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Properties in AlGaN/GaN HEMTs
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SUMMARY
Eﬀects of stress in passivation films on the electrical properties of (0001) AlGaN/GaN HEMTs are numerically analysed in the
framework of the edge force model with anisotropical characteristics in
elastic properties of group-III nitrides explicitly considered. Practical compressive stresses in passivation films induce negative piezoelectric charges
below the gates and bring forth a-few-volt shallower threshold voltages. In
addition, the shift in the threshold voltage due to the compressive stress is
proportional to LG −1.1∼−1.5 with gate length LG , which is comparable to the
expectation based on the charge balance scheme. These result suggest that
passivation films with designed stress might play a crucial role in realising
AlGaN/GaN HEMTs with shallow or positive threshold voltages.
key words: GaN, HEMT, threshold voltage, piezoelectric eﬀects, film stress

1.

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 realising such HEMTs, such as p-type
doped gates [1], MIS-like heterostructures [2], InGaN-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 the threshold voltage
ΔVth was explained by a scheme in which the diﬀerence
in stresses between gates and the neighbouring passivation
films (i) caused the concentration of mechanical forces at
the edges of gates on semiconductor surfaces (edge force),
(ii) induced the non-uniform stress and hence piezoelectric
charges in the MESFET channels, and (iii) shifted the Vth
[5], [6]. It was suggested that Vth in AlGaN/GaN HEMTs
was shifted by means of a similar mechanism [3], [7], [8].
In recent “More Moore, More Than Moore” era, the
non-uniform stress has been positively exploited in the
cutting-edge Si VLSI technologies so as to enhance the
transport properties of carriers. Processes for controlling
stresses in passivation films in the 45-nm CMOS platform
were separately optimised for n- and p-MOSFETs so that
the on-current-to-oﬀ-current ratios of both devices were simultaneously improved [9].
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We previously analysed the impact of the stress in
passivation films on Vth of HEMTs formed on (0001) AlGaN/GaN heterostructures by using the edge force model
[10].
Given that the piezoelectric eﬀects vanish in
elastically-isotropic materials [11], we explicitly considered
the anisotropic characteristics of the elastic properties [12],
[13] of group-III nitrides in order to retain the consistency in
the analysis. We found that Vth of AlGaN/GaN HEMTs was
sensitive to the stress in the passivation films and thick passivation films with compressive stress might be useful for
realising HEMTs with shallower or positive Vth ’s.
In this paper, we first give a full description of methods that we previously employed. Next we investigate the
impact of the edge forces on the distribution of piezoelectric charges, the potential profile, and ΔVth , with emphasis on their dependencies on the gate length. Then we discuss the possibility of scaling of these piezoelectric-eﬀectbased phonomena in case that the passivation films are
compressively-stressed.
2.

Method

We consider AlGaN/GaN Schottky diodes with Schottky
contacts (gates) sandwiched by passivation films with mechanical stress. The length of parts covered by the passivation films is 1.0 μm. The thickness dAlGaN and Al content of
AlGaN barrier are 20 nm and 0.25, respectively. The concentration of residual donors in the GaN channel and the
concentration of two-dimensional electron gas (2DEG) in
the unbiased heterostructure are assumed to be 1×1015 cm−3
and 1 × 1013 cm−2 , respectively. We place acceptor-like surface states on the surface of the AlGaN barriers. Their density is preset to be 1 × 1013 cm−2 eV−1 [14]. Values of parameters characterizing the elastic, electric, and piezoelectric properties of heterostructures are taken from a literature
[15].
We assume that
i. the passivation films are elastically uniform, i.e., the
stress in passivation films σ f,0 is independent of position,
ii. the stress of gates is negligibly small in comparison
with that of passivation films,
iii. the piezoelectric constants and elastic compliances of
AlGaN are the same as those of GaN,
iv. the electric field in heterostructures does not cause the
stress, i.e., the reverse piezoelectric eﬀects are negligi-
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bly small, and
v. the quantum-mechanical characteristics of carriers are
ignorable.
On these assumptions, the stress in media covering heterostructures (passivation films and gates) σ f (x1 )is approximately expressed as

