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A B S T R A C T   

Al2O3 is a broadly employed dielectric and significant interfacial charges occur at Al2O3/semiconductor interfaces. However, the charge origin is often unclear that 
severely impacts device engineering and design. Al2O3/Si and Al2O3/GaN are two of the most common heterogeneous heterostructures (H2s) for many crucial 
devices including GaN transistors and Si solar cells. While negative charges are extensively observed in Al2O3/Si, positive charges exist in Al2O3/GaN, both of which 
are not well understood. In this study, we performed in-depth interfacial studies of the Al2O3/Si and Al2O3/GaN H2s to clarify the origin of the interfacial charges. 
Stoichiometry deviations were found at the interfaces of the two H2s where Al surpasses O for Al2O3/GaN, whereas O dominates at the Al2O3/Si interface. Therefore, 
we propose that the different interfacial charges are caused by nonstoichiometry atomic ratios of Al2O3 at the interface. The study indicates the important role of the 
semiconductor surface on the device performance, provide a deep understanding on the origin of interfacial charges at the insulator-semiconductor interfaces.   

1. Introduction 

Al2O3 thin films with high dielectric constant (8–10) and large 
bandgap energy (7–9 eV) have attracted extensive interest due to vast 
crucial device applications [1–6]. In the semiconductor technology, Si 
has been the dominant substrate material in the past few decades [1–8]. 
In recent years, wide band gap semiconductors such as GaN and SiC have 
attracted much attention due to their potential application in high 
power and high frequency devices [9–14]. Al2O3 is typically employed 
as the surface passivation layer in Si solar cells due to numerous negative 
charges that occur at the interface of the Al2O3/Si heterogeneous het-
erostructure (H2) [2–6]. These negative charges can shield the minority 
carriers i.e. electrons from the surface of the Si solar cells, reducing the 
surface recombination rate [7,8]. Meanwhile, Al2O3 has also been 
widely adopted in GaN high-electron-mobility transistors (HEMTs) as 
the gate dielectric that suppresses the gate leakage current and enlarges 
the gate voltage swing [9–11]. Enhancement model GaN HEMTs can be 
obtained by extending the gate dielectric thickness if the charges at the 
interface of Al2O3/GaN H2 are also negative [11]. However, the positive 
charges occur at the interface of Al2O3/GaN H2 can shift the threshold 
voltage to a negative value, hindering the realization of enhancement 
model GaN HEMTs [12–14]. 

In the research areas of GaN HEMTs, impurities in Al2O3 can account 
for the positive charges of Al2O3/GaN H2. The incomplete oxidation of 
trimethylamine (TMA) molecules during the atomic layer deposition 

(ALD) process will lead to residual carbon impurities in Al2O3, which is 
in responsible for the positive charges [15,16]. In addition, Al in-
terstitials and O vacancies inside Al2O3 are also considered as one source 
of the positive charges [17,18]. Furthermore, the positive charges occur 
the interface of the Al2O3/GaN H2 irrespective of the GaN polarity (Ga- 
polar and N-polar) [19]. 

The origin of the negative charges in Al2O3/Si H2 has also been 
discussed extensively after the laboratory and industri-
al implementation of Al2O3 as the passivation layer in Si solar cells 
[1–3,17,18,20–22]. In general, structural impurities inside Al2O3, such 
as O interstitials, O dangling bonds, Al vacancies, and H interstitials, are 
responsible for the negative charges [17,18]. Density functional theory 
(DFT) revealed O interstitials are in the − 2 state and Al vacancies are in 
the − 3 state in Al2O3; these defect levels are below the midgap of the 
Al2O3 bandgap, thereby forming stable negatively charged states 
[20,21]. Other proposed mechanisms attributed negative charges to the 
bonding configurations of Al at the interface where tetrahedrally coor-
dinated Al remarkably surpassed the octahedrally coordinated Al at the 
Al2O3/Si interface [22,23]. The occurrence of such negative charges at 
the interface is independent of the orientation, doping type, and con-
centration of the Si substrate [5,6], and the negative charges can still be 
observed when the Si substrate is covered by a thick SiO2 layer [5]. 
Furthermore, the optical second harmonic generation measurements 
revealed that the positive charges at the Si/SiO2 interface and positive 
bulk charges in the SiO2 can be effectively compensated by the 
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interfacial negative charges of Al2O3/Si H2 when Al2O3 the is deposited 
on the Si substrate [24,25]. 

