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We demonstrate that threading dislocations in (Al, Ga)N/GaN heterostructures can be spontaneously
decorated by acceptors during the epitaxial process. First-principles calculations show that the threading
dislocation introduces detrimental deep electronic states both above the valence-band maximum (VBM)
and below the conduction-band minimum (CBM) of GaN. Because of the electron transfer between the
occupied level above the VBM of the threading dislocation and the defect states of acceptors, acceptors
will decorate the threading dislocation, which leads to the shift of the dislocation states. For the occupied
deep states above the VBM, the acceptor decoration shifts the deep states toward the VBM, which may
constructively contribute to the dislocation tolerance of (Al, Ga)N/GaN heterostructures. For the unoc-
cupied states below the CBM, the acceptor-decorated dislocation provides an additional electron-transfer
channel besides that through the pure threading dislocations. These two distinct electron-transfer channels
are observed in reverse-biased (Al, Ga)N/GaN Schottky diodes, which is characterized by two distinct

Frenkel-Poole-emission states.
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I. INTRODUCTION

(Al, Ga)N/GaN heterostructures hold great promise in
high-temperature, high-frequency, and high-power appli-
cations because of their excellent properties such as the
wide band gap, high breakdown fields, high saturation
electron drift velocity, and strong polarization [1-3]. Dur-
ing the epitaxy of (Al, Ga)N/GaN heterostructures, a high
density of dislocations occurs because of thermal and
lattice mismatch between GaN and its substrates [4,5].
In common semiconductors, dislocation introduces deep
levels in the band gap, gives rise to nonradiative recom-
bination, and degrades the electronic and optical proper-
ties of semiconductors [6,7]. However, (Al, Ga)N/GaN
heterostructures exhibit excellent dislocation tolerance.
Even though the density of dislocations ranges from 107
to 10" ecm~2 [8], (Al,Ga)N/GaN heterostructures have
shown great success in applications such as light-emitting
diodes, laser diodes, Schottky-barrier diodes, and high-
electron-mobility transistors [9—11].
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Previous studies showed that dislocations in GaN and
its heterostructures are mainly threading dislocations [12].
For (Al, Ga)N/GaN heterostructures, the density and thus
the effect of threading edge dislocations are greater than
those of threading screw or mixed dislocations [13,14].
Therefore, we concentrate on the effect of threading
edge dislocations on the properties of (Al, Ga)N/GaN
heterostructures. The dominant geometric structure for
threading edge dislocations is the 5-7-atom-ring-core
structure, which has been verified by both theoretical stud-
ies and transmission electron microscopy [15,16]. It was
demonstrated that the 5-7-atom-ring dislocation introduces
deep-level states in the band gap of gallium nitrides [17—
19]. These deep-level states serve as nonradiative recom-
bination centers, which would deteriorate the performance
of GaN-based devices.

Recent work showed that from the point of view of
strain relaxation, the threading dislocation could interact
with interstitial oxygen atoms (O;) to lower the forma-
tion energy of oxygen due to the steric effect [20]. The
oxygen passivation eliminates the deep-level states of
threading dislocations, which could be beneficial for GaN
devices. However, the Oj;-passivation process happens

© 2020 American Physical Society
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only in the nonequilibrium regime, where the formation
of substitutional oxygen at the N site (Oy) at the disloca-
tion core is kinetically prohibited and the Ga supply must
be removed [20]. This situation does not commonly occur
during the epitaxy of gallium nitrides. The interaction of
defects in semiconductors is determined not only by the
steric effect but also by the electronic effect [6]. The elec-
tronic effect between defects has been studied in GaAs [6],
ZnO [21], and diamond [22], and exhibits the capability of
lowering defect-formation energies and changing defect-
level positions in the band gap. However, the electronic
effect between point defects and dislocations in GaN and
its impact on GaN devices has been rarely studied.