σ f,0 (|x1 | > LG /2)
σ f (x1 ) =
(1)
0.
(others)
Here x1 denotes the coordinate along the gate-to-ohmic direction, and x1 = ±LG /2 indicates the locations of the edges.
The gate length of diodes is given by LG . The centre of gates
is placed at x1 = 0. The coordinates along the gate-width direction and along the vertical direction are denoted as x2 and
x3 , respectively.
The x1 -derivative of σ f gives a force loaded on the heterostructure surface p, which is given by
p = σ f,0 d f {δ(x1 − LG /2) − δ(x1 + LG /2)},

(2)

where d f is the thickness of passivation films. Note that p
is concentrated at the edges between gates and passivation
films on the heterostructure surfaces (the edge force) since
σ f is a step function of x1 . It is noteworthy that σ f,0 is
negative (positive) when the stress in the passivation films
is compressive (tensile). The structure investigated in this
work is schematically shown in Fig. 1 for the case of compressive passivation films.
The edge force induces stress inside of the heterostructures, which is denoted by a second-rank tensor σ. The
stress tensor is related to the strain γ (second-rank tensor),
the electric field E (vector), the electric displacement D
(vector), and spontaneous polarization P sp (vector) through
the following constitutive equations:
σ = Cγ − eE  Cγ,
D = eγ + E + P sp  eC −1 σ + E + P sp .

tric constant (second-rank tensor), respectively. The rightmost expressions in the above equations are due to the assumption that the reverse piezoelectric eﬀects are negligible.
The concentration of piezoelectric charges due to the
stress, minus the divergence of the polarization P induced
by σ, is given by
−divP = −div[eC −1 σ].

(5)

We estimate the distribution of the edge-force-based σ and
the resultant piezoelectric charges by using the method summarized in the Appendix. 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 for a given bias voltage Vb .
We define Vth by extrapolating the relationship between the
concentration of 2DEG at the centre of gates n s and Vb to
the limit of n s = 0 cm−2 [5].
3.

Results

3.1 Piezoelectric Charges and Potential Profiles
The distribution of piezoelectric charges in half of diodes
with (LG , σ f,0 d f ) = (0.5 μm, −0.5 GPa·μm) is shown in

(3)
(4)

Here C, e, and  are the elastic stiﬀness (fourth-rank tensor), piezoelectric constant (third-rank tensor), and dielec-

Fig. 1 Schottky diodes composed of stress-free gates sandwiched by passivation films with mechanical stress. The direction of the edge force,
which is loaded at the edges x1 = ±LG /2, is shown for the compressivelystressed passivation films.

Fig. 2 (a): The concentration of piezoelectric charges induced in a 0.5μm diode for σ f,0 d f = −0.5 GPa · μm. The dashed lines at x3 = 20 nm
shows the AlGaN/GaN heterointerface. (b): The concentration of piezoelectric charges at the centre of gates in 0.2, 0.5, 1.0, and 2.0-μm diodes for
σ f,0 d f = −0.5 GPa · μm.
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Fig. 2(a). The interface between the AlGaN barriers and
GaN channels is shown by a dashed line. Note that σ f,0 d f of
−0.5 GPa · μm corresponds to 1-μm thick passivation films
with a compressive stress of 0.5 GPa (5 × 109 dyn/cm2 ),
which is practically achievable [16]. It is found that negative charges with a concentration of ∼ 1016–18 cm−3 emerge
around the centre of gates (x1 = 0 μm). Positive charges
with a similar concentration appear in a region below the
passivation films. In addition, the concentration of the
piezoelectric charges diverges to ±∞ in the vicinities of the
edges (x1 = 0.25 μm). Note that the sign of charges at the
respective positions is inverted when the stress in the passivation films is tensile.
Figure 2(b) compares distribution of piezoelectric
charges along the x3 direction at the centre of gates for LG =
0.2, 0.5, 1.0, and 2.0 μm with σ f,0 d f of −0.5 GPa · μm. The
peak closer to (farther from) the surface in each distribution
profile is due to negative (positive) charges. We find that the

