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forward gate voltage swing and an improved gate-drain breakdown voltage [1,2]. High
band gap gate dielectric materials, such as Al,O3 [3], are preferable as they can provide
higher tunneling barriers for electrons and holes resulting in lower gate leakage current:
On the other hand, a high dielectric constant (high-k) material is also necessary for
improved electrostatic control over the channel and improved on-current, which in-turn
results in higher transconductance [4]. The quality of the gate dielectric and the oxide/GaN
interface plays a central role in device performance due to potential problems arising from
fixed oxide charge, border and interface traps [3]. The leakage current issue has been
mitigated using ADOs [3,5], SiO> [6] and SizsNs [7], but comes at a cost of device
transconductance degradation and undesirable threshold voltage shifts: A number of high-
k dielectrics such as HfO; [4,8], ZrO>[9,10], Ta;Os [11], LaLuOs [12] and TiO; [13,14]
have been investigated. Although the application of these high-k dielectrieshas been shown
to improve the performance of AlGaN/GaN MIS-HEMTs, (several, problems remain
unsolved, the most serious being the threshold voltage instability [15]. Therefore, further
investigation is necessary to advance understanding and improve performance of high-k
insulators/GaN interfaces.

In this paper, engineered high-k oxides will be presented; (1) Al2O3 alloyed with TiO:
to boost the oxide permittivity value with the aim of/preserving band offsets and (ii) Ga2O3
alloyed with Al>Os to increase band gap and maintain goodsinterface quality with GaN. X-
ray photoelectron spectroscopy (XPS), invers¢ photoemission spectroscopy (IPES) and
variable angle spectroscopic ellipsometry (VASE) were used to determine the band
alignment and interfacial properties of deposited high-k oxide/GaN stacks. TiO» is very
attractive due to having reported k value of'20-86 [16,17] however, possesses a small band
gap of 3.4 eV for amorphous and 3:26.¢eV for anatase TiO; [18] and a low crystallization
temperature of 370°C [19]. AL,O3 on'the other hand has a sufficient band offset of 1.8-2 eV
with AlGaN but suffers from a low diclectric constant of ~7-9 depending on the growth
method [20]. The previous studies of Al>Q3/TiO2 nanolaminates [21,22] show favorable
properties, in particular the optimum between the rather high-k (~30) and low leakage
current for 30% Ti [23]. No band offset study has been reported for TixAlixOy/GaN. A full
band alignment study of TixAlixOy/GaN fabricated by atomic layer deposition (ALD) on
GaN will be presented forithe range of Ti contents (x) of up to 40%.

Furthermore, trivalent:Ga,Os is a promising oxide due to its band gap of 4.4 - 4.9 eV
[24,25] and a moderate permittivity of 10-14.2 [26]. Thermally oxidized Ga,O3 has shown
valence band offset:(VBO) of 1.4 eV to GaN [27]. A drawback of thermal oxidation is a

growth of non-stoichiometric oxide at GaN interface reported to be as Gax+2)N3xO3-3x) [28].

In contrast, ALD has been shown to produce Ga>Oj3 with no interfacial layer with GaN and
with low density of interface states of 3.62x10'! cm2eV~! [24]. Despite the good interface
with GaNj the issue with using Ga>O3 is a small conduction band offset (CBO) of < 1 eV
leading:to highdeakage current. Al>O3 has larger band gap (6.4-6.9 eV) and good interface
properties to GaN, however Al,O3;/GaN/AlGaN MIS-HEMTs suffer from threshold
voltage instability and current collapse [5,29,30]. The objective of this work was to explore
GaxAli1xOy (x = 5% to 95%) fabricated by ALD with the aim of maintaining sufficiently
high band offsets with GaN while preserving good quality interface.

