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Abstract: Atomic layer deposited AlGaN on GaN substrate with different thicknesses was prepared
and the electron transport mechanism of AlGaN/GaN Schottky diodes was investigated. Above 348 K,
both 5 and 10 nm thick AlGaN showed that the thermionic emission model with inhomogeneous
Schottky barrier could explain the forward current transport. Analysis using a dislocation-related
tunneling model showed that the current values for 10 nm thick AlGaN was matched well to the
experimental data while those were not matched for 5 nm thick AlGaN. The higher density of surface
(and interface) states was found for 5 nm thick AlGaN. In other words, a higher density of surface
donors, as well as a thinner AlGaN layer for 5 nm thick AlGaN, enhanced the tunneling current.
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1. Introduction

Among III-nitride materials, AlGaN/GaN heterostructures have gained much interest due to
the applications in high-temperature, high-voltage, and high-frequency electronic devices [1–3].
In particular, AlGaN/GaN-based high electron mobility transistors (HEMTs) are commonly used
because two-dimensional electron gas (2DEG) located just below the AlGaN/GaN interface can be
easily obtained with high conductivity. The electron sheet densities of 1013 cm−2 were found to be
obtained by using AlGaN barriers when the Al content is typically 20–25% [3]. However, the large
reverse leakage current occurring in AlGaN/GaN HEMTs increase the noise at low-frequency and leads
to current collapse, limiting the applicability of such devices [4]. Most of all, the leakage current flowing
through the extended defects such as threading dislocations (TDs) are inevitably generated because of
the large lattice mismatch and the different thermal expansion coefficients between (In,Al)GaN film
and sapphire (or Si) substrate [5–7].

Several works have been performed to investigate the current transport mechanisms in
AlGaN-based devices. The barrier thinning which was caused by unintentional surface-defect
donors was found to enhance the tunneling current, causing large leakage currents through (Al)GaN
Schottky interfaces [8]. The reverse leakage current in AlGaN/GaN was successfully analyzed in terms
of a trap-assisted Poole–Frenkel (PF) emission [9]. Ha et al. suggested that the dominant current
transport mechanism in AlGaN/GaN Schottky diodes with CF4 plasma treatment is the PF emission
arising from fluorine-related deep traps into the continuum states related to dislocations [10]. It was
found that the AlInN/GaN Schottky diode has a higher Schottky barrier but a larger reverse leakage
current than an AlGaN/GaN Schottky diode, which was attributed to higher defect density and higher
tunneling current [11]. In atomic layer deposition (ALD), Al2O3, Al–Al and Al–O–H bonds have been
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suppressed significantly by replacing the conventional H2O source with O3 and the density of positive
bulk/interface charges was reduced to as low as 9 × 1011 cm−2 [12].

The ALD growth having a low-temperature and self-limiting growth mechanism can offer many
advantages such as high uniformity, high conformality, and accurate thickness control [13], which can
be applied to temperature-sensitive devices and flexible substrates like polymers. The AlxGa1−xN
growth by ALD is utilized to modulate the bandgap from 6.2 eV (AlN) to 3.4 eV GaN, which is
beneficial to design AlGaN-based devices. However, there is limited investigation into ALD-AlGaN
and GaN [14,15], as compared to the intensive investigation of ALD-AlN. In this work, we grew AlGaN
on GaN substrate by ALD and characterized the forward current transport properties in AlGaN/GaN
Schottky contacts.