piezoelectric charges are distributed more deeply for longer
gate lengths.
The contours of the conduction-band minimum
EC in unbiased diodes with (LG , σ f,0 d f ) = (0.2 μm,
−0.5 GPa·μm), (0.5 μm, −0.5 GPa·μm), and (1.0 μm,
−0.5 GPa·μm) are shown in Figs. 3(a), 3(b), and 3(c), respectively. Bold lines in the respective figures are for
EC = 0 eV, which corresponds to the Fermi energy. Figure 4 compares profiles of EC at the centre of unbiased
gates and n s for (LG , σ f,0 d f ) = (0.5 μm, 0 GPa·μm) and
(0.5 μm, −0.5 GPa·μm). This figure shows that EC in the
GaN channels is raised and n s changes from 10.03 × 1012
to 6.67 × 1012 cm−2 when the compressive edge force of is
loaded. In addition, as is seen from Figs. 3(a), 3(b), and 3(c),
EC at the AlGaN/GaN interface in the vicinities of edges is
> 0 eV and there appears regions with EC < 0 eV in AlGaN
barriers. Such changes in EC are more marked in diodes
with shorter gates.
3.2 Shift in Threshold Voltages
Figure 5(a) shows the relationship between n s and the bias
voltage Vb for the 0.5-μm diode with diﬀerent values of
σ f,0 d f between 0.5 and −0.5 GPa · μm. We find that n s
changes almost linearly with Vb for each σ f,0 d f so that Vth
is extracted with accuracy by extrapolating the n s -Vb relation. Then we define the shift in the threshold voltage due
to the edge force ΔVth , which is hereafter referred to as
ΔVth, no 2DEG limit .
Figure 5(b) shows ΔVth, no 2DEG limit for the 0.5-μm
diode. In this diode Vth increases (gets shallower) by ≈
1.2 V when σ f,0 d f changes from 0 to −0.5 GPa · μm. It decreases (gets deeper) by ≈ 1.8 V when σ f,0 d f changes from
0 to 0.5 GPa · μm.
Figures 6(a) and 6(b) show the relationships between
ΔVth, no 2DEG limit and LG for σ f,0 d f of −0.1 GPa · μm and
−0.5 GPa · μm, respectively. We find by means of leastsquare fitting that ΔVth, no 2DEG limit is approximately proportional to LG −1.5 and LG −1.1 for σ f,0 d f of −0.1 GPa · μm and

Fig. 3 The contours of the conduction-band minimum of unbiased
diodes with (LG , σ f,0 d f ) = (a) (0.2 μm, −0.5 GPa · μm), (b) (0.5 μm,
−0.5 GPa · μm), and (c) (1.0 μm, −0.5 GPa · μm).

Fig. 4 The profiles of the conduction-band minimum at the centre of
unbiased diodes with (LG , σ f,0 d f ) = (0.5 μm, 0 GPa · μm) and (0.5 μm,
−0.5 GPa · μm). The concentration of 2DEG for each band profile is also
shown.
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Fig. 5 (a) Relationships between the 2DEG concentration at the centre
of gate in a 0.5-μm diode and bias voltage for σ f,0 d f of 0.5, 0.2, 0.1, 0,
−0.1, −0.2, and −0.5 GPa · μm (from top to bottom). (b) The shift in Vth
due to the edge force in a 0.5-μm diode.

Fig. 6 Relationships between the shift in threshold voltage and gate
lengths (a) for σ f,0 d f =-0.1 GPa · μm, and (b) for σ f,0 d f =-0.5 GPa · μm.



∞

∂3 σ33 dx3 = σ33 |∞
dAlGaN ∼

dAlGaN

−0.5 GPa·μm, respectively. These results qualitatively agree
with the report that the shift in Vth due to the tensile stress
in passivation films was larger in shorter-gate devices [7].
4.