Experimental Details

https://mc04.manuscriptcentral.com/jss-ecs
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ALD was performed using a Cambridge Nanotech Savannah 100 reactor for the TixAlixOy
films. The TiAlO films of (nominal) 3 nm and 20 nm were deposited usSing
trimethylaluminum (TMA) and titanium isopropoxide (TTIP) as Al and Ti precursors and
H>O as the oxygen-containing co-reactant. The TMA, TTIP and H>O were transported with
10 sccm zero-grade nitrogen. The TTIP was heated to 90°C with the substrate held at 200°C.
The number of ALD cycles was used to control the thickness of the films. 1. TMA eyele
consisted of a 20 ms TMA dose/2 s purge/20 ms H>O dose/2 s purge whereas I ' TTIP cycle
consisted of a 1 s TTIP dose/10 second purge/20 ms H>O dose/2 s purge. It is worth
mentioning that the film growth rate vs. purge duration showed that for purge times of 2 s
and above, the growth rate was constant. For purge times below 2°s, the growth rate
increased with decreasing purge duration, indicating the onset of vapour phase reactions.
The scanning electron microscope images of deposited Al>O; films (not,shown) underpin
the growth optimization data and show a uniform, flat plane with no surface particles. Delta
doping was utilised to deposit alloyed TiAlO films, where TMA cycles were interspersed
periodically within the TTIP cycles. The 2 um n-GaN/Si‘substrates were cleaned for 5
minutes in acetone, 5 minutes in isopropyl alcohol and 2‘minutes in deionized water (all
steps sonicated) followed by drying with N». The reference samples of TiAlO films on n-
Si(100) were fabricated simultaneously in the ALD ¢hamber to determine thickness and
optical properties of the films using VASE. Al top eleetrodes of different diameters (0.25-
2 mm) were deposited on 20 nm TiAlO/GaN by,thermal.evaporation through a shadow
mask to process MIS capacitors for electrical characterization, including capacitance
voltage (CV) and current voltage (IV).

In case of Ga;03 and GaxAlixOy films, | ALDeycle of Ga;Os consisted of the substrate
(3 nm GaN/20 nm Alp2GaosN/GalN/accumulation layer/seed layer/Si(111)) being held at
250°C, 0.1 s of triethylgallium, 5’s pugge to remove any unreacted precursor or by products,
30 s 20 sscm Oy flow stabilization, 5 s%300 W O; plasma and a final 5 s purge. For the
GaxAl1xOy films, different numbers of Al,O3 and Ga,O3 ALD cycles were used to vary Al
content from 5% to 95%. The Al,O3 ALD cycle was a 0.03 s of TMA precursor followed
by a 3 s purge, 0.02 s of HxO/and afinal 3 s purge. The substrates underwent the same ex-
situ chemical cleaning described aboye. The CV and IV measurements were performed on
MIS capacitors, using a ping capacitor layout, with ~200 um central diameter and a 20 pm
gap to the outer ring. The metallization for the outer ring was Ti/Al/Ni/Au (20/120/20/45
nm) followed by rapid themmal‘anneal (RTA) in N2 for 30 s at 850°C. The top contact was
Ni/Au (20/200 nm). Seme MIS devices underwent the forming gas anneal (10% H2/90%
N»2) (FGA) at 430°Cifor 30'minutes.

Spectroscopicellipsometry measurements were conducted using a J.A.Woollam VASE
ellipsometet with_a spectral range of 0.7-5.2 eV at 60-75" in 5° steps. Preliminary X-ray
photoelectron spectroscopy measurements on the GaxAlixOy films were performed using
a twin.anodesseurce. Subsequent measurements of bulk (20 nm) and interfacial (3 nm)
oxide/GaN samples were performed in an ultra-high vacuum (UHV) chamber operating at
a base,pressure of 2x107'° mbar. Core level (CL) and valence band (VB) spectra were
probed by XPS using a SPECS monochromatic Al Ko X-ray source (hv = 1486.6 eV)
operating at 250 W, and a PSP Vacuum Technology electron energy analyzer. The
spectrometer was operated with an overall resolution of 0.6 eV measured by the full width
at half maximum (FWHM) of Ag 3ds» CL. Charging of the samples was corrected by
setting the C 1s peak (arising from adventitious carbon species) to 284.80 eV. The
unoccupied density of states in the conduction band (CB) was measured by IPES using a

https://mc04.manuscriptcentral.com/jss-ecs
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PSP Vacuum Technology BaO cathode dispenser electron source and an isochromat NaCl
photon detector. The IPES detector operates at a nominal resolution of 0.8 eV. The energy
scale was calibrated using the Fermi energy of a clean polycrystalline silver foil. A Shirley
background was used for the fitting of all XPS CL spectra [31]. The uncertainty of £0.05
eV is stated for fitting XPS CLs by Voigt functions.