2. Materials and Methods

The ALD growth of AlGaN on c-plane (0001) GaN substrate was carried out using a thermal
ALD system after native oxide removal process in an HCl:H2O (1:1) solution. Both 5 and 10 nm
thick AlGaN layers were grown at 335 ◦C using trimethylaluminum (TMA), triethylgallium (TEG),
and NH3 as Al, Ga, and N precursors, respectively. The ALD reaction was composed of TMA (TEG)
feeding, N2 purge, NH3 feeding, and N2 purge. AlGaN growth was done by the combination of GaN
and AlN reactions with a pulse ratio of 1:1, corresponding to Al0.85Ga0.15N. According to the X-ray
photoelectron spectroscopy (XPS) analysis, we found that the dominant peak in the Al 2p core-level
spectra shifted to lower binding energy with the increase of AlN thickness due to a strong Al–Al peak,
which was associated with the strain relaxation generated from the lattice mismatch between AlN
and GaN [16]. In other words, when the thickness of AlN exceeded ~10 nm, the strain relaxation
affected the overgrown AlN film quality. Figure 1a shows the XPS core-level spectrum obtained
from 10 nm thick AlGaN surface, revealing no clear evidence of the Al–Al peak. This indicates that
the effect of strain relaxation is insignificant. In order to minimize the effect of strain relaxation, we
prepared relatively thin AlGaN layers such as 5 and 10 nm in this work. In order to characterize the
electrical properties, AlGaN/GaN Schottky diodes were fabricated with a 50 nm thick Pt front contact
(diameter: 500 µm) and a 100 nm thick Al contact was deposited over the entire back surface. Figure 1b
shows the schematic layer structures of the devices. Current–voltage (I–V) and capacitance–voltage
(C–V) measurements were carried out with a Keithley 238 current source and an HP 4284A LCR
meter, respectively.
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Figure 1. (a) X-ray photoelectron spectroscopy (XPS) Al 2p core-level spectrum obtained from 10 nm
thick AlGaN surface and (b) schematic layer structures of the devices.

3. Results

Figure 2 shows the forward I–V data obtained at various temperatures. Using the thermionic
emission (TE) model [17], the barrier heights were calculated. Here, we calculated the theoretical
effective Richardson constant using the equation, A∗ = 2πqm∗k2/h3, where h is Plank’s constant and
m* is the effective electron mass in AlGaN [18] and obtained the Richardson constant of Al0.85Ga0.15N
as 40.0 Acm−2 K−2. The barrier height vs. temperature is described as ΦB = ΦB − qσ0

2/2kT, where
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ΦB is the zero-bias mean barrier height and σ0 is the standard deviation. The plots of ΦB vs. 1/2kT are
shown in Figure 3a. The barrier heights for 10 nm thick AlGaN are higher than those for 5 nm thick
AlGaN. The linear fits to plots of ΦB vs. 1/2kT were applied to the temperature ranges of 325–425 K and
348–435 K, respectively, for 5 and 10 nm thick AlGaN. The linear fits yielded the values of ΦB = 1.55 eV
and σ0 = 0.19 V for 5 nm thick AlGaN and the values of ΦB = 1.98 eV and σ0 = 0.22 V for 10 nm thick
AlGaN. The modified Richardson plot with the lateral barrier inhomogeneity considered is described
as follows:

ln(I0/T2) − q2σ0
2/2k2T2 = ln(AA∗) −ΦB/kT (1)

where I0 is the reverse bias saturation current and A is the Schottky contact area. Figure 3b shows
plots of ln(I0/T2)− q2σ0

2/2k2T2 vs. 1/kT. The intercepts at the ordinate produced modified Richardson
constants of 44.8 and 44.4 Acm−2 K−2, respectively, for 5 and 10 nm thick AlGaN. These values are similar
to the theoretical value of 40.0 Acm−2K−2 for Al0.85Ga0.15N. Therefore, the forward current flows for
AlGaN/GaN Schottky contacts can be explained by the TE model with Schottky barrier inhomogeneity.
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To clarify the current transport mechanism more thoroughly, other transport components were
considered comprehensively. The total current ITOT, was assumed to be the combination of different
transport mechanisms, given by [19]:

ITOT = ITE + IGR + ITU + ILE (2)

ITE = I0
TE[exp

{
q(V − IRS)/kT

}
− 1] (3)

IGR = I0
GR[exp

{
q(V − IRS)/2kT

}
− 1] (4)

ITU = I0
TU[exp

{
q(V − IRS)/E0

}
− 1] (5)