In this work, we investigate the electronic interac-
tion between acceptors and threading dislocations in
(Al, Ga)N/GaN heterostructures. First-principles calcula-
tions indicate that pure threading dislocations introduce
deep occupied states above the valence-band maximum
(VBM) and unoccupied deep states below the conduction-
band minimum (CBM). Because of the electron transfer
between the occupied state of the threading dislocation and
defect levels of acceptors, the acceptor decoration shifts
the detrimental deep electronic state of threading dislo-
cations toward the VBM. This eliminates the deep-level
states of pure threading dislocations, which may con-
structively contribute to the dislocation tolerance of GaN
devices. On the other hand, the unoccupied state below
the CBM provides an additional electron-transfer channel
besides that through the pure threading dislocation. These
two channels can lead to two distinct Frenkel-Poole- (FP)
emission states in (Al, Ga)N/GaN devices.

II. THEORETICAL DESCRIPTION

Figure 1 displays the atomic structure of the threading
dislocation investigated in this work. The 5-7-atom-ring-
core structure of the threading dislocation is modeled
within a 1.7-nm GaN nanorod with 108 Ga and N atoms

FIG. 1. Optimized atomic structure of the 5-7-atom-ring-core
threading dislocation. Ga, N, and H atoms are denoted by red,
white, and gray balls, respectively.

inside a periodic supercell of 5x 5 nm?. The dangling
bonds of Ga and N atoms at the edges of the nanorod are
passivated by pseudohydrogen atoms with 1.25 and 0.75
electrons, respectively.

First-principles calculations are performed with projec-
tor-augmented-wave pseudopotentials as implemented in
the Vienna ab initio simulation package [23,24]. The Ga
3d states are included as valence electrons in the pseu-
dopotentials. Plane-wave cutoff energies are set as 350 eV.
The structural relaxation is performed by the generalized-
gradient approximation formulated by Perdew, Burke, and
Ernzerhof. During electronic calculations, the hybrid den-
sity functional proposed by Heyd, Scuseria, and Ernzerhof
(HSEO06) is used [25]. The atomic structures are optimized
until the changes in total energy are less than 1 x 1075 eV
per cell. The Monkhorst-Pack scheme with a I'-centered
1 x1x5 special k-point mesh is used to sample the
reciprocal space of the supercell [26].

III. RESULTS AND DISCUSSION

A. Properties of dislocations in GaN

We first calculate the density of states for the pure
threading dislocation to investigate its electronic proper-
ties. As shown in Fig. 2(b), the deep states of the pure
threading dislocation locate both above the VBM and
below the CBM of GaN. The 5-7-atom-ring core is char-
acterized by the formation of alternating Ga-Ga dimers
and N-N dimers along the dislocation line (Fig. 1). These
dimers play important roles in the electronic properties of
the threading dislocation. The dangling bonds of Ga and
N atoms nominally have 0.75 and 1.25 electrons, respec-
tively. The bonding states of the Ga-Ga dimer are filled
with (0.75)x2=1.5 electrons and the antibonding state
is empty. For N-N dimers, two of the (1.25) x2=2.5
electrons occupy the bonding state, and the remaining
0.5 electrons occupy the antibonding state [Fig. 3(a)]. On
structural reconstruction, electron transfer occurs from the
antibonding states of N-N dimers to the bonding states of
Ga-Ga dimers and gives rise to the occupied bonding state
of the 5-7-atom-ring-core dislocation [Fig. 3(a)].

To verify the origin of the occupied defect level of the
pure 5-7-atom-ring-core threading dislocation, we calcu-
late the charge density isosurface of the occupied deep
level above the VBM. As shown in Fig. 3(b), the occupied
states above the VBM mostly originate from the Ga-Ga
dimer at the dislocation core, which is consistent with the
electron-transfer model as shown in Fig. 3(a). Because of
the formation of Ga-Ga dimers, the bonding between Ga
and its nearest neighboring N atoms is affected. Therefore,
N atoms that connect with Ga-Ga dimers at the disloca-
tion core also partially contribute to the formation of the
occupied states above the VBM of GaN.