ALD TixAlixOy films on GaN

Band alignment of TixAl; xOy on GaN

Band gap study

The measured and fitted SE (‘V,A) parameters vs. photon energy (E) are shown in Fig. 1.
Since AL,Os is a transparent material, Cauchy model [32] was used for'the'SE data fitting,
whereas for TiO; a Cody-Lorentz general oscillator model [33] waswused due to its UV-
absorbing nature. The SE data for TiAlO films were fitted using the Bruggeman Effective
Medium Approximation (EMA) model, as the latter allows’for a self-consistent choice of
the host material. Two materials, Al2O3 and TiO; as material 1 and material 2 respectively,
were placed into the EMA model. The ‘EMA % (Mat 2)’ parameter was a variable fit
parameter representing the percentage of material 2 in the.composite. The mean squared
error (MSE) between the experimental and theoretical(fitted) (v, A) versus E curves was
in all cases below 5, consistent with a good quality fit of the data shown in Fig. 1. From
the ellipsometry modeling, the Ti content in the films\(x) was found to be 9% (2:1=Al:Ti
cycles), 16% (1:1 = AL:Ti cycles), 25% (1:2 = Al:Ti cycles) and 36% (1:4 = Al:Ti cycles)
in agreement with values calculated from'the ALD growth rates and number of cycles used
for Al>O3 and TiO» to fabricate mixed oxide films.«(Fig. 2). It has been observed that the
growth rate decreases for films withuinereasing Ti percentage.

The thickness of the films (summarized in Table I), refractive index (n) and extinction
coefficient (k) were extracted.from the SE modelling; the absorption coefficient (o) can be
found from the extinction coefficient as

__ 4nk(E)E

e (1

where h is the Planck’s ‘constant, c is the speed of light, and E is the photon energy. The
plots of a vs. E for TixAl1xOy and TiO; are shown in Fig. 3(a). The linear extrapolation of
the leading absorption edges seen in Fig. 3(a) gives the band gap (E) values (£ 0.1 eV) for
TiO2 of 3.65 eViand for TixAl1xOy films varying from 4.28 eV to 3.88 eV as Ti content is
increased from 9% to 36% respectively. The latter are in agreement with band gap data of
4.0 eV for 20% Tiand 3.8 eV for 30-40% Ti extracted from reflection electron energy loss
spectroscopy/(REELS)[23]. In the most recent study of ALD TixAlixOy films, the band
gap of 4.3'e¢V. and 4.1 eV has been inferred for films with 33% Ti and 40% Ti respectively,
from /UV-vis absorption spectra plotted as (ahv)? vs. E [34]. The reported values for the
optical band gap of TiOz have been found to be dependent on the crystallinity of the film
and'found'to be 3.2 eV [23], 3.66-3.73 eV [34], 3.37 eV [35] to 3.7 eV [36]. The band gap
of AlO; was extracted from the O 1s energy loss feature from the XPS measurement [37]
shown<n Fig. 3(b) and was found to be 6.48 + 0. 25 eV, in close agreement with optical
band gap value (6.43 eV) extracted by vacuum ultra-violet (VUV)-VASE using a-method
[38] and theoretical value (6.36 eV) obtained by density functional supercell calculations
[39].

https://mc04.manuscriptcentral.com/jss-ecs
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Band offsets study

The Al 2p, Ti2p and O 1s XPS CLs measured for TixAl;.xOy/GaN stacks are shown in Figs:
4(a), (b) and (c) respectively. It can be seen that the Al 2p CL shifts to the lower binding
energy (BE) for up to 0.63 eV (Fig. 4(a)) while the Ti 2p3/2 BE increases by 0.13 eV (Fig.
4(b)) with the increase of Ti % in the TixAl1-xOy films. A similar trend has been reported
when TiO; and AlO3 are mixed [21,22] and is explained by _thediffering
electronegativities of Al (1.61) and Ti (1.54), creating different tendencies for Al and Ti to
attract and donate electrons respectively. This suggests that an alloy is formed and not
laminates. The O 1s CLs also indicate the formation of alloyed layefts, as shown in Fig.
4(c). The O 1s CL shifts as a function of Al:Ti ratio between the two BE extremities of
AL O3 (531.16 eV) and TiO2 (530.0 eV). Furthermore, the FWHM of ©.1§ CL decreases
from binary Al203 to TiO2, which again suggests an alloy being formedrather than separate
layers of both (laminate), as the FWHM would be larger if the peak contained components
from Al,O3 and TiO> simultaneously [23].

