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Interface Properties of Al2O3/AlGaN/GaN Heterostructures
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'Graduate School of Information and Science Technology and Research Center for Integrated
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The effects of the inductively coupled plasma (ICP) etching of AlGaN on the interface properties
of the AlbO3/AlGaN/GaN structures prepared by atomic layer deposition were investigated. It
was found from the photoassisted C-V results that the ICP etching of the AlGaN surface
significantly increased the interface state density up to 8 x 10'? cm2eV-! at the ALOs/AlGaN
interface. The transmission electron microscopy and X-ray photoelectron spectroscopy analyses
indicated that the monolayer-level roughness, disorder of the chemical bonds at the AlGaN
surface caused poor C-V characteristics due to high-density interface states at the

Al O3/ICP-etched AGaN interface.
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AlGaN/GaN-based high-electron-mobility transistors (HEMTs) are promising for high-power
switching devices, owing to a high blocking voltage and a low on-state resistance.! To realize a
normally-off operation, a combination of recessed and insulated gates is often used in
AlGaN/GaN HEMTs. Since the interface quality markedly affects the transistor performance, the
critical processes for fabricating such devices are plasma-assisted dry etching to form the
recessed gate region and the subsequent formation of an insulator-semiconductor interface. It is
known that plasma-assisted etching degrades the electrical and optical properties of GaN and
AlGaN surfaces.”!? Tang et al.' examined the SiO2/n-GaN-based capacitors and field-effect
transistors (FETs) fabricated on the GaN surfaces etched by a Cly-based inductively coupled
plasma (ICP). They showed that ICP etching increased the interface state density and degraded
the field-effect mobility of the FET channel.

Aluminum oxide (Al2O3) is one of the attractive insulators for a gate structure applicable
to FETs and HEMTs because of its high permittivity (8-10), bandgap (7-9 eV) and breakdown
field (> 10 MV/cm) values.'*!> To obtain stable and reliable recessed oxide gate structures in
AlGaN/GaN HEMTs, a low electronic state density at the Al2O3/AlGaN interface is absolutely
required. However, no work has been reported regarding the characterization of the
Al0O3/AGaN/GaN structures with the ICP etching of the AIGaN surface. In this letter, we thus
report the effects of the Cly-based ICP etching of AlGaN on the interface properties of the
AlO3/AlGaN/GaN structures prepared by atomic layer deposition (ALD), focusing on the
interface state density distribution evaluated by a photoassisted capacitance-voltage (C-V)
technique.

The undoped Alo2GaosN/undoped GaN heterostructure grown on a sapphire substrate
by metal organic chemical vapor deposition was used in this work (provided by NTT-AT), as

shown in Fig. 1. The sheet resistance and mobility of the AlIGaN/GaN heterostructure were 500
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Q/sq. and 1750 cm?/Vs, respectively. The AlGaN surface was etched at RT by the ICP etching
process using a Cly/BClz gas mixture (25/5 sccm). The ICP and bias powers were 300 and 5 W,
respectively. The etching depth was 7 nm at an etching rate of 10 nm/min. Following the ICP
etching process, we deposited a 10-nm-thick SiN film as a surface protection layer by
electron-cyclotron resonance chemical vapor deposition, in order to avoid damage to the AlGaN
surface during ohmic annealing.!® As an ohmic electrode, a ring-shaped Ti/Al/Ti/Au
(20/50/20/100 nm) multilayer structure was deposited on the AlGaN surface, followed by
annealing at 800 °C for 1 min in N> ambient. After the ohmic electrode process, the SiN layer
was removed in a buffered HF solution. An Al,O3 film with a nominal thickness of 20 nm was
then deposited on the AlGaN surface using an ALD system (SUGA-SAL100H) at 350 °C for 170
cycles. In the ALD process, water vapor and trimethylaluminium were introduced into an ALD
reactor in alternate pulse forms. The deposition rate of AlbO3 was 0.11 nm/cycle. Finally, a
circular Ni/Au (20/50 nm) gate electrode was deposited on the AlO3 layer.

The cross-sectional transmission electron microscopy (TEM) images of the
AlO3/AlGaN/AlGaN structures are shown in Fig. 2. As shown in Fig. 2(a), the thickness of the
AlGaN layer decreased to 27 nm for the ICP-etched sample, corresponding to the ICP etching
depth of 7 nm. Figure 2(b) shows the high-magnification images of the Al203/AlGaN interfaces
with and without the ICP etching of AlGaN. The unetched sample showed a flat Al,O3/AlGaN
interface, indicating the low-energy and layer-by-layer characteristics of the ALD process. On
the other hand, ICP etching resulted in the slight roughening of the interface, creating
monolayer-level steps at the AlGaN surface.

