Investigation of Interlayer Dielectric in BaTiOs/lI11-Nitride Transistors
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This study investigated the impact of varying the thickness of the Al2Oz3 interlayer dielectric on
the electrical characteristics of BaTiOs/lIlI-Nitride transistors. The findings revealed that a
minimum thickness of 8 nm for the Al2Oz3 layer is crucial to maintain high device performance and
protect against sputtering-induced damage during BaTiOs deposition. The fabricated
BaTiO3/Al203/AlGaN/GaN HEMTs exhibited exceptional electrical properties, including a
maximum current density of 700 mA/mm, an on-resistance of 5 Q-mm, an Ion/lorr ratio of 107, a
subthreshold slope of 119 mV/dec, and significantly reduced gate leakage current. The devices

with the optimal 8 nm Al203 thickness demonstrated excellent agreement between theoretical and
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experimental values for effective mobility, achieving a value of 1188 cm?/V-s at a 2DEG density
of 103 cm. Furthermore, the study confirmed that increasing the Al2Os thickness also improved
the quality of interface charge density, as evidenced by the results obtained from capacitance-
voltage (CV) measurements. These findings highlight the critical role of controlling the Al203
thickness in optimizing the electrical characteristics and overall performance of BaTiOzs/Il1-Nitride

transistors.



1. Introduction

The high electric breakdown field and excellent transport properties in AIGaN/GaN HEMTs
make them highly desirable for high-voltage power switching applications.? However, the
current I11-Nitride devices are not performing at their full potential, as the breakdown field remains
significantly lower than the material limits.* For power electronic applications to become more
efficient, it is essential to develop transistors with reduced conduction and switching losses®. This
can be achieved by decreasing the gate-drain distance and increasing the average electric field. To
address these challenges, recent studies have investigated the application of high permittivity
(high-k) dielectrics and wide bandgap semiconductor heterojunctions to mitigate the electric field
concentration at the drain-side edge of the gate.[®® This approach leads to a more uniform
distribution of electric field, higher average electric field, and increased breakdown voltage.[*0-14]
Moreover, we demonstrated the incorporation of extreme-permittivity dielectrics, specifically
Barium titanate (BaTiOs3), to AIGaN/GaN HEMTs with record-high electric field strength.[5]

However, when depositing BaTiOs on I11-Nitride semiconductors using RF sputter techniques,
the surface of the I11-Nitride semiconductor undergoes damage due to Ar ion bombardment.[16:17]
This damage leads to the degradation of charge density and mobility in the two-dimensional
electron gas (2DEG). To mitigate this issue, the implementation of a high-quality interlayer
dielectric becomes crucial in preserving the desirable properties of the IlI-Nitride layer from
sputtering-induced damage.[*?°]

In this study, we aim to investigate the electrical characteristics of BaTiOs/IlI-Nitride
transistors by employing Al20s layers deposited by atomic layer deposition (ALD) as the interlayer
dielectric with varying thicknesses. ALD is considered suitable for thinner gate oxide layers in

highly scaled devices. This is because ALD offers precise control over the thickness at the atomic



scale while ensuring the deposition of high-quality films. By systematically varying the interlayer
dielectric thickness, we can evaluate its influence on the overall performance of the BaTiOs/l1l-
Nitride transistors. Through this analysis, we aim to identify the optimal thickness of the Al203
interlayer dielectric that preserves the desirable properties of the IllI-Nitride layer, mitigates

sputtering-induced damage, and enhances the performance of BaTiOs/I11-Nitride transistors.
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Figure 1. a) The cross-sectional structure of the fabricated BaTiOs/Al203/AlGaN/GaN HEMTs
and b) the simulated band diagram along the vertical cutline through the gate with the charge
profile.