Accurate positioning for the charges using typical electronic mea-
surements such as capacitance-voltage (C–V) technique is difficult if the 
Al2O3/GaN or Al2O3/Si H2s are studied alone; therefore, many above-
mentioned studies mistakenly attributed the origin of the charges of 
Al2O3/Si and Al2O3/GaN H2s to the defects inside Al2O3 itself, which is 
related to the intrinsic properties of Al2O3. However, the different po-
larity of charges at the Al2O3/GaN and Al2O3/Si H2s strongly suggests 
that the observed charges are not intrinsic to Al2O3; instead, they can be 
determined by the underlying semiconductor substrates on which Al2O3 
is deposited. 

2. Experiment section 

Standard solvent cleaning was performed for n-type Si (100) sam-
ples and the GaN (0001) grown on c-plane sapphire substrates. The 
doping concentration of Si and GaN is 5.5 × 1015 cm− 3 and 4.3 × 1016 

cm− 3, respectively. Immediately after the cleaning process, the samples 
were transferred to an atomic layer deposition (ALD) chamber for the 
Al2O3 deposition after preheating for 5 min at 300 ◦C. One ALD cycle 
consisted of a 0.015 s TMA dose pulse and a 3 s O2 plasma treatment 
with the power of 300 W, followed by a 3 s purge with N2. The growth 
per cycle was 1.2 Å measured using ellipsometer (see Supporting In-
formation Fig. S1). Different thicknesses (8, 15, and 20 nm) of Al2O3 
were also deposited onto the GaN and Si samples under the same ALD 
conditions for the C–V measurements. The GaN and Si capacitors were 
prepared via the typical capacitor fabrication process, described in a 
previous literature [26]. A Keithley 4200A-SCS parameter analyzer was 
used for the C–V and I-V measurements of all the capacitors. 

For X-ray photoelectron spectroscopy (XPS) measurements, after 
standard solvent cleaning process, Al2O3 scaled from the submonolayer 
to a few nanometers was deposited on both GaN and Si samples. Then, 
the samples were transferred to the XPS chamber immediately after the 
ALD process. The XPS signals of the C 1s, Al 2p, O1 s, Ga 3d, and Si 2p 
core levels were measured using an XPS AMICUS instrument. The XPS 

Fig. 1. C–V curves measured at 1 MHz with 8, 15, and 20 nm of Al2O3 on (a) GaN and (b) Si. Insets show the threshold voltage dependence on the thicknesses of 
Al2O3 on (a) GaN and (b) Si. TEM images of the (c) Al2O3/GaN and (d) Al2O3/Si H2s. 

Fig. 2. XPS spectra of (a) Ga 3d of GaN and (b) Si 2p of Si.  
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signals were calibrated with the C 1s binding energy of 284.8 eV. All XPS 
signals underwent Shirley background correction. 

This study used DFT calculations to analyze the role of the Al and O 
interstitial defects at the interfaces of Al2O3/GaN and Al2O3/Si H2s. 
These calculations were performed using the Perdew–Burke–Ernzerhof 
version of the generalized gradient approximation for the exchan-
ge–correction potential, as was implemented in the plane–wave basis 
code of the Vienna ab initio simulation package. The cutoff energy was 
450 eV, and a 6 × 6 × 1 k-point gamma-centered mesh was used for the 
convergence test. Structural optimization was performed until the en-
ergy convergence criterion of 0.02 eV Å and the force of 10− 5 eV were 
reached. The pseudopotential is described by the projector-augmented 
wave method to analyze the interactions between the ionic core and 
the valence electrons. 