ILE = (V − IRS)/RSh (6)

where ITE is the TE current, IGR is the generation-recombination (GR) current, ITU is the tunneling
current (TU), and ILE is the leakage current. I0

TE = AA∗T2 exp(−ΦB/kT) (ΦB: barrier height), I0
GR,

and I0
TU are the saturation currents of TE, GR, and TU components, respectively. E0 = E00coth(E00/kT)

is a parameter, where E00 = q}/2(Nd/meεS)
1/2 is the tunneling characteristic energy. RS is the series

resistance, which can be extracted from the curves where the I–V data begin to saturate and RSh is
the shunt resistance. We fitted the experimental forward I–V curves to theoretical I–V data by taking
I0
GR, I0

GR, I0
TU, and E0 as fitting parameters. The experimental and fitted data at 298 K for 10 nm thick

AlGaN are shown in Figure 4 as an example.Coatings 2020, 10, x FOR PEER REVIEW 5 of 12 
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The barrier heights were calculated from I0
TE values of the TE component at different temperatures,

which are shown in Figure 5a. The barrier heights showed very little temperature dependence for 5 nm
thick AlGaN, but these increased slightly with temperature for 10 nm thick AlGaN. The relation between
barrier height and bandgap energy (Eg) is roughly approximated as ΦB � Eg/3 [20]. The bandgap of
Al0.85Ga0.15N was found to be about 5.65 eV based on the argument by Pelá et al. [21]. Then, the barrier
height can be obtained as 1.88 eV. This value is higher than the values in Figure 5a but is closer to the
zero-bias mean barrier height of 1.98 eV for 10 nm thick AlGaN. The flat-band barrier height was also
determined using the barrier height and the ideality factor (n), which is given by [22]:

ΦB f = nΦB − (n− 1)kT/q ln(NC/ND) (7)

where NC is the density of states at the conduction band and ND is the carrier concentration. Under
the flat-band condition, the electric field in the semiconductor is zero and the effects of image force
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lowering and tunneling on the I–V properties are negligible. Figure 5b shows the obtained flat-band
barrier heights. At higher temperatures (above 348 K), the values for both samples are closer to the
value of 1.88 eV.
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According to the dislocation-governed tunneling current model, the tunneling saturation current
at 0 K can be described as [20]:

I0
TU(0) = qAvDNdis exp(−ΦB/Et(0)) (8)

where vD (~1.5 × 1013 s−1 [23]) is the Debye frequency and Ndis is the dislocation density. Figure 6
shows the tunneling saturation current (I0

TU) and the barrier energy (Et). We extrapolated the linear
fitting to the data in Figure 6 to attain I0

TU and Et at 0 K. The barrier energy revealed a weak temperature
dependence, indicating that the tunneling current is dominant. The tunneling saturation currents
deviated from linearity at low temperatures and thus, some data were not included in the fitting.
Finally, the dislocation densities were calculated to be 6.16 × 105 and 1.38 × 1010 cm−2, respectively,
for 5 and 10 nm thick AlGaN. Figure 7a shows the atomic force microscopy (AFM) surface image of
5 nm thick AlGaN measured over 1 µm × 1 µm scan area. The randomly distributed dark pits are
observed over all the scan area. The small pits for GaN surface are known to represent the threading
dislocations (TDs) with mixed and screw components where step edges meet, and pure edges meet
when the components are on a terrace [24]. The values of TDs for Al0.7Ga0.3N grown by metalorganic
chemical vapor deposition (MOCVD) were also obtained from AFM images, which were found to
be 2.5 × 109 cm−2. [25]. In this regard, we assumed that the density of pits are comparable to the
density of TDs. The densities of these pits were measured to be 5.8 × 1010 cm−2 for 5 nm thick AlGaN.
As shown in Figure 7b the AFM image of 10 nm thick AlGaN does not reveal clearly distributed
dark pits (though dark regions are observed). Even though we tried to obtain AFM images from
different regions, we could not get an image similar to that of the 5 nm thick AlGaN. Nevertheless,
it is possible to assume that the density of TDs would not decrease (or increase) significantly after
increasing the AlGaN thickness from 5 to 10 nm. Both 5 and 10 nm thick AlGaN might have similar
densities of TDs. Consequently, the density of TDs from AFM is similar to the value of 1.38 × 1010 cm−2