2. Device Structure and Fabrication

Figure 1a illustrates the cross-sectional structure of the fabricated BaTiOs/Al203/AlGaN/GaN
HEMTs. A MOCVD-grown ~3 nm GaN cap layer, ~23 nm Alo.26Gao.7sN barrier layer, ~0.7 nm
AIN spacer, ~200 nm UID GaN channel layer, ~1.8 um insulating buffer GaN layer on 4-inch
Sapphire substrate with 2DEG sheet carrier density of 1 x 10 cm™2, Hall mobility of ~1800

cm?/V-s, and median sheet resistance of 360 Q/o (as-received) was used in the study [Enkris

Semiconductor]. To protect the source/drain ohmic contact regions from sputter-induced damage



during the BTO deposition and etching processes, a selective n** GaN regrowth contact was
formed initially using Molecular-beam epitaxy (MBE). Subsequently, mesa isolation was achieved
by employing inductively coupled plasma reactive ion etching (ICP RIE) with a BCls/Cl2 gas
mixture, resulting in an etching depth of 120 nm. Following an acid cleaning pre-treatment, Al2O3
layers with various thicknesses (2, 4, 6, and 8 nm) were deposited at 300°C via ALD using TMA
and water as precursors. A 60 nm BaTiOs layer was then deposited using RF sputter at 670 °C in
an Oz environment. Cr/Pt (20/100 nm) metal stacks were subsequently evaporated using an e-beam
evaporator. This was followed by the deposition of 60 nm BaTiOsto form a gate-overlap. BaTiOs
films on the source-drain and the gate pad were etched by BCls-based dry etching until 10 nm of
BaTiOs was remained (etch rate: ~5 nm/min). Then, both remaining BaTiOz and Al20s films were
removed by a buffered oxide etch (BOE) solution-based wet etching (etch rate of BaTiOs: ~5
nm/min & etch rate of Al20s: ~24 nm/min) to avoid surface damage from dry etching. Source-
drain ohmic contacts were formed using e-beam evaporation of AlI/Ni/Au (30/30/150 nm). All
devices analyzed in this study had a gate width of 100 um, gate length (Lc) of 1 um, and gate-to-

source (Les) and gate-to-drain (Lep) spacings of 2 um.

3. Results and Discussion
The band diagram along the vertical cutline through the gate in Figure 1b is simulated using
a self-consistent one-dimensional Poisson—Schrodinger solver. to estimate the threshold voltage
(Vi) of BaTiOs/Al20s/AlGaN/GaN HEMTs with different thicknesses of the Al2Os layer. In

equilibrium, the potential in this band diagram is given by
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Applying the gate voltage (V) that makes the flat band case (n,pg; = 0) in equation (1), the
estimation of Vi is given by
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The specific parameters utilized are provided in Table 1, offering comprehensive details and
information. The conduction band offset and Schottky barrier height were estimated from the
known electron affinity and work function values for the materials. The estimated threshold

voltage of devices with 2, 4, 6, and 8 nm Al203 + 60 nm BTO from equation (2) is -6.33, -6.63, -

6.92, and -7.22 V, respectively. This value will be compared to the measured value later.

Table 1. Parameters used in the calculation of the threshold voltage.

Parameter Symbol Value
Conduction band offset between Alo26Gao.7sN/GaN AE;, 0.4 eV 18l
Conduction band offset between Al203/Alo.26Gao.73N AE, 1.8 eV 19
Conduction band offset between BaTiOs/ Al2O3 AE5 1.7 eV 20
Electron charge q 1.6x10° C
Thickness of Alo.26Gao.7sN taican 23 nm
Dielectric constant of Alo.26Gao.7sN €AlGaN 8.6 €,
Thickness of Al203 ta203 2,4,6,8nm
Dielectric constant of Al20O3 €41203 9¢
Thickness of BaTiO3 tsro 60 nm
Dielectric constant of BaTiOs €BTO 150 ¢,
Schottky barrier height oS 1.75eV



1.44x10%3 cm2 [21-23]

Net polarization charge density from Alo26Gao.7sN/GaN  aygr
Spontaneous polarization charge density of Alo26GaosN 0460y 2.66%x10% cm2 212
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Figure 2. a) the transfer length method (TLM) measurement and b) capacitance-voltage (C-V)
characteristics on the fabricated device and c) space charge distribution extracted from C-V
characteristics.