3. Results and discussion 

C–V measurements were conducted on the Al2O3/GaN and Al2O3/Si 
capacitors [27]. The device structure for C–V measurements was shown 
in Fig. 2S. Fig. 1(a) and (b) show the C–V characteristics of the two 
systems with different Al2O3 thicknesses measured at 1 MHz. Under the 
positive gate bias, electrons transport from the semiconductor substrates 
to Al2O3, charge trapping and detrapping processes can lead to fre-
quency dispersion in the accumulation region of the C–V curves (see 
Supporting Information Fig. S3(a) and (b)). The threshold voltage values 
can be estimated from the threshold dependence on the Al2O3 thickness 
[28] (see insets of Fig 0.1(a) and (b)). Depending on the Al2O3 thick-
nesses, different capacitance values were observed on the Al2O3/GaN 
and Al2O3/Si capacitors. Except from the insulator capacitance, inter-
facial traps, bulk states, and free carriers can also contribute to the total 
measured capacitance, leading to the derivation of the measured 
capacitance from proportional relationships with the Al2O3 thickness 

(Supporting Information Fig. S4). The gate leakage current can be sup-
pressed to a lower value with the increased Al2O3 thickness (see Sup-
porting Information Fig. S5(a) and (b)). When the Al2O3 thickness 
increased, the threshold voltage moved to a negative value in the Al2O3/ 
GaN capacitor and to a positive value in the Al2O3/Si capacitor. The 
quantities of the interfacial charge densities can be deduced from the 
equation (2): 

qVFB = − qEoxtox+(φb − ΔEc − φc (2)  

Here, VFB is the flat-band voltage in the strongly accumulated capaci-
tance; Eox is the electrical field in the gate dielectric Al2O3; tox denotes 
the thickness of Al2O3; φbis the barrier height of Al2O3/Si and Al2O3/ 
GaN; ΔEc represents the conduction band offset at Al2O3/GaN and 
Al2O3/ Si interfaces; and φc is the energy separation between the con-
duction band and the Fermi level of GaN and Si [29]. The interfacial 
charge densities are calculated to be 5.3 × 1012 and − 4.5 × 1012 cm− 2 at 
the interfaces of Al2O3/GaN and Al2O3/Si H2s, respectively. The line-
arity of the threshold voltage versus the Al2O3 thickness plot shows the 
negligible influence of the bulk charges inside Al2O3 [28]. Fig. 1(c) and 
(d) show high-resolution transmission electron microscope (TEM) im-
ages of the Al2O3/GaN and Al2O3/Si H2s, respectively, the interfacial 
oxide layers were both observed at two interfaces. 

XPS measurements were performed on the GaN and Si samples 
without any Al2O3 coating. Ga 3d spectrum was shown Fig. 2(a) and it 
was deconvolved into two components: Ga–N (at 19.6 eV) and Ga–O (at 
20.4 eV). The presence of the Ga–O bonds in the Ga 3d spectrum in-
dicates that a GaOx layer was present; this layer is supposed to consist of 
ε- and γ-phases [30–33]. For the Si sample shown in Fig. 2(b), the Si 2p 
signal displays a clear double-peak spectra; the peak at 102.4 eV arises 
from the native SiOx on the surface of the Si substrate [2–4]. After the 
XPS measurements, the samples were transferred into an ALD chamber 
to undergo 30 s O2 plasma treatment at the power of 300 W at 300 ◦C. 

Fig. 3. O/Al ratios on (a) GaN and (b) Si coated with 1, 2, 3, 5, and 10 ALD cycles of Al2O3.. Binding energy positions of Al 2p with 1, 2, 3, 5, and 10 ALD cycles for 
Al2O3 on (c) GaN and (d) Si. 
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XPS measurements of the same samples were repeated. No obvious 
variations were observed in the Si 2p and Ga 3d XPS signals (see Sup-
porting Information Fig. S6(a) and (b)), which implied that the native 
GaOx and SiOx layers under the ALD condition were thermally stable; 
this was consistent with previous reports [30]. 