Figures 5(a)-(b) depict the fitting of Al 2p and O 1s CLs for'bulk Al,Os, while Figs.
5(c)-(d) refer to fitted Ti 2p and O 1s for bulk TiO3. As'seen in Fig. 5(a), the Al 2p is
symmetric, suggesting only one environment of Al. The BE of'the Al 2p was found at 74.54
eV, in agreement with the reported values [40,4 1], when different C 1s spectra calibration
has been considered. The O 1s peak shown in Fig./5(b) is fitted with two components, at
531.16 eV associated with Al-O bonds [40] and the other at 531.89 eV likely to be related
to O-H species. The latter is not thought to be related to Al1-OH bonds since both Al 2p and
Al 2s (not shown) CLs are found to be symmetricy.ihdicating only one environment of Al
[42,43]. The VB spectrum for AlyOs.bulk sample is shown in the inset of Fig. 5(a) with
valence band maximum (VBM) at.3.65 eV, .which gives the Al 2p CL BE to VBM
difference of dano3 = 70.89 eV. The Ti 2p CL shown in Fig. 5(¢c) is fitted with two
components (Ti 2p32 and Ti2p12), which indicates the presence of only one oxidation state
of Ti (+4). The FWHM of the Ti.2p12 is larger than that of the Ti 2p3/2 due to the Coster-
Kronig process [44]. Therefore, thesarea and the BE position of the Ti 2pi» were
constrained and the FWHM was set as a fitting parameter. The O 1s CL had a secondary
contribution at the similar'BE as the one in Al,Os3 (Fig. 5(d)), which was attributed to O-H
bonds. The latter were not/thought to be Ti-OH bonds as the Ti CLs only consisted of Ti-
O contribution. It is likely:thatthis peak is associated with carbon contamination, possibly
to CO-OH species on the surface. The VBM of bulk TiO; was at 2.83 eV (see inset in Fig.
5(c)) and the Ti 2psato VBM difference was found to be dtio2 = 455.70 eV. The valence
band offset between oxide and GaN can be calculated from XPS and the Kraut method [45]
using the equation:

VBO = 0suB — d0oxIDE + OINT (2)

where dsus refers to the binding energy difference of respective CL in the substrate (in our
case, thexGa 2p3» CL) and VBM for GaN substrate, doxipe of chosen CL in the bulk of the
oxide (Al 2p or Ti 2p32) and VBM for bulk oxide sample, and dint of Ga 2p32 and Al 2p
(or. T12ps/2) from respective oxide and GaN for interfacial oxide/GaN sample. Fig. 6 shows
fitted CL spectra and VBM referring to TiAlO oxide with 25% Ti and the three terms in
Eq:(2) are calculated to be dsug = 1115.24 eV (Fig. 6(a)), dnt = 1043.60 eV (Fig. 6(b))
and drialo = 71.0 eV (Fig. 6(c)). Note that the Ti 2p peaks sit in the middle of the Ga
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Augers, hence the Al 2p CL was used in the Kraut method for all TixAl1-xOy/GaN samples.
In case of TiO2/GaN, the Ti 2p3» was used, but VBO (Eq. (2)) was also cross-checked with
Ti 3p CL.