The electrical characterization of the devices was conducted using an Agilent B1500
semiconductor device analyzer system. Figure 2a shows the transfer length method (TLM)
measurement. The 2DEG sheet resistances and Ohmic contact resistances were measured to be
415 Q/o and 0.43 Q-mm, respectively. In order to estimate the dielectric constant of BaTiO3 and

2DEG sheet charge density, capacitance-voltage (C-V) measurements were performed on the



AlGaN/GaN 2DEG structure without (Schottky gate) and with the deposition of the gate dielectric
layers (2, 4, 6, or 8 nm Al203 + 60 nm BaTiOs) as shown in Figure 2b.
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Where Csuiator = , €Emsulator 1S the dielectric constant of BaTiOs, Al203, or AlGaN,

dinsulator

dinsutator 1S the thickness of BaTiOs, Al203, or AlGaN. The equation (3) can be organized in terms

of BaTiO3s terms as,
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Using equation (3) for capacitors connected in series in Figure 2c, it is possible to estimate the
dielectric constant of BaTiOs from equation (4). The thickness of BaTiOs and Al203 was
determined using an ellipsometer, and a dielectric constant of 9 was assumed for Al20s in the
calculation. The measured capacitance at 0 V for each device was used to calculate the total
capacitance (Crotat), and the capacitance at 0 V without the gate dielectric (Schottky gate case) was
used to determine the capacitance of the AlGaN layer (Caican) in the calculation. In addition, the
thickness of AlGaN was measured to be 23 nm from the space charge distribution in Figure 2c
(2DEG density ~1.15x10'® cm™). Furthermore, the hysteresis is determined by performing
double-sweep C-V measurements, which provide an approximate indication of the quality of the
Al203 layer in terms of interface charge. The interface charge in Al2Os is estimated using the

hysteresis by

AV, = -2 (5)

qQit = AV * Coy (6)



Where AV, is the hysteresis, g is the electron charge, Q;; is the interface charge, and C,, is the

CBT0*CAI203

capacitance of the gate oxide (C v .
BTOTLAI203

Table 2 provides a summary of the estimated dielectric constant of BaTiOs, the extracted
2DEG charge density determined from C-V measurements, and the estimated interface charge
density calculated using the measured hysteresis and equation (6). The estimated dielectric
constant of BaTiOs is approximately 150. Furthermore, it was observed that the interface charge
significantly decreases in the thicker Al203 layer (8 nm), indicating an improvement in the quality
of the Al20s3 layer. The interface charge density in ultrathin Al203 layers was found to exhibit a
significant increase. This phenomenon arises from incomplete reactions of TMA precursor
molecules during the initial cycles of ALD process. The incomplete reactions result in a higher
relative oxygen concentration at the interface. Additionally, the formation of structural defects and
dangling bonds at the outset of the ALD process can be mitigated during the later stages,
particularly in the case of thicker Al20s3 layers, through processes like hydrogen passivation during

deposition.[?!

Table 2. Extracted values from CV measurements and calculations.

Al203 Thickness + 60 nm BaTiOz3 2nm 4 nm 6 Nm 8 nm
Permittivity of BaTiOz3 130+20 166+20 167 +20 180 +20

Hysteresis [mV] 50-100 50-100 100-150 0-50

Cox [Flcm?] 1.11u 965n 778n 664n

2DEG density [x10** cm?] 8.28 9.97 1.02 1.03

Qit (approx.) [x10'! cm™?] 348-6.96 3-6 486-73 <207
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Figure 3. HAADF STEM image of the a) 2nm Al203 and b) 4nm Al203 devices. In both cases,
the boxed region shows the uniform Al20s across the cross-section of the fabricated
BaTiOs/Al203/AlGaN/GaN HEMTSs from Figure 1.

Figure 4. EDS map of the 2nm Al203 device showing the clear interface between the Al203 and
AlGaN. The low Al signal between the Al20s and AlGaN is due to the GaN cap.