XPS was then used to analyze the possible interactions between the 
surface layers of Si and GaN and Al2O3 in the monolayer regions to 
elucidate the origin of the positive and negative charges at the interfaces 
of the Al2O3/GaN and Al2O3/Si H2s, respectively. As illustrated in Fig. 3 
(a) and (b), thickness-dependent Al2O3 scaled from the submonolayer to 
a few nanometers was deposited on both GaN and Si for XPS measure-
ments. The O 1s contributions from the surface native oxides of GaN and 
Si were subtracted to obtain the O/Al atomic ratios of Al2O3 at the 
interfacial regions [2–4]. The O/Al ratios increased and decreased 
gradually to a stoichiometric value of 1.5 with increasing ALD cycles, 
yielding the ratios of 0.2 and 9.6 for one ALD cycle on GaN and Si, 
respectively. 

The binding energies of Al 2p were then investigated to determine 
the origin of the nonstoichiometric O/Al atomic ratios at the interfaces 
of the two H2s and the results are shown in Fig. 3 (c) and (d). For the 
bulk Al2O3, the binding energy position of the Al 2p core–shell levels 
peaked at 74.3 eV, which was 1.2 eV higher than the binding energy 
position of the Al 2p when one ALD cycle of Al2O3 was coated onto GaN 
and 1 eV lower than the binding energy position of the Al 2p when one 
ALD cycle was coated onto Si. The dotted line in Fig. 3 (c) and (d) 
marked the peak position of Al 2p with different ALD cycles on GaN and 
Si. The binding energies of Al 2p core–shell levels on both the GaN and Si 
substrates shifted to 74.5 eV when 10 ALD cycles were coated onto the 
substrates. These values are very close to the binding energy position of 
the Al 2p core–shell levels in the bulk Al2O3 (74.3 eV) on both the GaN 
and Si substrates. This phenomenon is reasonable as XPS measurements 
are commonly used for the examination of material surfaces, it also in-
dicates that non-idealities mainly locate at the interfaces of the two H2s. 

The XPS signals of the Al 2p and O 1s core levels were further 
investigated to clarify the origin of the serious derivations of the O/Al 
atomic ratios from the stoichiometric values within the submonolayer 
region of Al2O3. After the GaN and Si samples were coated with one ALD 
cycle of Al2O3, the Al 2p XPS spectra were recorded and compared. 
Contrary to previous studies, no starting cycle was required for the ab-
sorption of the TMA molecules on the GaN and Si surfaces as the Al 2p 
signals were observed on both the surfaces with one ALD cycle as shown 
in Fig. 4(a) [4]. The binding energy positions of the Al 2p signals were 
different with a separation of 1.3 eV on the GaN and Si samples, indi-
cating different bonding types of Al on the two sample surfaces. The 
integrated intensity of the Al 2p signals were 1.7 times higher on the 
GaN sample than on the Si sample, which implies that the sticking co-
efficient of the TMA molecules was higher for GaN than for Si at the time 
of molecules nucleation on the two sample surfaces during the first ALD 
cycle. In comparison with the Si surface, the existence of more TMA 
molecules on the GaN surface is favorable for the formation of Al–Al 
bonds. As shown in Fig. 4(a), shoulders are observed on the low binding 
energy side of GaN and on the high binding energy side of Si, which 
could be attributed to the background signals. To determine this results, 
the ALD and XPS processes were repeated using different samples. All 
the samples displayed evident shoulders with one ALD cycle, and these 
results excluded the possible fake XPS signals resulting from contami-
nations. The O 1s spectra from the surfaces of the GaN and Si samples 
without any Al2O3 coating are also presented in Fig. 4(b). The integrated 
intensity of the O 1s spectra is much higher on the Si surface than on the 
GaN surface which can be attributed to a thicker amorphous oxide layer 
on the Si surface as observed in Fig. 1 (c) and (d). 