A summary of CL positions, thicknesses, band gaps and band offsets for all TixAlj-
xOy/GaN samples is given in Table I. The conduction band offset is calculated from

CBO = E0XIPE _ E,GN _ VBO (3)

where E.OXPE| E 69N refer to band gaps of oxide (see Table I) and GaN (=34 eV [46])
respectively. It is worth mentioning that there is no significant shift ofi Ga 2ps; for
interfacial TiAIO/GaN samples when compared to the BE value,of 1117:67 eV for GaN
substrate, being indicative of a negligible band bending (BB) at the interface (see Table I).
In case of TiO2/GaN, the Ga 2p3; shifts slightly towards higher BEs, and this could be a
signature of a small downward BB of 0.22 eV. Furthermote, the XPS CL fitting results
suggest no interfacial layer is formed between the TiAlO and GaN. The latter is
underpinned by (i) the BE positions and FWHM of the O 1s'CLs remaining the same (no
other oxygen environment), (ii) the Ga 2p FWHM being constant (indicating no new Ga
environment) and (iii) symmetric nature of the Ga 2p and Al 2p CLs, again indicating no
new environments for all interfacial mixed oxide samples:Only for interfacial TiO2/GaN
sample, there was an additional component in the Ti 2p CL fitting at 557.33 eV (not
shown), which was attributed to Ti2O34n,line with the previous XPS studies [47]. This
interfacial layer and a possible existence'of Ga-O bonds at the interface could be a source
of positive charges on the GaN surface [48], which/is leading to accumulated surface and
resulting in a small downward band-bending for this sample.

The VBO for AlOs3 of 1.13 £ 0.25 eV is in excellent agreement with the recent
theoretical (1.17 eV) [39] and experimental (1.07 eV) studies (see Ref. 48 and references
therein). As can be seen from Table I, the VBO decreases from 0.84 eV for 9% Ti to 0.61
eV for 36% Ti mixed oxide. By inserting optical band gap values from Fig. 3(a) in Eq. (3),
the CBO is found to be very small <0.05 eV for mixed oxides with up to 25% Ti. In case
of 36% Ti sample and TiQ3/GaN, type I heterojunction is observed with CBO of around -
0.1 eV. TiO; was found to' have VBO of 0.39 + 0.25 eV. In the previous XPS study of
TiO2/GaN, Ga 3d and T13p.CLEs were used in the Kraut method where the VBO of 0.09 +
0.25 eV was found'[13]; both Ga 3d and Ti 3p are shallow CLs and could hybridise with
valence orbitals whieh inturn distorts the line shape of the core level, reducing the accuracy
of the binding energy values and hence the VBO value. Therefore, in this work we have
used Ga 2p3p‘andiTi 2p32 CLs. Furthermore, the dsus for GaN has been measured to be
17.05 eV [13], being much smaller than widely cited literature values of 17.7-17.8 eV [48];
if the latter value for dsug is used in the Kraut method, the VBO is 0.55 £ 0.25 ¢V [13] and
is in line, withuthe measured value in this work within the accuracy of the method. It has
also been reported recently that VBO for TiO2/AlGaN is 0.56 ¢V and for AlbO3/AlGaN is
1.00 eV by XPS and the Kraut method [14]; from these values, the VBO of 1.56 eV for
T10,/ALLO3 interface can be deduced in excellent agreement with 1.52 eV from this study
calculated from measured VBOs for TiO2/GaN (0.39 eV) and Al,O3/GaN (1.13 eV) (see
TableT). It is worth mentioning that due to a smaller band gap of 3.0 eV for TiO; used for
the band alignment in Ref. 13, a type I TiO2/GaN heterojunction has been deduced. In this
study, the measured optical band gap by VASE has been found to be larger (3.65 eV, Fig.
3(a), Table I) and a type II TiO2/GaN heterointerface is inferred. The measured TiO2 band
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gap in this work correlates with more recent studies, where values of ~3.7 eV [34,36] and
3.5 eV [49] have been stated. Note that the difference in valence band maxima for the bulk
oxide samples and GaN are in close agreement with the VBOs calculated using the Kraut
method and Eq. (2), providing further evidence of negligible band bending at oxide/GaN
interfaces for samples listed in Table I. Furthermore, a gradual decrease of VBO with
increasing Ti % can be seen from Table I, while CBO stays mainly constant for TixAd;-
xOy/GaN samples. Similar has been observed for TixAlixOy ALD films on_Si [34] and on
GaAs [49], where a gradual increase in VBO with decreasing Ti content is evident, ' while
CBO values stay close to that of TiO2 being nearly constant and independent.of x.

