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ABSTRACT

The Al,03/GaN heterostructure is a crucial component of GaN-based electronic and photonic devices, and the Al,O3/GaN interface quality plays an important role in
determining the device performance. Here, using density functional theory, we confirmed that dipole formed at the Al;03/GaN interface can be attributed to electron
transfer and redistribution between Al;03 and GaN. The formation of dipole was confirmed by X-ray photoemission spectroscopy. The dipole induced electric field at
the interfaces of the Al;03/GaN heterostructures result in negative threshold voltage (Vry) shifts of 2.3 and 1.2 V for the heterostructures without defects and with
one Al interstitial (Al;) defect, respectively. On the other hand, the Al; defect can induce positive charges, resulting in negative Vyy shifts. Therefore, an improvement
in the interface quality (i.e., by eliminating the Al; defect) does not necessarily result in positive Vyy shifts. This study reveals novel electronic properties of the Al;03/

GaN heterostructure and offers a path toward the achievement of GaN-based devices with engineered features.

1. Introduction

GaN-based, high electron mobility transistors (HEMTs) can deliver a
high current, a high voltage, and high switching speeds. As such, they
are widely used in high power and high radio frequency devices [1-3].
Gate dielectrics are widely used to suppress the gate leakage current and
enlarge the gate breakdown voltage in GaN HEMTs [4,5]. The Al,O3
fabricated by atomic layer deposition (ALD) has been broadly adopted as
a gate dielectric material owing to its superior electronic properties,
including its high bandgap and dielectric constant [6-8]. However,
although the Al,O3 obtained via ALD exhibits superior properties,
numerous interface positive fixed charges and traps are introduced at
the Al,03/GaN interface or in the bulk Al;O3 [8,9]. These positive, fixed
charges can induce a negative threshold voltage (Vy) shifts, hindering
the development of enhancement-mode GaN HEMTs. Moreover, traps at
the Al;03/GaN interface can result in reliability and stability challenges.
[7,9-11] The occurrence of positive charges and traps at the Al,03/GaN
interface can be attributed to the defects at the interface. Non-
stoichiometric atomic ratios of O and Al have been found at the Al,O3/
GaN interface, with Al significantly surpassing O [12,13]. The Al-rich
conditions can produce excess Al interstitial (Al;) defects. Generally,
structural impurities, such as Al; defects and O vacancies, can introduce
various defect levels in the AloO3 bandgap [14,15]. The charged defect
levels can behave like fixed charges or fast and slow traps depending on
their energy levels in the bandgap [14,15]. When the energy states are
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above the GaN conduction band edges, under either positive or negative
gate stress on the Al;O3/GaN heterostructure, the Fermi level can hardly
modulate these energy levels Thus, the defects behave similarly to fixed
charges [10,14,15]. However, when the energy states are within the
bandgap of GaN and close to the midgap, charge trapping and detrap-
ping occurs when the Fermi level moves across the energy levels.
Resultantly, the defects behave similarly to trap states [14,15].
Considerable efforts have been devoted to improving the interface
quality between gate dielectrics and GaN [7,9,11]. Although the inter-
face trap density can be reduced to an extremely low value, in many
cases, the Vg does not shift to a positive value accordingly or it may
even shift to a more negative value [9,16]. As both the fixed charges and
interface traps are ascribed to the interface defects [14,15], the positive
charges thus the positive charges induced negative Vpy shifts should also
be suppressed together with the interface trap density. The abnormal
Vry shifts after the improvement in the interface quality indicates that
there are additional factors that contribute to the Vty, which were not
considered prior.