Because the defect level of the threading dislocation
above the VBM is fully occupied, the dislocation will
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FIG. 2. Density of states (DOS) for (a) the pure GaN nanorod
(NR), (b) the GaN nanorod containing a pure dislocation (DL),
and (c) the GaN nanorod containing the Vg,-decorated disloca-
tion (VGapL)-

interact with acceptors owning partially occupied or unoc-
cupied states by electron transfer. The most common
acceptor in undoped GaN is the Ga vacancy (Vg,) because
of the unintentional n-type doping [27,28]. Therefore, we
focus on the electronic interaction between the threading
dislocation and Vg,. The structure of the V,-decorated
dislocation is constructed by removing one of the Ga atoms
of the Ga-Ga dimer at the dislocation core. As shown in
Fig. 3(c), the remaining Ga atom relaxes toward the dislo-
cation core on structural relaxation. The decoration energy
(Eq) of Vg, at the threading dislocation core is calculated
by

E;= Et(VGaIDL) - Et(VGa\perf), (1)
where E,(Vgapr) and E;(Vgaperr) are the total energies
of Vg, formed at the dislocation core and in the per-
fect region away from the dislocation. The definition of
the decoration energy is similar to the definition of the
segregation energy of point defects at the grain bound-
aries in polycrystalline semiconductors [29]. The negative
segregation energy indicates that point defects will spon-
taneously segregate at grain boundaries. In this case, the
strongly negative decoration energy of —4.65 eV indicates
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FIG. 3. (a) Electron transfer and formation of the deep state
of the 5-7-atom-ring-core threading dislocation. Charge den-
sity isosurfaces of occupied deep levels above the VBM of
the GaN nanorod containing (b) the pure 5-7-atom-ring-core
threading dislocation and (c) the V,-decorated dislocation. CB,
conduction band; DB, dangling bond; VB, valence band.

that Vg, will spontaneously form at the core of threading
dislocations during its formation. As shown in Fig. 2(c),
for the defect states above the VBM, the deeper states dis-
appear and the shallower states shift slightly toward the
VBM of GaN on Vg, decoration. This moves the deep level
of the threading dislocation to shallower positions in the
band gap of GaN, which may constructively contribute to
the dislocation tolerance of GaN devices. We also calculate
the charge-density isosurfaces of the occupied states above
the VBM for GaN containing Vg,-decorated threading dis-
locations. As shown in Fig. 3(c), Vg, and the N-N dimer
at the dislocation core mostly contribute to the occupied
states above the VBM.

In addition to the shift of detrimental deep electronic
states toward the VBM on Vg, decoration, the position of
unoccupied states below the CBM shifts slightly to lower
energies in the band gap of GaN [Fig. 2(c)]. As a result,
there emerge two distinct electron-transfer channels: one
through the pure dislocation state and the other through the
Vga-decorated dislocation state below the CBM.

B. Properties of dislocations in (Al, Ga)N alloys

The electronic properties of threading dislocations in
(Al,Ga)N alloys can be derived from the shifts of the
band edge and defect states with respect to those of

024039-3



RONG WANG et al.

PHYS. REV. APPLIED 14, 024039 (2020)

CB —

—

=

————

=

VB

GaN Alg25Gag7sN

FIG. 4. Physical derivation of electronic properties of dis-
locations in Aly,5Gag75N. Electronic states of pure and V-
decorated dislocations are denoted by gray and red regions,
respectively. CB, conduction band; VB, valence band.

GaN. In (Al,Ga)N/GaN heterostructures, the Al con-
tent is usually in the range of 20%—30%. Therefore, we
take Aly,5Gag7sN as an example to illustrate the physi-
cal derivation of the electronic properties of dislocations
in (Al, Ga)N alloys.

The band edges of Aly,5Gag 75N are calculated by the
linear interpolation from the band offsets of GaN and
AIN [30]. As shown in Fig. 4, when the Al content
increases, the increase of the CBM is greater than the
decrease of the VBM. In Aly,5Gag 75N, Al and Ga vacan-
cies (V) share similar defect properties and dominate
the configurations of acceptors in Aly,sGag 75N [31]. The
interaction between the threading dislocation and Vyy in
Alo25Gag 75N is similar to that in GaN. When the com-
position of a semiconductor-alloy changes, the shallow
defect levels shift with respect to the band edges by sim-
ilar degrees, while deep levels tend to line up and remain
in the midgap [32,33]. For the defect states of threading
dislocations below the CBM, the defect states of the pure
dislocation are shallower than that of the Jy-decorated
dislocation. Therefore, when the host changes from GaN
to Aly2sGag7sN, the states of the pure threading dislo-
cation tend to shift with the CBM, while the states of
the Vpp-decorated dislocation are more inclined to line up
with those in GaN. For the defect states above the VBM,
the states of the J-decorated dislocation are shallower.
Therefore, the shift of states of the Vyj-decorated dislo-
cation above the VBM is severer than that of the pure
dislocation (Fig. 4).