Electrical properties of TixAl;xOy films on GaN

CV and IV measurements of MIS capacitors based on TixAl{xOy-alloy films, with the
compositional range of 9-36% Ti, were carried out for the thickness range from 24 nm to
31 nm (Table I). The current density (J) vs. gate voltage plots aréshown in Fig. 7(a), clearly
indicating a rise of gate leakage when Ti% is increased in‘the mixed oxide films. Fig. 7(b)
shows J at 1 MV/cm of the TixAli«Oy with compositional range.in this work and Ref. 23.
The Ti-rich film (36% Ti) has J = 2.98x10"! A/cm? décreasing to 3.95x10° A/cm? for Al-
rich film (9% Ti), being comparable to the previously. reported values of RTA annealed
(700°C for 60 seconds in N2) ALD deposited TixAdixOy films [23]. The permittivity of the
oxide films was extracted from the CV plots at I MHz; the results are depicted in Fig. 7(b)
and show increase of k from 7.0 (Al203)410.2 (9% T1), 15.6 (16% Ti), 24.4 (25% T1), 32.9
(36% Ti) to 75.8 (TiO2) with increasing Ti content in the mixed oxides. The k values
obtained for Al,O3 and TiO: are in line with the range reported in the literature [16,20].

ALD GaxAlixOy films on GaN

Band alignment of Ga,O3 on GaN

Figure 8(a) depicts the Ga 2p3» XPS CL spectra for the bulk GaN (top), interfacial
Ga203/GaN (middle) andsbulk Ga>O3 (bottom) samples. The Kraut method [45] and Eq.
(2) was used to find the VBO between Ga>O3 and GaN. It can be seen for the interfacial
Gax03/GaN sample that the. Ga 2ps3» peak is resolved into two components, at the low BE
side at (1) 1117.74 eV'related to Ga-N bond, and (ii) at high BE side at 1118.26 eV referring
to Ga-O bond. Thisiis due to the electronegativity of oxygen being greater than that of
nitrogen leading to the Ga CL from Ga>Os to be found at higher BE. Hence, the respective
Ot = 0.52 eV. For the GaN substrate and bulk Ga>O3 (of 22.2 nm thickness as measured
by VASE)ythe position of the Ga 2p3/» peak was found at 1117.22 eV (Fig. 8(a), top) and
1118.30 eV (Fig. 8(a), bottom), respectively. The valence band maximum was found by
extrapolatingthe valence band edge and finding the point of intersection between this linear
fit and the background linear fit (Fig. 8(b)). For GaN and Ga>O3; the VBMs ( 0.25 eV)
were found to be 2.07 eV and 3.36 eV, respectively. These values were used to calculate
dsus= 1115.15 eV and 0Ga203= 1114.94 eV. The VBO for Ga;03/GaN is then calculated
from Eq. (2) and found to be 0.73 £ 0.25 eV. An IPES spectra were used to find the
conduction band minima (CBM, + 0.25 eV) for GaN (1.60 eV) and Ga;O; (1.23 eV) as
shown in the left-hand side of Fig. 8(b). Since both the VBM and CBM are measured with
respect to the Fermi level, the addition of the two values gives the band gap of the material.
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Therefore, the band gap (£ 0.25 eV) measured by XPS/IPES is found to be 3.67 eV for
GaN and 4.59 eV for Ga0:s.

There is an indication of substantial downward band bending of 0.52 eV from/the shift
of Ga 2p3,2 in GaN substrate and in Ga;O3/GaN (see dashed lines and an arrow inFig. 8(a)).
The angle resolved (AR)-XPS data confirms a ~0.5 eV shift of Ga 2p3,, peak towards.the
higher BEs with decrease of take-off angle (TOA) from normal to the surface (90°, BE=
1117.78 eV) to 15° from the surface (BE = 1118.28 eV), providing further evidence of
substantial downward band bending at Ga;O3/GaN interface. The downward BB of GaN
surface has been reported following similar ex-situ chemical cleaningas'in this work [50].
The observation of an accumulated GaN surface has been explained by a significant
positive charge density residing within the native oxide [50]. A, possible‘source for the
positive charge may be (i) interfacial fixed charge with energy states-between the CBM of
the native oxide and GaN [50]; or (i1) a possible polarity inversion of the GaN surface, that
is a change in the spontaneous polarization charge from negative to positive due to the
formation of Ga—O bonds.

