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Abstract: The impact of forces due to the diﬀerence in mechanical
stresses between the Schottky contacts and passivation ﬁlms on the
electrical properties of (0001) AlGaN/GaN Schottky diodes is numerically analyzed in the framework of the edge force model. The compressive (tensile) passivation ﬁlms induce negative (positive) piezoelectric
charges below the Schottky contacts in the GaN channels and bring
forth onsets of the concentration of two-dimensional electron gas at
shallower (deeper) bias voltages. The change in the bias voltages at
the onset due to edge forces of ±0.5 GPa · μm is 1 or 2 V for diodes
with 0.5-μm Schottky contacts. This indicates that passivation ﬁlms
with the designed stress play a crucial role in controlling the threshold
voltages of AlGaN/GaN HEMTs.
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Introduction

Due to their high breakdown voltage and excellent transport properties, AlGaN/GaN HEMTs are promising devices for high-frequency and high-power
applications. HEMTs with shallower or positive threshold voltages Vth ’s have
been eagerly sought so as to fully exploit their potential. A variety of structures for realizing such HEMTs, such as p-type doped gates [1], MIS-like
heterostructures [2], InGaAs-cap layers [3], and stressed InAlN barriers [4],
have been explored.
It was shown that Vth in GaAs MESFETs largely changed when the
mechanical stress of their passivation ﬁlms was varied. The change in Vth
was explained by a scheme in which the diﬀerence in stresses between gate
(Schottky) contacts and the adjacent media (the passivation ﬁlms for the
present) (i) caused the concentration of mechanical forces at the edges of
gate contacts on semiconductor surfaces (edge force), (ii) induced the nonuniform stress and hence piezoelectric charges in the MESFET channels, and
(iii) shifted the Vth [5]. It was reported that Vth in AlGaN/GaN HEMTs was
shifted by means of a similar mechanism [3, 6].
In this paper, we numerically analyze the impact of the stress in passivation ﬁlms on the electrical properties of Schottky diodes formed on (0001)
AlGaN/GaN heterostructures. We employ the edge force model with the
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anisotropic characteristics of the elastic properties in group-III nitrides explicitly considered [7, 8]. The surface of heterostructures is assumed to be
covered by group-III element layers. We focus on the relation between the
concentration of two-dimensional electron gas (2DEG) in the GaN channels
and the bias voltage Vb and quantitatively estimate the resultant change in
the Vth of AlGaN/GaN HEMTs.

2

Method

We consider Schottky diodes on unintentionally-doped AlGaN/GaN heterostructures with Schottky contact lengths of 0.5 and 1.0 μm. The separation between the Schottky and ohmic contacts is 1.0 μm. The thicknesses
of AlGaN and GaN layers are 20 nm and 2 μm, respectively. The Al content
in the AlGaN layers is preset to 0.25. The concentration of residual donors in
the GaN layer is assumed to be 1 × 1015 cm−3 . The concentration of 2DEG
in the unbiased heterostructure is assumed to be 1 × 1013 cm−2 . We place
acceptor-like surface states on the surface of the AlGaN layers. Their density
is assumed to be 1 × 1013 cm−2 eV−1 .
In considering the situation that the stress of Shottky contacts is negligibly small in comparison with that of passivation ﬁlms, the edge force p
is approximately given by the product of the stress (σf ) and thickness (df )
of passivation ﬁlms [5]: p ≈ σf df . The sign of p is negative (positive) for
the compressive (tensile) stress in passivation ﬁlms. It is noteworthy that the
stress in SiN ﬁlms, which have been widely used for passivating the surface of
AlGaN/GaN HEMTs, can be made either compressive or tensile by properly
choosing conditions of deposition [9].
The edge force induces stress σij in heterostructures, where σij is the (i, j)
component of stress tensors. The coordinates along the horizontal (Shottkyto-ohmic) and vertical directions are denoted as x1 and x3 , respectively. We
estimate the spatial distribution of σij ’s by using the stress function formalism [7, 8]. The concentration of piezoelectric charges due to the edge force,
minus the divergence of the polarizability P induced by σij ’s, is obtained by
−divP =

−e31 C33 + e33 C13
e31 C13 − e33 C11
e15
σ13,1 −
σ11,3 −
2
2 σ33,3 ,
C44
C11 C33 − C13
C11 C33 − C13

(1)

where σij,k is the xk -derivative of σij , eij and Cij are the piezoelectric constancts and the elastic compliances of GaN, respectively. Next, we numerically solve the Poisson equation of the heterostructure with these piezoelectric charges considered and obtain the band structure and the distribution
of 2DEG.
We assume for simplicity that the piezoelectric constants and elastic compliances of AlGaN are the same as those of GaN. In addition, we ignore the
quantum-mechanical characteristics of 2DEG. Values of parameters used in
the analysis are taken from a literature [10].
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3