To characterize the Al2O3/AlGaN interface properties, we firstly performed a
conventional C-J' measurement using an HP4192 impedance analyzer at a measurement

frequency of 1 MHz at RT. Figure 3 shows the typical C-V characteristics of the
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AlO3/AlGaN/GaN structures with and without the ICP etching of AlGaN. Both samples showed
C-V curves with two steps, peculiar to the MOS sample fabricated on the heterostructure
including a two-dimensional electron gas (2DEG).!” The constant capacitance at the forward
bias corresponds to the Al,Os; oxide capacitance (Cano3), whereas that at the reverse bias is
determined by the total capacitance consisting of Al>O3 and AlGaN layers (CroraL). At the deep
reverse bias, the capacitance steeply decreases to nearly zero, indicating the 2DEG depletion at
the AlIGaN/GaN interface.'”

For the sample with ICP etching, we observed the shallower threshold voltage (VtH)
corresponding to 2DEG depletion. The increase in CtotaL (ACtoTAL) 1S accurately equivalent to
the etching depth of AlGaN (7 nm). However, the ICP-etched sample showed the gentle slope of
the C-V curve and a high on-set voltage at the forward bias. At the forward bias, the
acceptor-type interface states near the conduction band minimum can trap electrons and produce
negative charges. Such an ionization of acceptor-type states screens the gate electric field,
impeding the potential modulation of the AlGaN surface.!” This indicates the higher state
densities at the AlO3/AlGaN interface in the sample with ICP etching. It is likely that the
high-density interface states also affect the V'tu behavior. The Vru difference (AVtH) between the
samples with and without the ICP etching was 4.1 V, as shown Fig. 3. Using the band offsets
between Al,O3/AlGaN and AlGaN/GaN interfaces, the 2DEG density ns and Crortar, we simply
estimated AVtu. C-V analysis using the Schottky contacts indicated that ns decreased from 9.0 X
10" to 7.0 x 10'2 cm™ after the ICP etching. As a result, AV was calculated to be 3.0 V, smaller
than the experimental value. For the ICP-etched sample, it is expected that the high-density
negative charges due to acceptor-type states shift the V'tu toward the positive voltage direction,
resulting in a discrepancy between the experimental and the calculated AVrth values.

On the other hand, we observed similar C-V slopes at the step in the reverse bias region
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for both samples. In this bias region, the Fermi level is located far below the valence band
maximum of AlGaN at the Al,Os/AlGaN interface, indicating that the electron occupation
probability of interface states is no longer a function of the gate voltage.!”!® In addition, the
electrons captured at deep interface states remain almost unchanged at RT even when a large
negative bias is applied to the gate electrode, because the relatively deeper states have an
extremely large time constant for electron emission to the conduction band.!” These lead to the
fact that interface states act as “fixed and frozen” charges, and it is very difficult to detect
interface states by a standard C-J measurement at RT.

To overcome this difficulty, photoassisted C-V measurements were performed to
evaluate near-midgap interface states.!” First, we swept the gate voltage from 0 to -11.5 V under
a dark condition. Then, the gate voltage was kept at -11.5 V and the monochromatic light
(MAX-302, ASAHI Spectra) with a photon energy (4v) less than the bandgap of AlGaN was
illuminated to the sample surface for 120 s. Consequently, we observed the photoassisted
electron emission from the interface states with the energy range corresponding to the photon
energy range. After the illumination, we restarted the C-V sweeping toward 0 V under a dark
condition. Figure 4 shows the typical photoassisted C-JV results. When the sample surface was
illuminated with a higher photon energy, a larger amount of photoassisted electron emission
causes larger Vru shifts in C-V curves. The accurately parallel C-V shift toward the negative
direction indicates that the interface states at AlO3/AlGaN act as fixed charges in this bias range.
The Vru difference (AVTH) between two photon energies corresponds to the interface charge
difference (AQi) in the energy range of Ec- hvi to Ec - hva. In the ICP-etched sample shown in
Fig. 4, we observed a larger C-V shift (AVtH) between two photon energies (hv = 1.4 and 2.0 eV)
than in the sample without ICP etching, indicating a higher state density at the Al>O3/ICP-etched

AlGaN interface.