It is clear that the Vyy-decoration also gives rise to the
dislocation tolerance of (Al, Ga)N alloys because of the
shallower defect states above the VBM for Vyj-decorated
dislocations. For the dislocation states below the CBM,
both the defect states of Vi-decorated dislocations and
those of pure dislocations can serve as electron-transfer

channels in (Al, Ga)N. These two electron-transfer chan-
nels could induce distinct FP emission in (Al, Ga)N/GaN
devices, which can be directly observed in experimental
I-V measurements.

C. I-V measurements of (Al, Ga)N/GaN Schottky
diodes

In experiments, (Al, Ga)N/GaN heterostructures on
(0001)-oriented sapphire substrates are grown by metal-
organic chemical vapor deposition. The structure con-
sists of a 21-nm undoped (Al, Ga)N barrier layer and
a 2-um undoped GaN buffer layer. The Al content
of the (Al,Ga)N layer is estimated to be 26%. Dur-
ing the fabrication of (Al, Ga)N/GaN Schottky diodes,
a device mesa was formed by Cl, and BCI; plasma
dry etching in an inductively-coupled-plasma reactive
ion etching (ICP-RIE) system. The source and drain
Ohmic contacts are formed by deposition of Ti/Al/Ti/Au
annealed at 870 °C for 45 s. The Schottky contact is
formed by Ni/Au electron-beam evaporation and lift-off.
Temperature-dependent /-} measurements are performed
with an Agilent B1500 semiconductor parameter analyzer
in the temperature range from 298 to 418 K.

Figure 5(a) shows the current of (Al, Ga)N/GaN Schot-
tky diodes as a function of the bias voltage at temperatures
ranging from 298 to 418 K. For (Al, Ga)N/GaN Schottky
diodes under the reverse voltage, the emission mechanism
commonly includes FP emission, trap-assisted tunneling
(TAT), and Fowler-Nordheim tunneling (FNT) [34]. FNT
usually occurs in reverse-biased diodes below 150 K.
Moreover, the current dominated by TAT or FNT is inde-
pendent of the temperature [35]. In contrast, FP emission
originates from the transfer of electrons from the Schot-
tky metal into a continuum dislocation state of the barrier
enhanced by the electronic field, which is strongly tem-
perature dependent [36,37]. As shown in Fig. 5(a), the
current of (Al, Ga)N/GaN Schottky diodes exhibits an
obvious temperature dependence. Therefore, we consider
that the FP emission dominates the mechanism of cur-
rent for (Al, Ga)N/GaN Schottky diodes under the reverse
voltage. The FP current is given by [38,39]

q(é: — /qEp /T E0ES) ’
- ks T > @

IFP = CEbAexp |:

where Ej, is the clectric field in the (Al, Ga)N barrier at
the metal-semiconductor interface, ¢;is the barrier height
of electron emission from the Schottky metal to the contin-
uum dislocation state, &g is the permittivity of free space,é&;
is the relative dielectric permittivity at high frequency, and
kp is the Boltzmann constant. Taking logarithms of Eq. (2),
we have,

q | q9Ep qd:
1 Irp/Ep) =1 C+1 A+ — - —
0g,o(lrp/Ep) = log,(C + log,p4 + T\ 7eoe. ksl
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FIG. 5. (a) Current of the (Al, Ga)N/GaN Schottky diode as a

function of voltage at temperatures ranging from 298 to 418 K.
(b) Measured log,,(//E}) as a function of \/E, at temperatures
ranging from 298 to 418 K. (c) Measured and fitted curves of the
current of a (Al, Ga)N/GaN Schottky diode as a function of bias
voltage at 298 K.