Results and discussions

The spatial distributions of piezoelectric charges in half of the 0.5- and 1.0μm Schottky diodes for p = −0.5 GPa · μm are shown in Figs. 1 (a) and
(b), respectively. Note that p of −0.5 GPa · μm corresponds to 1-μm thick
passivation ﬁlms with a compressive stress of 0.5 GPa. The edge force p is
loaded at the position x1 = 0.25 (0.5) μm in the 0.5-μm (1.0-μm) Schottky
diodes (one edge of the Schottky contacts). The direction of p is shown by
an arrow in the ﬁgures. The interface between the AlGaN and GaN layers
(x3 = −20 nm) is shown by dashed lines.
Negative charges with a concentration of ∼ 1017 or 1018 cm−3 emerge in
the heterostructure below the center of the 0.5-μm Schottky diode (x1 =
0 μm). The concentration decreases with increasing the Schottky contact
length. In addition, the concentration of the piezoelectric charges diverges
to ±∞ in the vicinity of the edges of Schottky contacts.
Figure 2 (a) compares proﬁles of the conduction-band edge EC at the
center of the 0.5-μm Schottky diode for p = 0 and −0.5 GPa · μm. The
origin in the energy axis corresponds to the Fermi energy. The concentration
of 2DEG at this position ns for each case is also shown. The value of ns
changes from 10.03 × 1012 to 6.67 × 1012 cm−2 when the edge force is loaded.
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Fig. 1. The concentration of piezoelectric charges induced
in the 0.5- (a) and 1.0 (b)-μm Schottky diode for
the edge force p = −0.5 GPa · μm. The direction
of p is also shown. The dashed lines at x3 = 20 nm
show the AlGaN/GaN heterointerface.
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Fig. 2. (a) The proﬁle of the conduction-band edge at the
center of the unbiased 0.5-μm Shottky contact for
p = 0 and −0.5 GPa · μm. The concentration of
2DEG at this position for each band proﬁle is also
shown. (b) The proﬁle of the conduction-band
edge at the AlGaN/GaN interface of the unbiased
0.5-μm Shottky contact for p = 0 and −0.5 GPa ·
μm.
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Figure 2 (b) shows the proﬁles of EC at the AlGaN/GaN interface of the
0.5-μm Schottky diode. The proﬁle for p = −0.5 GPa · μm exhibits a sharp
peak around the edges of Schottky contacts, which suggests that the 2DEG
be depleted there.
This peak is attributable to the anomalous spatial variation in the concentration of the piezoelectric charges shown in Fig. 1. Note that the anomaly of
the piezoelectric charge concentration is due to the singularity of the stress
at the edges, which inevitably occurs in the framework of the edge force
model [8]. In real systems, however, such a peak may not be observed since
elastic deformations are likely to occur both in the heterostructures and passivation ﬁlms, so that the stress in the heterostructures should be relaxed.
Measurements of channel potentials in AlGaN/GaN interfaces around the
edges of Schottky contacts may provide useful informations related to this issue. Anyhow the results obtained here indicate that the piezoelectric charges
play a crucial role in modulating the electrical properties of AlGaN/GaN
Schottky diodes.
Figure 3 (a) shows the dependence of ns on Vb for the 0.5-μm Schottky
diode with diﬀerent values of p between 0.5 and −0.5 GPa · μm. We ﬁnd
that ns changes almost linearly with Vb for each p. The changes in the bias
voltage at the onset of ns Vonset due to the edge force are shown in Fig. 3 (b)
for the 0.5- and 1.0-μm Schottky diodes. In the 0.5-μm Schottky diode Vonset
increases (gets shallower) by ≈ 1.2 V when p changes from 0 to −0.5 GPa·μm.
It decreases (gets deeper) by ≈ 1.8 V when p changes from 0 to 0.5 GPa · μm.
Values of Vonset in diodes with longer Schottky contacts are less sensitive
to the edge forces, as expected from the fact that the concentration of the
piezoelectric charges is smaller in diodes with longer Schottky contacts.
Given that Vonset in Shottky diodes is likely to provide a measure of the
Vth of HEMTs, the achieved results indicate that the Vth of AlGaN/GaN
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Fig. 3. (a) Relationships between the 2DEG concentration at the center of the 0.5-μm Schottky contact
and bias voltage for edge forces of 0.5, 0.2, 0.1, 0,
−0.1, −0.2, and −0.5 GPa · μm (from top to bottom). (b) The change in the bias voltage at the
onset of the 2DEG concentration due to the edge
force in the 0.5- and 1.0-μm Shottky diodes.
HEMTs is sensitive to the stress in the passivation ﬁlms. They also suggest that the Vth may be trimmed by designing the stress and thickness of
passivation ﬁlms in HEMTs. More practically, thick passivation ﬁlms with
compressive stress may be useful for realizing HEMTs with shallower or positive Vth ’s.

4

Conclusion

We numerically analyzed the impact of the stress in passivation ﬁlms on the
electrical properties of Schottky diodes on (0001) AlGaN/GaN heterostructures by using the edge force model. For passivation ﬁlms with compressive (tensile) stress, the edge forces induced negative (positive) piezoelectric
charges below the Schottky contacts in the heterostructures, which brought
forth onsets of the concentration of two-dimensional electron gas at shallower
(deeper) bias voltages. The change in the bias voltage at the onset due to
edge forces of ±0.5 GPa · μm is 1 or 2 V for diodes with 0.5-μm Schottky
contacts. The inﬂuence of the edge force on the onset was more marked for
diodes with shorter Shottky contacts. These results suggest that passivation
ﬁlms with the designed stress are applicable for controlling the threshold
voltages of AlGaN/GaN HEMTs.
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