In order to further evaluate the quality of the Al2Os3 interlayer dielectric, cross-sectional

scanning transmission electron microscopy (STEM) analysis was conducted. The TEM cross-

10



section was prepared using the Helios NanoLab 650 DualBeam focused ion beam (FIB) and ion
milled at 900 V with the Fischione Nanomill. The STEM was performed on an aberration-
corrected Themis-Z from Thermo Fisher Scientific. The objective was to assess the structural
integrity and uniformity of the Al203 layer, crucial aspects for device performance. As shown in
Figure 3a and 3b, the cross-sectional high-angle annular dark-field (HAADF) STEM images of
the 2 nm and 4 nm Al203 devices show a uniform deposition of the Al2O3 layer across the sample.
Additionally, the energy-dispersive X-ray spectroscopy (EDS) map shown in Figure 4 verify the
clear interface distinction between the Al203 layer and the underlying GaN cap/AlGaN structure
in the 2 nm Al203 device. Such uniformity and interface clarity are crucial for ensuring proper
electrical insulation and minimizing interface charge, contributing to enhanced device

performance.
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Figure 5. a) Transfer characteristics of the fabricated BaTiOs/Al203/AlGaN/GaN HEMTs with
various thickness of Al203+60 nm BaTiOs that were measured at a drain voltage (Vbs) of 10 V
(semi-log scale / Les & Lep = 2 um, Le = 1 pum) and the extracted subthreshold slope b) as a
function of the gate voltage (linear scale) and c) as a function of the drain current (log scale).
Figure 5a shows the transfer characteristics of the fabricated BaTiOs/Al203/AlGaN/GaN
HEMTSs that were measured at a drain voltage (Vbs) of 10 V. The devices with varying thicknesses
of Al203 (2, 4, 6, and 8 nm) in combination with a 60 nm BTO layer exhibit threshold voltages
(V) of -6, -6.8, -7.2, and -7.8 V, respectively (extracted at the drain current (Ios) of 1 mA/mm).
These measured values are fairly matched to the estimated value from equation (2) and the
simulated band diagram (Calculated Vi: -6.33, -6.63, -6.92, and -7.22 V, respectively). The
lon/lorr ratio remains approximately 107 across all devices, indicating excellent performance.
Notably, the gate leakage current in the devices with BaTiOs/Al20s is significantly reduced by
approximately six orders of magnitude compared to the device without BaTiOs/Al20s (Schottky
gate case). To evaluate the quality of the Al2Os layer in terms of thickness, the subthreshold slope
(SS) is plotted against the gate voltage in Figure 5b. The SS is determined by extracting the slope

from the linear region of the log Ips-Ves curve in Figure 5a using Equation (7).

SS=——"—
0logqg Ips

(7)
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The SS of Schottky gate case is not extracted because it is limited by high leakage current. Figure
5¢ shows the SS values extracted across the entire range of measured drain currents, indicating a
wide Ips range spanning two orders of magnitude in the linear regions. The minimum SS values
for each device are as follows: 140 mV/dec at -7.06 V for the 2 nm Al20s device, 148 mV/dec at
-7.98 V for the 4 nm Al203 device, 136 mV/dec at -8.3 V for the 6 nm Al203 device, and 119
mV/dec at -8.74 V for the 8 nm Al203 device. As the SS is directly related to the interface
charge,?6-28 the device incorporating a thicker Al2Os layer (8 nm) demonstrated an improved SS.
This observation indicates an enhancement in the quality of the Al20s layer.

To deeply investigate the degradation of the mobility in 2DEG after BaTiOs sputtering
deposition, the measured effective mobility is compared with theoretical scattering rate estimates.
The considered scattering mechanisms includes acoustic phonon scattering (AP), polar optical
phonon scattering (POP), alloy disorder scattering (AL), interface roughness scattering (IR),
background impurities scattering (Bl), and dislocation scattering (DI), which are expected to be
the main factors limiting transport. The scattering-limited mobility values are calculated based on
the analysis in Ref =321 The total scattering rate is approximated using Matheissen's rule, which
allows for the summation of the different mechanisms as,

1 1 1 1 1 1 1
=—+ +—F—+—+— (7)
Urotal Hap HUpop Har Mg HUpr  HUpr

Material parameters used for mobility calculation are summarized in Table 3.

