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Doping fluorine (F) into the AlxGa1-xN layer is critical to the performance of enhancement-mode
AlxGa1-xN/GaN high-electron-mobility transistors (HEMTs). However, the understanding of the role
of F in AlxGa1-xN/GaN HEMTs is rather limited. Using the first-principles-calculated defect formation
energies and transition energy levels, combined with the special quasirandom structure approach and the
detailed balance theory, we investigate the interaction between F and native defects and impurities, as
well as its effect on the Fermi energy of the AlxGa1-xN alloy. Our results suggest that F is incorporated
as F−

i in the AlxGa1-xN layer, which exhibits auto n-type conductivity because of unintentionally induced
oxygen (O). F doping causes the redistribution of the charge states of intrinsic defects and impurities,
and thus the Fermi energy of the AlxGa1-xN layer. The charge-redistribution depends on the difference
between the concentrations of F and O. Finally, we reveal the mechanism for the change of the electroni-
cal performance of AlxGa1-xN/GaN HEMTs after F doping. The positive shift of the threshold voltage is
related to the negatively charged Fi. Only when the concentration of F is higher than that of unintention-
ally induced O in AlxGa1-xN, F begins to increase the surface potential and the Schottky barrier height of
AlxGa1-xN/GaN HEMTs.
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I. INTRODUCTION

AlxGa1-xN/GaN have long been viewed as promising
materials for next-generation high-electron-mobility tran-
sistors (HEMTs), which are remarkable candidates for
microwave power amplifiers and high-speed digital cir-
cuits [1–3]. One of the limits in these applications stems
from the negative threshold voltage (Vth), which compli-
cates circuit configurations, increases system costs, and
poses safety concerns [4]. Incorporation of fluorine (F) into
the AlxGa1-xN layer was utilized to positively shift the Vth
and the realization of the enhancement-mode or normally
off HEMTs [5,6].

Experimentally, it was found that carbon tetrafluo-
ride (CF4) plasma, sulfur-hexafluoride (SF6) plasma, and
19F+-ion implantation could introduce F throughout the
AlxGa1-xN layer [7–12]. F was proposed to present as
interstitial F (Fi) [6,13,14], substitutional F at N sites (FN)
[15], or substitutional F at group-III-atom sites (FAl and
FGa) [16,17]. One of the researches indicated that the pos-
itive shift of the Vth is accompanied by slight increases of
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the surface potential and the Schottky barrier height [18].
The mechanism for the Vth modulation was proposed under
the assumption that negatively charged Fi dominates the
defect configuration of F [14]. The negatively charged Fi
was thought to upward bend the conduction band (CB) of
the AlxGa1-xN layer and raise its conduction-band mini-
mum (CBM) above the Fermi level [14]. First, the assump-
tion of the negatively charged Fi was based on the high
electronegativity of F. First-principles calculations have
indicated that high electronegative chlorine (Cl) could be
positively charged in CdTe [19,20]. Therefore, the stable
charge state of Fi needs to be addressed. Second, the defect
configuration and its stable charge state rely on both the
electron Fermi energy and the chemical potential of each
constituent [21–23]. It may not be complete to directly
assume the formation of negatively charged Fi. Moreover,
although the Vth modulation is well explained by the mech-
anism, the reason for the increases of the surface potential
and Schottky barrier height is still ambiguous. Theoreti-
cally, the formation energies of FN and Fi were investigated
in GaN and AlN [24,25]. We should note that the alloy-
ing effect of AlxGa1-xN, which plays an important role in
the incorporation and ionization of defects, should not be
neglected.
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Clearly, the understanding on the role of F in
AlxGa1-xN/GaN HEMTs concerns the defect physics of
F in the AlxGa1-xN alloy, the interaction between F and
native defects and impurities, as well as its effect on
the Fermi level of the host compound. To deal with
these issues, we use the first-principles-calculated defect-
formation energies and transition energy levels, combined
with the special quasirandom structure (SQS) approach
and the detailed balance theory to study the defect physics
of F in Al0.25Ga0.75N, investigate the mechanism for the
change of electronical performance of AlxGa1-xN/GaN
HEMTs after F doping. We confirm that oxygen (O) will
dope GaN and AlxGa1-xN alloys to be n-type [26,27].
Therefore, if O is present in significant quantities in GaN
and AlxGa1-xN alloys, it will result in unintentional n-type
conductivity. For n-type Al0.25Ga0.75N with unintention-
ally induced O, when the concentration of F is lower than
that of ionized O, the effect of F−