The band gap of GaN from Fig. 8(b) (top) is higher (3.67 eV) than the reported optical
band gap of 3.4 eV [46], but it is within the experimental error (+ 0.25 eV) of the IPES
measurements. The optical band gap of Ga,0s extracted ftom the VASE B-spline model
and associated absorption coefficient vs. photon energy curve shown in Fig. 9(a) is 4.47 £+
0.1 eV and compares to 4.59 + 0.25 eV/derived from the XPS/IPES (Fig. 8(b), bottom).
The obtained values are in agreement with the literature [24,25].

Using the VBM values for Ga;Oszand GaN, the VBO for Ga;0O3/GaN is estimated to be
1.29 eV, a larger value than the one measured from the Kraut method (0.73 eV). However,
by taking into account the observed dowaward BB of 0.52 eV, the VBO further from the
interface can be deduced to be 1.25 £ 0.25 eV close to the estimated value of 1.29 eV. The
latter is in agreement with the. VBO of 1.4 + 0.08 eV reported for f—GarO3/GaN
heterostructure derived by the Krautsmethod where no BB has been observed at the
interface [27]. The resultant CBO is calculated using Eq. (3) taking into account the optical
band gap for Ga>O3 and gives a value of 0.34 + 0.25 eV.

Band alignment ofiGaxAlxOyon GaN

A set of 20 nm (nmominal) GaxAl;.<Oy on GaN samples were fabricated varying the Ga:Al
ALD cycles from 1:19, 1:4, 4:1 and 19:1, referring to x of 5% Ga, 20% Ga, 80% Ga and
95% Ga respectively. The band gaps of the samples were found using the energy loss
feature of the O 1s XPS spectra; Fig. 9(b) refers to spectra with high Al content showing a
significant increase in the band gap from 5.50 eV (80% Al) to 5.98 eV (95% Al).

The valence band maxima extracted from the linear extrapolation of the VB edge (Fig.
9(c)) give values of 3.29 eV for 5% Al and 3.6 + 0.2 eV for 20% Al GaxAl;«Oy film. For
increased Al content (above 20%) in the GaxAlixOy films (1:19 and 1:4 Ga:Al cycles), the
VBM remains constant at ~ 3.6 eV. This suggests that there is no change in VBO when Al
content 1s increased, i.e. VBO can be estimated to be ~1.5 eV and thus the band gap rise
results in the CBO increasing.

Electrical properties of GaxAl;xOy on GaN
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MIS capacitor devices exhibited very high leakage current for samples with high' Ga
content and no measurable CV plots; therefore, the focus was on investigating only films
with high Al content. The CBO calculated for Ga;0O3 gave a small value of 0.34 +0.25 eV
which explains the very high leakage currents observed for MIS capacitors basedon Ga>Os
and low Al content GaxAlixOy films (see Fig. 9(d) for 4:1 and 19:1 Ga:Al cycles). Forhigh
Al content (80% and 95%), the band gap increases significantly (Fig. 9(b)) ‘andisince the
VBO is observed not to change, the CBO is found to increase to 0.6 eV (for 80% Al) and
to 1.1 eV (for 95% Al). Fig. 9(d) shows significant reduction of leakage current of several
orders of magnitude for samples with high Al content (1:19 and }:4 Ga:Al cycles) in
agreement with the band line-up study. The permittivity of GaxAl;.xQy films is found to be
~ 7 from CV plots close to the value of k for Al>O3 film (Fig. 7(b)).as thesefilms have high
Al content.