In addition to the interface charges and traps, interface dipoles
control the interface electronic structures [17-23]. Generally, dipoles
are formed between dielectrics and semiconductors or between two
dielectrics, and they have a significant impact on the device perfor-
mance. For example, dipoles formed at the HfO,/Si interface have been
found to negatively shift Vry [17-19]. The origins of the dipoles are
unclear; however, the formation of the Si-O-Hf bonds could be one
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reason for the dipole formation [17,19]. Dipoles were also widely found
at high-k/SiO; interface, and the magnitude of the Vry shifts relies on
the employed high-k materials [20-22]. The electronegativity difference
between the cations of high-k and SiO; is regarded as one reason for the
dipole formation [22]. Another possible reason is the oxygen density
difference at the junctions between the high-k materials and SiO» [20].
Moreover, dipole formation could occur between two high-k materials,
such as HfO5 and Al»O3, and dipoles at the HfO,/Al,03 interface have
been applied to explain the abrupt Vry shifts [23]. Based on these re-
sults, we hypothesize that dipoles can be formed at the Al,O3/GaN
interface. In addition to the defect induced charges, dipoles could be an
additional factor affecting the Vry of the Al;03/GaN heterostructure.

2. Experiments

We perform spin-polarized first principles calculations within the
framework DFT, as implemented in the Vienna ab-initio simulation
package. The total energy convergence threshold is set to 10" eV and the
structures are optimized until the Hellmann-Feynman forces stay below
0.01 eV/A. All the calculations are performed within the Perdew-Burke-
Ernzerhof generalized gradient approximation. An energy cutoff of 450
eV is used in the plane wave expansion. The 6-phase Al;03 was adopted
to build the Al;03/GaN heterostructure, as its bandgap and mass density
values are similar to those of amorphous Al;03 grown by ALD [8]. The
bottom dangling bonds of GaN in the Al;03/GaN heterostructures were
passivated by pseudohydrogen with 0.75 valence electrons to ensure
that the density of states in the bandgap are from the interface defects
[24]. In the subsequent DFT calculations, one Al; defect was introduced
into the Al,O3/GaN interface to evaluate its effect on the electronic
properties. For the X-ray photoemission spectroscopy (XPS) measure-
ments, 1.2 nm Al,03 was deposited on the surface GaN (0001). Before
the ALD AlyOs3 film growing process, the GaN substrates were cleaned
with diluted hydrochloric acid for 3 min to remove the surface native
oxide layers. Subsequently, the GaN substrates were transferred to the
ALD chamber for Al,O3 deposition. One ALD Al,O3 cycle comprised a
0.015 s trimethyl aluminum dose pulse and a 4 s O plasma oxidization,
followed by a 3 s purge with No. The ALD Al,O3 growth per cycle was
1.2 A, measured by an ellipsometer.

3. Results and discussion

The insets of Fig. 1(a) and (b) show the atomic structures of the
Aly03/GaN interface regions without and with one Al; defect, respec-
tively. The Al; defect is indicated by an arrow in Fig. 1 (b). After intro-
ducing one Al; defect, the atomic positions of Al, Ga, and O were severely
distorted at the interface compared with the case of the heterostructure
without defects. For the Al;03/GaN heterostructure without the Al;
defect, eight Ga-O bonds were initially observed at the interface, with
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the eight oxygen atoms perfectly saturating the eight Ga dangling bonds
[8]. The N-Ga-O-Al interface bonding used in this study is the most
stable interface configuration of the Al;O3/GaN heterostructure [25].
Fig. 1(a) shows the total density of states (TDOS) without the Al; defect.
The electron counting rule was satisfied in the Aly03/GaN hetero-
structure, thus leading to an insulating interface with a clean bandgap.
The strong peak located at 3.2 eV can be attributed to contribution from
the Al atoms (Fig. S1 and 2). However, as shown in Fig. 1(b), gap states
occur after the introduction of the Al; defect. In addition, the Al;03/GaN
heterostructure with the Al; defect has a large TDOS close to 3.2 eV,
therefore, the peak located at 3.2 eV of the heterostructure without the
Al; defect is not observable. As discussed above, the interface states
occur in the bandgap can behave as traps or fixed charges, thereby
deteriorating the device performance.