The Al 2p XPS spectra were deconvoluted into different bonding 
types to reveal the origin of the different binding energy positions of Al 
2p on the surfaces of the GaN and Si. The Al 2p XPS spectra were both 
deconvoluted into two components for the GaN and Si samples covered 
with one ALD cycle: Al–Al (73.1 eV) and Al–O (74.2 eV) on the GaN 

Fig. 4. (a) Al 2p spectra on the GaN and Si samples coated with one ALD cycle. (b) O 1s spectra on the Si and GaN samples without any Al2O3 coating. Deconvolution 
of the Al 2p spectra on the (c) GaN sample and (d) Si sample coated with one ALD cycle of Al2O3. 
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sample (see Fig. 4(c)) and Al–O–H (75.2 eV) and Al–O (74.3 eV) on the Si 
sample (see Fig. 4(d)); these findings are consistent with previous 
research results [34,35]. The integrated intensity of the Al–Al bonds 
account for nearly 88% of the entire Al 2p XPS spectral area on the GaN 
sample, and the Al–O–H bonds also account for 52% of the integrated 
intensity of the Al 2p XPS spectral area on the Si sample. A large number 
of Al–Al and Al–O–H bonds lead to excess Al and O atoms at the inter-
facial regions of Al2O3/GaN and Al2O3/Si H2s, respectively [35], which 
is consistent with the measured stoichiometry deviation of O/Al atomic 
ratios at the interfaces of the two H2s discussed above. Moreover, H 
cannot be detected via the XPS measurements, and the H atom that 
forms the Al–O–H bond comes most likely from the OH group absorbed 
on the Si surface [2]. 

Fig. 5(a)-(d) illustrate the two-dimensional (2D) electron localization 
function (ELF) images at the interfacial regions of the Al2O3/GaN and 
Al2O3/Si H2s without and with defects. The contours of the electron 
localization are labeled with the corresponding atoms in the images. The 
ELF value can vary from 0 to 1. A value less than 0.5 correspond to ionic 
bonds, while a value larger than 0.5 shows the formation of covalent 
bonds; an ELF value of 0.5 corresponds to the homogeneous electron gas, 
an indication of metal bonds [36]. As shown in Fig. 5(a)-(d), the electron 
localization of the O atoms is more distorted at the first Al–O layer of 
Al2O3 than in the bulk material, suggesting that more electron redistri-
bution occurs at the interfacial region. One interstitial Al atom and one 
interstitial OH group are introduced into the interfacial regions of 
Al2O3/GaN and Al2O3/Si H2s in Fig. 5(b) and (d), respectively, in 
keeping with the results as measured using the XPS method. As shown in 
Fig. 5(b), the ELF value between the interstitial Al and the lattice Al is 
close to 0.5, indicating the formation of an Al–Al bond. The bond length 
between the interstitial Al and the lattice Al is 2.527 Å, which coincides 
well with the previous report on metallic Al–Al bonds [37]. Similar to 
the lattice Al, the interstitial Al can deplete charges, signifying the excess 
Al atom can lead to positive charges at the interfacial region of Al2O3/ 
GaN H2. For the Al2O3/Si H2 with one interstitial OH group (see Fig. 5 
(d)), the O atom forms bonds with H and Al, which verifies the formation 
of the Al–O–H bond as measured by the XPS method. A strong electron 
accumulation around the interstitial OH group confirms that the excess 
O can lead to negative charges at the interface of Al2O3/Si H2, as 
observed via C–V measurements. 

4. Conclusion 

Positive charges were observed at the interface of Al2O3/GaN H2, 
and the same level of negative charges were also observed at the inter-
face of Al2O3/Si H2. The nonstoichiometric atomic ratios of O to Al from 
the bulk Al2O3 found at the interfaces of Al2O3/Si and Al2O3/GaN H2s 
were correlated with the interfacial charge polarity. Moreover, the 
nonstoichiometric cation/anion ratios of the interfacial dielectrics may 

not be an exclusive property of Al2O3 on the GaN and Si samples. For 
example, the charges observed at the interfaces of the following samples 
may also be attributed to the nonstoichiometric cation/anion ratios of 
the gate dielectrics near the interface regions: Al2O3/InGaAs, SiO2/GaN, 
HfO2/GaN, SiN/GaN and HfO2/Si. The surface oxide layers of InGaAs, 
GaN and Si could also influence the initial growth of the Al2O3, SiO2, 
HfO2, and SiN thus to determine the interfacial cation/anion ratios of 
these dielectrics. XPS could also be a powerful tool to analyze the initial 
growth and interfacial atomic ratios of these dielectrics. This, however, 
requires further study. 
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