from 10 nm thick AlGaN but is much higher than that from 5 nm thick AlGaN. This implies that the
dislocation-related tunneling current transport is the dominant mechanism in 10 nm thick AlGaN.
However, such a mechanism cannot be applied to 5 nm thick AlGaN.
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Figure 7. Atomic force microscope (AFM) images of (a) 5 nm and (b) 10 nm thick AlGaN surface
scanned over 1 µm × 1 µm.

Figure 8a shows the C–V data measured at room temperature. Here, C–V characterization was
performed at a frequency of 100 kHz to reduce the measurement error arising from the series resistance.
The carrier concentration vs. depth was obtained, as shown in Figure 8b. The carrier concentration
of ~8 × 1016 cm−3 was obtained for 10 nm thick AlGaN, similar to the value provided by the vendor.
However, 5 nm thick AlGaN was found to have a much higher value of ~8 × 1017 cm−3. For n-type
semiconductors, the Schottky barrier height is:

ΦB = qVbi + kT/q ln(NC/Nd) = Φm −Φs + kT/q ln(NC/Nd) (9)

with Φs = qV0 + χ+ q
∣∣∣VS
∣∣∣, where Φm = 5.65 eV is the work function of Pt [26], Φs is the surface work

function of AlGaN, χ is the electron affinity of AlGaN, and qVS is the surface band bending energy.
By assuming that the electron affinity vs. x in AlxGa1−xN (χGaN = 4.2 eV and χAlN = 2.05 eV) varies
linearly [18], we obtained χ = 2.37 eV for Al0.85Ga0.15N. Then, the barrier height can be written as:

ΦB = Φm − χ− q
∣∣∣VS
∣∣∣ = 3.28− q

∣∣∣VS
∣∣∣ (10)
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By using the barrier heights from C–V measurements, the surface state density (NS) was calculated
through the following equation [27]:

q|VS| =
(qNS)

2

2εε0ND
(11)

where ε is the dielectric constant of AlGaN. The surface state densities at AlGaN surface were found to
be 3.9 × 1012 and 1.1 × 1012 cm−2, respectively, for 5 and 10 nm thick AlGaN. This clearly indicates the
higher surface state density for 5 nm thick AlGaN. According to the thin surface barrier (TSB) model,
the presence of surface donors can reduce the barrier width so that electrons tunnel through the thinner
potential barrier easily [8,28]. Nitrogen vacancies and oxygen impurities in AlGaN may be the origin
of surface donors [29,30].Coatings 2020, 10, x FOR PEER REVIEW 8 of 12 
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concentration profiles vs. depth.

Because the interface states of a Schottky diode at the metal/semiconductor interface cannot
follow the high-frequency signal, they do not contribute to the capacitance at high frequencies.
Hence, the measured capacitance at a high-frequency consists of space–charge capacitance (C ≈ CSC).
At low-frequencies, the total capacitance consists of the space–charge capacitance (CSC) and the interface
capacitance (Cit), which can be described as C = CSC + Cit [31]. The interface state density (Nit) can
be written as [32]:

Nit =
Cit
qA

(12)