i on the Fermi energy
is negligible. Once the concentration of F becomes com-
parable or even larger than that of ionized O, the Fermi
energy of Al0.25Ga0.75N decreases rapidly with the increase
of the F concentration. We find the positive shift of the
Vth is related to F−

i . The changes of the surface potential
and Schottky barrier height depend on the concentration of
incorporated F. Only when the concentration of F is higher
than that of unintentionally induced O, F begins to increase
the surface potential and the Schottky barrier height.

II. THEORETICAL DESCRIPTION

In this work, we take Al0.25Ga0.75N as an example to
investigate the effect of F doping on the electronic prop-
erties of AlxGa1-xN/GaN HEMTs, given the fact that the
Al composition of the AlxGa1-xN layer is usually in the
range of 20%–30%. The calculations of the formation
energies of F are carried out in the 96-atom special quasir-
andom structure of Al0.25Ga0.75N [28–31]. In the SQS of
Al0.25Ga0.75N, the probability of finding a N site with the
first-neighbor motif AlnGa4-n is pn(x) = Cn

4xn(1 − x)4−n

(x = 0.25), which is the same as that in a perfectly random
Al0.25Ga0.75N [32].

First-principles total-energy calculations are performed
using the hybrid density-functional proposed by Heyd,
Scuseria, and Ernzerhof (HSE) for the exchange correla-
tion and the projector-augmented wave (PAW) pseudopo-
tentials as implemented in the Vienna ab initio simulation
package (VASP) [33,34]. The Ga 3d states are included as
valence electrons in the pseudopotentials. In HSE, the frac-
tion of screened Fock exchange is 0.32 [35]. The Brillouin
zone integration is sampled with a 2 × 2 × 2 �-centered
Monkhorst-Pack special k-point mesh [36].

During the defect-formation-energy calculations, we
adopt the mixed k-point scheme [21], which benefits from
both gaining accurate structural relaxation energies by the
special k-point approach and gaining accurate defect levels

by the �-point-only approach. The formation energy of a
defect α at the charge state q [�Hf (α,q)] as a function of
the atomic potential μi and the electron Fermi energy EF
is calculated by [37,38]

�Hf (α,q) = �E(α,q) +
∑

niμi + qEF , (1)

where �E(α,q) = E(α, q) − E(host) + niEi + qEVBM,
E(host), and E(α, q) are the total energies of the host and
the host containing the defect α with charge state q, respec-
tively. The total energies of charged systems are calculated
by adding or subtracting charges to a virtual state with an
average energy EF , and a plane-wavelike compensating
jellium background in the supercell is assumed to pre-
serve the neutrality of the supercell. ni is the number of
atom i transferred from the supercell to the reservoir dur-
ing the formation the defect α, μi is the chemical potential
of the constituent i referenced to its elemental solid-gas
with energy Ei, EF is the Fermi energy referenced to the
valance-band maximum (VBM) of the host.