= s(y/Ey + i(T), 3)

where s(T) = (q/ksT)\/(q/meoes) and i(T) = log,,C +
log,oA — (q¢:/kpT) represent the slope and intercept of
the curve of log,,(Irp/Ep) versus /Ejp, respectively. We
can see from Eq. (3) that for the FP-emission-dominated
current of (Al, Ga)N/GaN Schottky diodes, log;,(/rp/Ep)

should vary linearly with /E,. The experimental results
are shown in Fig. 5(b). It is clearly seen that the measured
log,,({/Ep) exhibits a linear dependence with respect to
JE;, from 298 to 378 K. Moreover, the current increases
rapidly with increasing temperature. This verifies the
dominant role of the FP emission for the reverse-biased
(Al, Ga)N/GaN Schottky diodes in our experiments. The
slight deviation of log;,(/pr/Ep) from the linear depen-
dence on /E, at 398 and 418 K is due to the thermionic
emission (TE) involved at high temperatures. In general,
the FP emission exhibits both temperature and voltage
dependence of the current. In Fig. 5(a), one can see two
distinct regions (regions I and II) with different temperature
and voltage dependences of the current, which indicates
the existence of two distinct FP-emission states.

Next, we quantitatively describe the current-transport
mechanism of (Al, Ga)N/GaN Schottky diodes. For the
current under the reverse voltage, we fit the measured
log,,(I/Ep)as a function of /E, with Eq. (3) to esti-
mate the barrier heights of these two FP-emission states
(¢;). From the slopes of i(T) versus 1/T, we obtain bar-
rier heights of 0.47 and 1.07 eV for the electron emission
from the Schottky metal to the dislocation states of the
(Al, Ga)N barrier. With the fitted values, we calculate the
total fitted current of (Al, Ga)N/GaN Schottky diodes by

Tntted = Iyp 1 + Irp 2 “4)

As shown in Fig. 5(c), the fitted current coincides well
with the measured current. This verifies the fact that the
two-state FP emission dominants the current transport of
reverse-biased (Al, Ga)N/GaN Schottky diodes.

Finally, we discuss the effect of acceptor decoration
of threading dislocations on the device performance of
(Al,Ga)N/GaN Schottky diodes. On the basis of the
experimental results that (i) the current of reverse-biased
(Al, Ga)N/GaN Schottky diodes exhibits both voltage and
temperature dependence, (ii) after the fitting of the current
of reverse-biased (Al, Ga)N/GaN Schottky diodes with the
FP model, the logarithm of the current density divided
by the applied electric field [log,,(/pr/E}p)] exhibits a lin-
ear dependence on the square root of the field (VEp),
and (iii) the fitted current (/gp ;| + Irp ») coincides well
with the measured reverse current leakage, we conclude
that the two-state FP emission well describes the current
of reverse-biased (Al, Ga)N/GaN Schottky diodes. Since
the FP emission originates from the transport of electrons
via the continuum dislocation state, the observation of the
two-state FP emission should correspond to two distinct
dislocation states in the (Al, Ga)N barrier. According to
the above first-principles prediction and analysis, these two
dislocation states could be the pure dislocation state and
the Vjp-decorated dislocation state. For (Al, Ga)N/GaN
Schottky diodes under the reverse voltage, electrons firstly
transfer along the low-energy Vyy-decorated dislocation
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FIG. 6. FP emissions via (a) a V-decorated dislocation state
and (b) a pure dislocation state.

level [Fig. 6(a)]. As the reverse voltage increases, electrons
in the conducting Vy-decorated dislocation state become
saturated. When the excess electrons gain sufficient energy
with the increasing reverse voltage, the electrons begin
to transfer along the pure dislocation state [Fig. 6(b)].
This intuitive physical picture bridges the distinct electron-
transfer channels in (Al, Ga)N and the two FP-emission
behaviors observed in (Al, Ga)N/GaN heterostructures.

IV. CONCLUSION

In conclusion, we demonstrate that the threading dislo-
cations in (Al, Ga)N/GaN heterostructures can be sponta-
neously decorated by acceptors. On one hand, the acceptor
decoration shifts the detrimental deep states of thread-
ing dislocations above the VBM to shallower positions
in the band gap of GaN, which may constructively con-
tribute to the dislocation tolerance of GaN devices. On the
other hand, the acceptor-decorated dislocation state near
the CBM provides an additional electron-transfer channel
besides that through the pure threading dislocations. These
two distinct electron-transfer channels result in two-state
FP emission for reverse-biased (Al, Ga)N/GaN Schottky
diodes.
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