Charge density difference was calculated to analyze the role of Al;
defects on the charge transfer and redistribution at the Al;03/GaN in-
terfaces. The electron densities of Al,O3 and GaN were subtracted from
those of the Al,03/GaN heterostructures. Fig. 2(a) and (b) show the
Al;,03/GaN heterostructures without and with the Al; defect, respec-
tively. The charge transfer and redistribution primarily occur at the
N-Ga-O-Al layer, with negligible change on charge density in the inner
Aly,03 and GaN far away from the interfaces. The charge density dif-
ference at the Al,O3/GaN interfaces indicates electron transfer from GaN
to Al,Os across the interfaces. Charge accumulation (yellow part) pri-
marily occurs around the O layer in Al,O3, with a small accumulation
area observed around the N layer in GaN; furthermore, strong charge
depletion (light blue part) occurs around the Ga layer in GaN, with a
small depletion area observed around the Al layer in Al,O3. Conse-
quently, in the equilibrium state, dipoles form at the Al,O3/GaN in-
terfaces without and with the Al; defect as the built-in electric field is
established. The built-in electric field is oriented from GaN to the Al,Os3,
which can induce a negative Vry shifts. As shown in Fig. 2(b), after
interposing one Al; defect, the charge accumulation around the O layer
and charge depletion around the Ga layer reduced considerably.
Consequently, the dipole induced electric field could be effectively
attenuated accordingly. The dipole induced Vg shifts in the Al,03/GaN
heterostructures without and with the Al; defect can be estimated based
on the equation[23]:

v (jff'dzfQ(x7yyz)dxdy+fS/2dZIQ(Ly,Z)dxdy
TH — —

€GaN

N S dz [ Qx, v, 2)dxdy + [i* dz [ Q(x,y, Z)dxdy>

€Ano3

where dj, d3 and ds, d4 shown in Fig. 2 (a) and (b) are the widths of the
dipole layer across the GaN and Al,O3 layers, respectively. As shown in
Fig. 2 (a), the values of dy, ds, d3, and d4 are 1.72,1.62, 1.14, and 1.72 A,
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Fig. 1. (a) Total density of states of the Al;03/GaN heterostructures (a) without and (b) with the Al; defect. Inset shows the atomic structure configuration at the

interfaces where the Al; defect is indicated by an arrow in (b).
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Fig. 2. Charge density differences of Al;03/GaN heterostructures (a) without and (b) with the Al; defect and the corresponding planar-averaged, electron density

difference of the heterostructures.

respectively. As shown in Fig. 2 (b), the values of dj, da, d3, and d4 are
1.72, 1.52, 0.95, and 1.62 A, respectively. Q(r) is the volume charge
density; egany and eapo3 are the dielectric constants of GaN and AlyOs,
respectively. According to the equation, the negative Vry shifts of 2.3 V
can be reduced to 1.2 V after interposing one Al; defect. The DFT results
here imply that even without any interface defects, owning to the
electron transfer and redistribution at the Al;03/GaN interfaces, the
dipole induced electric field can still induce a negative Vry shifts.
Therefore, the dipole formed at the interface is the intrinsic property of
the Al;03/GaN heterostructure, and thus, it cannot be eliminated by
removing the interface defects. In addition, the above DFT calculation
was based on the Ga-polar GaN. However, for the N-polar GaN, charge
transfer will also across the N-Ga-N-Al interface chemical bonds where
the interface dipole forms at the interface of the Al,O3/GaN (N-polar)
heterostructure.

