), HfO2 MOS-HEMTs (b) and HZO MOS-HEMTs (c). The maximum drain current density (Id, max) 
of fabricated devices measured at optimal working conditions (d). 
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4. Conclusion 

In summary, we successfully fabricated and studied a 20 nm thick-
ness ALD grown HfZrOx gate dielectric AlGaN/GaN MOS-HEMTs on Si 
substrates, which shows enhanced interface properties and remarkable 
output performances. The DC output performances of the proposed de-
vices indicate the superiority of HZO MOS-HEMTs are over the unpas-
sivated HEMTs and the conventional high-κ gate dielectric HfO2 MOS- 
HEMTs. At the optimal working conditions, the saturated current den-
sity of the HfO2 and HZO MOS-HEMT increased by 40% and 54%, 
respectively. Furthermore, the gate leakage of the present device has 
also been successfully decreased by eight orders of magnitude, which is 
four orders higher than that of the HfO2 MOS-HEMT. It suggests that the 

HZO insulating layer is more effective as a gate dielectric in the AlGaN/ 
GaN MOS-HEMTs applications to increase saturated drain currents and 
reduce gate leakage currents. Complete surface passivation has been 
formed in the gate-drain/source regions which effectively reduces the 
surface states and helps to resolve the problem of the gate-lag. The result 
has been proved by following dynamic and C–V measurements, which 
shows no obvious reduction of the pulse output current or hysteresis for 
the HZO MOS-HEMT. What is more, the HZO MOS-HEMT also shows 
more advantages, such as a high Ion/Ioff ratio above 106, an excellent SS 
value of 85 mV/decade and a higher gate voltage swing of 4.8 V. The 
higher GVS demonstrates a better linear behavior for the proposed de-
vice. Looking forward, the present MOS-HEMT with HZO gate dielectric 
shows a significantly promising potential for high-frequency, high- 

Fig. 3. The transfer characteristics of (a) conv. HEMTs, (b) HfO2 MOS-HEMTs and (c) HZO MOS-HEMTs measured at Vds ¼ 10 V. The Ids, max (d) and gm,max (e) of the 
three-type devices. (f) The gate voltage swing (GVS) values of the three-type devices. 

Fig. 4. Ids -Vg characteristics (a) and gate leakage currents characteristics (b) of the conv. unpassivated HEMTs, HfO2 MOS-HEMTs, and HZO MOS-HEMTs measured 
at Vds ¼ 10 V. 
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voltage, and high-power applications to reduce the gate leakage and 
improve the performances. 
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