Discussion

4.1 Threshold Voltage Shift in Charge Balance Scheme
By using the scheme that the balance of charges determines
the concentration of 2DEG in AlGaN/GaN heterostructures [17], the shift in the threshold voltage, denoted as
ΔVth, charge balance , is expressed as
ΔVth, charge balance = −Qpiezo /(33 /dAlGaN ),

(6)

where Qpiezo and 33 are the sheet concentration of piezoelectric charges in the GaN channels at the centre of gates
and the dielectric constants along the x3 axis, respectively.
We obtain at the centre of gates
 ∞
2
σ f,0 d f dAlGaN
∂1 σ13 dx3 ∼
,
LG 3
d
 AlGaN
∞
σ f,0 d f
∂3 σ11 dx3 = σ11 |∞
, and
(7)
dAlGaN ∼
LG
dAlGaN

2
σ f,0 d f dAlGaN

LG 3

by using Eq. (A· 3). Hence, by using
scaled as

 ∞


(−divP)dx3 
|Qpiezo | = 

 dAlGaN
⎛

|σ f,0 |d f ⎜⎜⎜
dAlGaN
∼
⎜⎜1 + O
LG ⎝
LG

,

Eq. (A· 4), Qpiezo is

⎞
⎟⎟⎟
⎟⎠ .

2⎟

(8)

2
Here O(( dAlGaN
LG ) ) indicates that a higher-order term is in
the order of (dAlGaN /LG )2 and negligibly small. Equation
(8) suggests that in the charge balance framework both
Qpiezo and ΔVth, charge balance are likely to be proportional to
σ f,0 d f /LG .
The charge balance scheme is likely to be justifiably applied for estimating ΔVth when (i) the piezoelectric
charges are localized in the vicinities of the AlGaN/GaN
interfaces, and (ii) the variation of the potential profile at
the centre of gates along the normal direction is much more
marked than its variation along the in-plane direction, i.e.,
the long-channel approximation is valid. We confirmed by
analysing data shown in Figs. 3(a), 3(b), and 3(c) that magnitude of the second derivative of EC with respect to x3
|∂33 EC | is  |∂11 EC | at the centre of gates in the GaN channels (not depicted), which suggests that the second require-
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ment should be fulfilled. However, the piezoelectric charges
are distributed inside of GaN channels, and their distribution
is deeper for longer gate lengths, as is shown in Fig. 2(b),
which is likely to qualitatively explain why ΔVth, no 2DEG limit
more rapidly decreases than ΔVth, charge balance when the gate
length increases.
Anyhow the result that the dependence of ΔVth, no 2DEG
on
the gate length is expressed as ΔVth, no 2DEG limit ∼
limit
LG m with the exponent m of −1.1∼−1.5, indicating that the
threshold voltages in HEMTs with shorter gates are more
sensitive to the edge forces, is consistent with more marked
change in EC in the GaN channels for shorter gate lengths.
In addition, it is noteworthy that the value of exponent m is
close to that expected by means of the charge balance framework (m = −1), which suggests that the threshold voltage
of HEMTs with stressed passivation films might be controllable by more precisely modelling the relationships among
stresses, potential profiles, and threshold voltages.

erostructures on their electrical properties by using the edge
force model. The edge force was assumed to be due to
the passivation films with mechnical stress and stress-free
Schottky (gate) contacts. The anisotropic characteristics
in elastic properties of group-III nitrides were explicitly
considered. We found that due to practical compressive
stresses in passivation films, negative piezoelectric charges
with a concentration of ∼ 1016∼18 cm−3 emerged and the
conduction-band minimum was raised in GaN channels below the gates, so that the threshold voltage increased (got
shallowed) by a few volts. We also found that the shift
in the threshold voltage was approximately proportional
to LG −1.1∼−1.5 , which was close to expectation from the
charge balance scheme (ΔVth ∼LG −1 ). These results suggest
that passivation films with designed compressive stresses
might be applicable for controlling the characteristics of AlGaN/GaN HEMTs and realising shallow or positive threshold voltages.