The Al; defect in AlyO3 can introduce positive charges and induce a
negative Vpy shifts [14,15,26]. Therefore, after eliminating the Al;
defect, the defect induced negative Vry shifts will be suppressed. Sub-
stantial efforts have been devoted to improving the interface quality
between Al;03 and GaN [7,9,11]. Although the interface trap density
can be reduced to an extremely small value, the Vyy does not change
correspondingly or it may even exhibit a negative shift [9,16]. As both
the fixed charges and interface traps are ascribed to the defects at the
interface [14,15], the positive charges and the positive charges induced
negative Vg shifts should be suppressed together with the interface trap
density. In this study, the abnormal Vty movement after interface
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quality improving of the Al;03/GaN heterostructures is attributed to the
dipole induced negative Vry shifts can be increased from 1.2 to 2.3 V
after removing the Al; defect at the interface. Except from positive
charge induced negative Vry shifts, dipole is an additional factor that
can modulate the Vg in the Al;03/GaN heterostructure. Fig. 3(a) shows
the Ga 3d XPS spectra of the Al,03/GaN heterostructure and pristine
GaN. The XPS peak located at 19.7 eV corresponds to Ga-N bond in the
pristine GaN, while the Ga-O bond located at 20.7-20.9 eV is absent in
the Al,O3/GaN heterostructure [27]. Therefore, no oxidization occurs
during the ALD process. Compared with that for the pristine GaN, after
the heterostructure formation, the binding energy of Ga 3d shifts toward
a lower value (~0.5 eV). Additionally, N 1 s XPS spectra also shifts to a
smaller value after AlyO3 coating (Fig. S3). Based on the above DFT
calculation results, it was established that electron redistribution mainly
occurred at the Al;03/GaN interface, and the dipole induced electric
field is oriented from GaN to AlyOs. Fig. 3(b) shows the band alignment
diagram of the Al;O3/GaN heterostructure before and after Al,O3
coating. Owning to the dipole induced electric field, upward band
bending occurs at the interface of the Al;03/GaN heterostructure (0.48
eV), which can shift the binding energy of Ga 3d toward a lower value
[28]. The value of band bending was obtained from the valence band
spectra (Fig. S4). Fig. 4(a) and (b) display 2D electron localization
function (ELF) profiles of Al;03/GaN heterostructures without and with
the Al; defect, respectively. The ELF value varies from O to 1, where the
value smaller than 0.5 indicates the delocalization of the electrons and a
larger value indicates the stronger ability to accumulate electrons [29].

—_—

| Dipole induced band bending
|
Ao.48ev

Fig. 3. (a) Ga 3d XPS spectra for the Al;03/GaN heterostructure and pristine GaN. (b) Schematic band alignment diagram of the Al,03/GaN heterostructure where
the dipole induced electric field is also shown. The solid and dashed lines correspond to the band bending before and after Al,O3 coating.
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Fig. 4. 2D ELF profiles of Al;03/GaN heterostructures (a) without and (b) with the Al; defect.

The charge depletion and accumulation of each atom are labeled
correspondingly in Fig. 4(a) and (b). After interposing one Al; defect,
strong electron accumulation occurs between the Ga atoms and Al; de-
fects, indicating the formation of Ga—Al bonds at the Al;03/GaN inter-
face. The strong electron accumulation accounts for the stability of the
Al;03/GaN heterostructure with the Al; defect. The Ga-Al bond can
potentially change the polarity of the GaN surface from the Ga face to
the N face [10,30]. As Ga-face and N-face GaN exhibit polarization
charge densities of — 2 x 10'% and 2 x 102 em 2, respectively [31], the
inversion of the polarity charge could be one source of the positive
charges at the Al;03/GaN interface.

4. Conclusions

In summary, we confirmed that dipoles formed at the AlO3/GaN
interface can be attributed to the electron transfer between Al;O3 and
GaN. The magnitude of the dipole induced Vry shifts can be reduced
after improving the interface quality (eliminating the Al; defect).
Moreover, we found that the Al; defect forms a stable bond with the Ga
atom (Al-Ga), indicating the stability of the Al;03/GaN heterostructure
with the Al; defect. In addition, because charge transfer and redistri-
bution are fundamental properties of the interface chemistry of two
dissimilar interfaces, we propose that dipole formation could occur at
other high-k material/semiconductor interfaces, such as Gap;03/GaN,
SiN/GaN, and Al,O3/Si heterostructures.
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