To estimate the interface state density distribution Dj; from the photoassisted C-V results,

we use the following equation:

C AV,
Di::(E:EAVG):Ma (1)
qAhv

where CrotaL is the series capacitance of AbO3 and AlGaN, Ahv is the difference between two
photon energies (= Av2 - hvi) and Eavc is the average interface state energy (= Avi + Ahv/2).
Figure 5 shows the state density distributions at the AloO3/AlGaN interfaces determined by
photoassisted C-J measurement. The MOS sample without the ICP etching of AIGaN showed an
interface state density of 1 x 10'?> cm™2eV-! or less near the midgap. On the other hand, high
densities ranging from 3 to 8 x 10'?> cm2eV'! were obtained at the ALO3/ICP-etched AlGaN
interface.

From TEM observations (Fig. 2), it was found that the ICP process introduced a
monolayer-level crystalline roughness to the AlGaN surface. As a result, lattice disorder and/or a
high density of dangling bonds near step edges remained at the AlGaN surface, leading to the
generation of high-density electronic states with a continuous energy distribution. In fact, the
TEM results showed that the number of the monolayer-level steps per unit area was
approximately 5 x 10'? cm™. This value is in the same order of magnitude as the interface state
densities of the ICP-etched sample shown in Fig. 5. To further investigate the degradation of the
interface properties at the Al>O3/ICP-etched AlGaN interface, we carried out X-ray photoelectron
spectroscopy (XPS) analysis on the etched AlGaN surface (not shown here). In the Ga3d spectra,
the peak energy position was almost the same before and after the ICP etching. However, the full
width at half maximum of the Ga3d peak slightly increased from 1.15 eV for the unetched
surface to 1.21 eV for the ICP-etched one, indicating a slight disorder of chemical bonds at the

AlGaN surface. There is a possibility that such chemical disorder is related to the



monolayer-level steps observed in the TEM image. In addition, the XPS analysis clearly showed
the decrease in the Nl1s peak intensity of the ICP-etched AlGaN surface. During ICP etching
using the Clo/BCI gas mixture, active C1” and Cl; species react with the AlGaN surfaces to form
volatile products, such as GaCls and AlICI3.!”?? These dominants reaction and the subsequent
formation of N> result in the successful etching of the AlGaN surface. However, there can be
additional chemical reactions. For instance, a highly volatile NCI; can be produced by a reaction
between the Cl-based radical and N atoms, causing a preferential loss of N atoms at the AlGaN
surface.?!) Simultaneously, it seems that the complicated etching reactions with a high plasma
energy introduce various kinds of defect complexes into the AlGaN surface. In fact, Fang et al.*?
reported that several kinds of deep levels originating from the nitrogen-vacancy (Vn)-related
defect complexes were increased at the GaN surface after the Clo-based ICP etching. It is thus
likely that ICP etching caused the monolayer-level interface roughness, disorder of the chemical
bonds and formation of various types of defect complexes including Vn at the AlGaN surface,
leading to poor C-V characteristics due to high-density interface states at the AlOs/GaN
interface.

In summary, we have investigated the effects of the Cl-based ICP etching of AIGaN on
the interface properties of the Al,O3/AlGaN/GaN structures prepared by ALD. The C-J analysis
at RT showed a two-step behavior, peculiar to a heterostructure MOS sample. For the sample
with the ICP etching of AlGaN, the stretch-out of the C-V curve and the increase in on-set
voltage were observed in the forward bias region, indicating high-density electronic states at the
AL Os3/ICP-etched AlGaN interface. The photoassisted C-J result showed that the ICP etching of
the AlGaN surface significantly increased the interface state density up to 8 x 10'? cm2eV™! at the
Al0O3/AlGaN interface. The TEM and XPS analyses indicated that the monolayer-level interface

roughness, disorder of the chemical bonds and various types of defect complexes including Vn at
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the AlGaN surface caused poor C-V characteristics due to high-density interface states at the

Al O3/ICP-etched AGaN interface.
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Figure captions

Fig. 1 Schematic illustration of Al203/Alo2GaosN/GaN MOS structure.

Fig. 2 TEM images with (a) low and (b) high resolutions for Al,O3/Alo2GaosN/GaN structures
with and without ICP etching.

Fig. 3 C-V characteristics of Al>O3/Alp2GaosN/GaN structures with and without ICP etching
measured at RT.

Fig. 4 Typical photoassisted C-V characteristics of AlbO3/Alo2GaosN/GaN structures with and
without ICP etching.

Fig. 5 Interface state density distributions estimated from photoassisted C-V shifts as a function

of bandgap energy at Al,O3/Alo2GaosN interfaces with and without ICP etching.
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Figure 2
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Figure 4
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