Table 3. Material parameters used in mobility modeling.

Parameter Symbol Value

Effective mass m” 0.2 mo

DC dielectric constant € 8.9 ¢,

High frequency dielectric constant € 5.35 ¢,

13



Deformation potential ac 8.3 meV

Optical phonon evnergy hawey 92 meV
Alloy scattering potential (Vy —Vg) 1.8eV
Roughness height A 0.5nm
Correlation length L 1nm
Background impurities concentration Nimp 108 cm2
Dislocation density Ngis 10° cm®

Additionally, the effective mobility is determined by measuring the field effect transistor
with a large gate length and subtracting the influence of the source and drain access regions to

approximate the ideal gradual channel. The effective mobility is defined as

Uopr = Ip(Vgs) X Lg
erf qngs(Vgs) X Wg

(8)

Where gj, is the drain conductance, ny (V) is the 2DEG density, L is the gate length, and W;; is
the gate width. The measured effective mobility is plotted as a function of 2DEG charge density

with the mobility modeling from equation (7) in Figure 6.
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Figure 6. Comparison of the experimental effective mobility with the theoretical mobility limits at
300 K.
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The effective mobility of the device with an 8 nm Al203 layer shows excellent agreement
between theoretical and experimental values, reaching a peak value of 1188 cm?/V-s at zero gate
bias (2DEG density of 1x10*® cm) as shown in Figure 6. However, for the devices with thinner
Al203 layers, the effective mobility is significantly degraded after BaTiOs deposition. For
example, the device with a 2 nm Al2Oz layer exhibits a peak mobility of 475 cm?/V-s at zero gate
bias (2DEG density of 8.28x10' cm™). This suggests that there is an additional scattering
mechanism caused by BTO sputtering, which negatively impacts the mobility in the 2DEG. These
findings highlight the importance of using at least an 8 nm Al203 layer to maintain high mobility

in the 2DEG after BaTiOs deposition.
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Figure 7. Output characteristics of the fabricated BaTiOs/Al203/AlGaN/GaN HEMTs without
BaTiOs/Al203 (Schottky gate case) and with 2 and 8 nm Al203+ 60 nm BaTiOzs (linear scale / Les
& Lep=2 pum, Le =1 pum).

Figure 7 shows the output characteristics of the fabricated devices, specifically the Schottky

case, the device with a 2 nm Al203 + 60 nm BaTiOs layer, and the device with an 8 nm Al203 +

15



60 nm BaTiOs layer. As previously discussed, the device with the 2 nm Al20s3 layer exhibits
significantly degraded output characteristics due to the reduced mobility, with a maximum drain
current of 488 mA/mm and an on-resistance (at near-zero drain bias) of 11 Q-mm. In contrast,
both the device without BaTiOs/Al203 (Schottky case) and the device with an 8 nm Al20s3 layer
show nearly identical output characteristics, with a maximum drain current of 700 mA/mm and an
on-resistance of 5 Q-mm. These results further emphasize the importance of using at least an 8 nm
Al203 layer to maintain the device performance of AlGaN/GaN HEMTSs after BaTiOzs sputtering

deposition.

4. Conclusion

In conclusion, this study investigated the impact of Al2Os interlayer dielectric thickness on the
electrical characteristics of BaTiOs/Il1-Nitride transistors. By systematically varying the thickness,
it was found that an 8 nm Al20s layer is essential for preserving high mobility in the 2DEG after
BaTiOs sputtering deposition. Furthermore, increasing the thickness of Al20s demonstrated
improved quality in terms of interface charge density. The devices with an 8 nm Al2Os layer show
excellent agreement between theoretical and experimental values for effective mobility,
demonstrating their enhanced performance. These findings emphasize the significance of
optimizing the interlayer dielectric thickness to mitigate sputtering-induced damage and enhance
overall device performance. Ultimately, the results support the potential of
BaTiOs/Al203/AlGaN/GaN HEMTSs for high-voltage power switching applications, emphasizing

the significance of Al20s thickness control for optimizing device performance.
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