4.2 Singularities Due to the Edge Force Model

Acknowledgments

Given that regions with EC > 0 eV appear at the
AlGaN/GaN interface in the vicinities of edges with
compressively-stressed passivation films [Figs. 3(a), 3(b),
and 3(c)], the 2DEG is assumed to be depleted there. This
means that the 2DEG should be confined at the AlGaN/GaN
interface between the two edges. Hence the heterostructures
with strained passivation films might provide platforms for
realising nanodevices such as nanowires and single electron
transistors. It is also found that there appears parts with
EC < 0 eV in the AlGaN barriers in the vicinity of the edges.
Such parts might cause gate leakage.
The spatial variation in EC in the vicinities of edges is
likely to be enhanced by the anomaly in the concentration of
the piezoelectric charges [Fig. 2(a)], which is due to the singularity of the stress there [Eq. (A· 3)]. It is noteworthy that
the singularity of the stress inevitably occurs in the framework of the edge force model in which the passivation films
are assumed to be infinitely rigid.
However, actual the passivation films are equipped
with the finite rigidity and their mechanical stress is likely
to be smoothly varied around the edges [18]. Hence the
singularity in the stress and the anomaly in the piezoelectric charges should vanish. Possible changes in the spatial
variation of EC and in the concentration of the piezoelectric charges due to the finite rigidity in the passivation films
should be investigated for quantitatively discussing possibilities of the 2DEG confinement and the gate leakage. Measurements of channel potentials in AlGaN/GaN interfaces
around the edges as well as those of elastic properties of
passivation films may provide useful informations for examining these issues.
5.

Conclusion

We numerically analysed the impact of the non-uniform
stress in Schottky diodes on (0001) AlGaN/GaN het-
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Appendix:

Edge-Force Based Piezoelectric Charges in
Elastically Anisotropic Channels

The anisotropic characteristics in elastic properties of
(0001) GaN channels are analysed by solving the following
equation:
β11 μ4 + (2β13 + β55 )μ2 + β33 = 0,

(A· 1)

where in GaN channels with 6mm symmetry β11 = S 11 −
(S 12 )2 /S 11 , β13 = S 13 − S 12 S 13 /S 11 , β33 = S 33 − (S 13 )2 /S 11 ,
and β55 = S 44 , respectively, by using the elastic compliance
in matrix notation S i j , the inverse of C. Values of βi j for
GaN are shown in Table A· 1. Equation (A· 1) gives four
pure imaginary solutions μ = ±ic and ±id (c, d > 0). In
the present case, we obtain c = 1.695 and d = 0.575. Note
2
/S 11 , β33 =
that in the isotropic materials β13 = S 12 − S 12
2
S 11 − (S 12 ) /S 11 , and β55 = 2(S 11 − S 12 ) so that c = d = 1.
The stress in channels due to the edge force
σ f,0 d f δ(x1 − LG /2) is given by the following equations:
Table A· 1

The coeﬃcients βi j for (0001) GaN channels.

(i,j)
βi j [10−3 GPa−1 ]

(1,1)
2.950

(1,3)
−0.8321

(3,3)
2.799

(5,5)
11.11

σ11 = −
σ13 = −
σ33 = −

σ f,0 d f (c + d)x31
π[x21 + c2 x23 ][x21 + d2 x23 ]
σ f,0 d f (c + d)x21 x3
π[x21 + c2 x23 ][x21 + d2 x23 ]
σ f,0 d f (c + d)x1 x23
π[x21 + c2 x23 ][x21 + d2 x23 ]

,
, and

(A· 2)

,

where x1 ≡ x1 − LG /2. Furthermore we obtain σ22 by using
the constraint that the channel is not strained along the x2
direction:
σ22 = −

S 12 σ11 + S 13 σ33
.
S 11

(A· 3)

By citing non-zero elements of the elastic compliance
tensor C and the piezoelectric tensor e in GaN and using
Eq. (5), −divP is written as
−divP =

−e31C33 + e33C13
e15
∂1 σ13 −
∂3 σ11
2
C44
C11C33 − C13
e31C13 − e33C11
−
∂3 σ33 ,
2
C11C33 − C13

(A· 4)

where ∂k σi j is the xk -derivative of σi j . We add the contribution of the force loaded at the other edge (x1 = −LG /2)
to −divP and estimate the concentration of the piezoelectric
charges in Schottky diodes.
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