In summary, the band alignments of TixAlixOy/GaN and GaxAlixOy,/GaN stacks
studied in this work are presented schematically in Fig. 10:

Conclusion

In this paper, TixAlixOy (x = 9% to 100%) and GaxAlixOy (x= 5%, 20%, 80% and 95%)
films have been fabricated using atomichlayer deposition with the aim of achieving
favorable band alignment with GaN for MIS=HEMT applications. X-ray photoelectron
spectroscopy, inverse photoemission spectroscopy and variable angle spectroscopic
ellipsometry were used to estimate the band.alignment and interfacial properties. Although
the permittivity of TixAlixOy increases, significantly from 7 for Al2Os to 24.4 for 25% Ti
and 32.9 for 36% Ti, the band line-up of these mixed oxides is not ideal as conduction band
offsets with GaN were found to be < 0.1 V. The VBO is found to decrease from 0.8 eV
for 9% Ti to 0.6 eV for 36% T1 mixed oxide film. The TiO,/GaN was found to be type II
heterojunction interface with VBO = 0.39 £ 0.25 eV. The results from Ga,;0O3 and GaxAl;-
xOy films point to substantial ierease of the band gap from ~4.6 eV for Ga>O; to 5.9 eV
for the 1:19 Ga:Al ALD gycles (5% Ga) GaAlO sample and a strong suppression of leakage
current. The VBO for GapO3/GaN interface is found to be 0.73 = 0.25 eV with a substantial
downward band bending observed at the GaN surface. The valence band offset for GaxAl;-
xOy with x=5% and 20%, remains constant, indicating an increase in CBO in line with
improved gate leakage current. The results are promising for future applications in GaN
based devices.
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Tables

TABLE I. A summary of fitted binding energies of Al 2p, Ti 2ps, Ga 2p3» XPS CLs and extrapolated VBM
for bulk and interfacial TixAl;xO,/GaN samples fabricated by ALD in this work. The thickness and optical
band gap are determined using VASE. The VBO (z 0.25 eV) of deposited oxides on GaN stated is calculated
from the Kraut method (Eq. (2)), while CBO using Eq. (3). A,O3 and TiO, are added as reference samples:
Sample Thickness Al2p Ti 2p3n Ga2psz. VBM K, VBO CBO
(nm) (V) (V) (V) V) (V) (eY) (eV)
GaN -- - 1117.67 243 3.4% -
AlLO; 19.1 74.54 -- --
3.0 74.50 111772 --
9% Ti  23.8 74.02 458.66 -- 3.13 4.28 0.84 0.04
3.7 74.23 458.86 1117.74 -
16 16% Ti  26.6 7401 45864 - 297 420 0.76 0.04
17 3.9 74.14 45873 111758 -
18 25%Ti 309 74.08 45874 - 3.08  4.02 0.64 0.02
19 3.9 74.12 458.75 11772 -
20 36% Ti  28.1 73.91 458.66 - 3.01 3.88 0.61 -0.13
21 4.0 74.07 458.75 1117.80  --
22 TiO; 17.0 -- 458.53 - 2.83 3.65 0.39 -0.14
23 34 458.74 1117.89 -
24 *Ref. 46; **XPS

oNOYTULT D WN =

3.65 6.48%* 1.13 1.95
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Figure 1. Measured and fitted spectroscopic ellipsometric (‘¥,A) parameters vs. photon
energy for ALD TixAlixOy (x <40%) films with Al2Os and TiO; as reference samples.
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27 ellipsometry data and theoretically predicted from the ALD growth rate.
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100% (Ti0z); (b) XPS O 1s energy loss spectrum depieting extraction of the band gap for
ALO:s.
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from MIS capacitors based on ALD TixAl; <Oy films. (Device area A = 4.9x1078 m?.)
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18 Figure 8. (a) Ga 2p32 XPS CL fitting for GaN (top), interfacialiGa>03/GaN (middle) and
19 bulk Ga;03 (bottom) ALD film; (b) IPES spectra for GalN'(top) and Ga,0s (bottom).
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Ga:Al) and 20% Ga (80% Al, 1:4 = Ga:Al); (c) VB spectra of GaxAl1xOy for x = 5% and
20%, depicting extraction of VBM; (d) Current density vs. voltage for associated MIS

capacitors.
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Figure 10. The experimentally derived band line-up for ALD processed (a) TixAlixOy/GaN
and (b) GaxAli-«Oy/GaN stacks. (The diagrams are not to scale.)
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