The interface state energy (Eit) below the conduction band (EC) at the semiconductor surface is given by
EC − Eit = ΦB − qV [31,32]. The high and low-frequency C–V characteristics were obtained at 500 and
1 kHz, respectively. Using Equation (12), the interface state density was calculated over the depletion
region. Here, we conjecture that both the energy states at the AlGaN/GaN interface and near the
AlGaN surface might contribute to the interface state density. As shown in Figure 9, the interface state
density for 5 nm thick AlGaN was found to be higher. As a result, higher interface state density and
a thinner AlGaN barrier layer might enhance the tunneling current for 5 nm thick AlGaN (i.e., direct
tunneling could occur significantly) while the tunneling current is related to the TDs for 10 nm thick
AlGaN (i.e., trap assisted tunneling might occur through TDs). Figure 10 shows the schematic band
structures for each sample describing the dominant current transport mechanism.
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As shown in Figure 8a, both samples show that the transition from depletion to accumulation
occurred above 0 V, indicating that negative charges are present in the AlGaN layer. Normally
AlGaN/GaN Schottky diodes and HEMTs have the transition voltages as negative values [11,33].
Systematic investigation of thermal annealing on AlGaN/GaN HEMTs with different fluorine plasma
treatment revealed the positive shift in the C–V characteristics with the increasing of the plasma
power, which negatively shifted after thermal annealing [34]. It was explained by the fact that F– ions
introduced the acceptor-like states in the AlGaN barrier layer and subsequent annealing eliminated
some plasma-induced trap states. When acceptor-like defects are present, C–V curves stretch out
in a positive direction [35]. Oxygen plasma treatment on AlGaN/GaN HEMTs was found to cause
a positive shift, reducing the content of the Al component in the AlGaN barrier layer and depleting
channel electrons [36]. The mechanism for positive flatband voltage shift and the depletion of electron
gas due to oxygen plasma treatment was explained by gradual conversion of the AlGaN barrier layer
into an AlON/GaON structure [36]. The acceptor-like traps were associated with the oxidation of the
recessed AlGaN surface during ALD growth [12]. Analysis on the X-ray photoelectron spectroscopy
for 10 nm thick AlGaN (not shown) showed that the atomic percentage of oxygen atoms was about 15%
in the AlGaN layer, indicating that the AlGaN layer is highly oxidized. Furthermore, 2DEG density
according to the method by Lv et al. [37] was calculated to be about 1.1 × 1012 cm2 for both samples.
This is too low compared to other works [37,38]. During the ALD growth, many acceptor-like defects
might be formed in the AlGaN layer and then, the electrons from the surface donors were captured
while moving from the AlGaN surface to the AlGaN/GaN interface, lowering the 2DEG density and
forming the negative charges. Based on the study using post metallization annealing, it was proposed
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that the charges caused by interfacial defects could be passivated and neutralized through an H2-based
annealing [39]. Thus, thermal annealing on ALD-AlGaN will be necessary to improve the interfacial
quality of AlGaN/GaN structure.

4. Conclusions

We characterized the current transport properties of AlGaN/GaN Schottky diodes with
an ALD-grown AlGaN layer. At higher temperatures (above 348 K), both 5 and 10 nm thick
AlGaN showed that the TE model with Schottky barrier inhomogeneity was appropriate to explain
the current flow. Higher barrier height for 10 nm thick AlGaN was obtained compared to 5 nm
thick AlGaN. We fitted the experimental I–V data to the theoretical values with the consideration
of various transport mechanisms. The dislocation-governed tunneling model was matched well to
the experimental data for 10 nm thick AlGaN, however, it was not applicable to 5 nm thick AlGaN.
A higher density of surface (and interface) states was found for 5 nm thick AlGaN, leading to a thinner
tunneling barrier. Direct tunneling might occur significantly for 5 nm thick AlGaN while TD-related
trap assisted tunneling was dominant for 10 nm thick AlGaN. Reducing the density of acceptor-like
defects and minimizing the incorporation of oxygen atoms in AlGaN is highly required during the
ALD growth. Even though the diode characteristics are not sufficiently good, the results obtained from
this work will be meaningful for the understanding of the properties of ALD-AlGaN, in terms of both
devices and materials. For example, the ALD growth can be applied to nanostructured layers with
uniform thickness. In such nanoscale devices, the information obtained from the ALD-AlGaN layer is
helpful in understanding device performance.
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