It is known that the alloying effect causes both the band-
edge shift and the bowing of defect formation energies in
semiconductor alloys [28,32]. In order to take the alloy-
ing effect of Al0.25Ga0.75N into account, we calculate the
effective formation energies of VN, ON, Fi, and FN in
the Al0.25Ga0.75N supercell. Given the localized character
for the wave function around the defect’s site, the defect
properties are sensitive to its local environment. For FN,
VN, and ON in Al0.25Ga0.75Ne local motif is their four-
neighboring group-III atoms, which could be AlxGa4-x
(x = 0∼4) [28]. We find the site dependence for the forma-
tion energies of FN, VN, and ON is smaller than 0.05 eV
as long as they have the same local motif. Therefore,
we calculate the formation energies of FN, VN, and ON
with five representative local motifs [AlxGa4-x (x = 0∼4)],
take the weighted average of them for the calculation of
the effective formation energies of FN, VN, and ON in
Al0.25Ga0.75N. The local motif of Fi in Al0.25Ga0.75N is
AlxGa3-x (x = 0∼3). We find the formation energies of Fi
with the same local motif on different sites are widely dis-
tributed [28]. Therefore, we calculate the formation ener-
gies of Fi at all sites in Al0.25Ga0.75N for the calculation of
the effective formation energy of Fi in Al0.25Ga0.75N. At the
temperature T, the effective formation energy �Heff(α,T)
of a defect α is calculated by

exp[−�Heff(α,T)/kBT] = 1
N

∑

s

exp[ − �Hf (α,s)/kBT],

(2)

where �Hf (α,s) is the formation energy of defect α at the
site s, kB is the Boltzmann constant, N is the total number
of site s in the Al0.25Ga0.75N supercell.

We use FN and Fi as examples to examine the conver-
gence of neutral and charged-defect formation energies
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with respect to the supercell size. For FN with the local
motif of Al1Ga3, increasing from the 96-atom supercell to
the 192-atom supercell results in changes of the forma-
tion energies of FN by less than 0.04 eV. The formation
energies of Fi with the same local motif on different sites
are widely distributed, it is difficult to compare the forma-
tion energy convergence of Fi in Al0.25Ga0.75N. Therefore,
we compare the neutral and charged formation energies of
Fi in 96-atom and 256-atom GaN supercells. The increase
of supercell size changes the formation energies of Fi by
less than 0.07 eV. The changes in the formation ener-
gies would not change the relative stability order for
defects in Al0.25Ga0.75N. These results indicate that the 96-
atom supercell is sufficient to converge defect formation
energies in this work.

Based on first-principles-calculated formation energies
and the electronic structures of F, we use the detailed bal-
ance theory to investigate the effect of F on the Fermi
energy of AlxGa1-xN [38]. The calculations are based on
the requirement of the charge neutrality condition:

p0 +
∑

i

qiN
q+

i
Di

= n0 +
∑

j

qj N
q−

j
Aj

, (3)

where p0 and n0 are the concentrations of thermally excited

holes and electrons, respectively. N
q+

i
Di

is the density of

a donor Di with the charge state q+
i , N

q−
j

Aj
is the density

of an acceptor Aj with the charge state q−
j . At a given

temperature, p0 and n0 are given by

p0 = NVe(EV−EF )/kBT,

n0 = NCe−(EC−EF )/kBT. (4)

Here NV =2(2πm∗
pkBT)3/2/h3 and NC =2(2πm∗

nkBT)3/2/h3

are the effective density of states for valence bands
and conduction bands, respectively. m∗

p (1.02m0 for
Al0.25Ga0.75N) and m∗

n (0.22m0 for Al0.25Ga0.75N) are effec-
tive masses of holes and electrons, respectively [39]. kB
is the Boltzmann constant, h is the Planck constant. EV
and EC are the energies of the VBM and CBM, respec-
tively. Based on HSE calculations, we set EV = 0 eV and
EC = Eg = 3.97 eV for Al0.25Ga0.75N. The concentration
for a defect α with charge state q is calculated by

N (α, q) = Nsitegqe−�Hf (α,q)/kBT. (5)

Here Nsite is the number of possible sites per volume for
the defect α, gq is the degeneracy factor related to possi-
ble electron configurations [38]. By solving Eqs. (1)–(5),
we can get the Fermi energy of a host compound at given
temperature and chemical potentials.

III. RESULTS AND DISCUSSION

A. Formation energies of defects

Figure 1 shows the effective formation energies of FN
and Fi in Al0.25Ga0.75N. The native defects of VN, VAl, and
VGa in Al0.25Ga0.75N are considered. It is widely accepted
that O gives rise to the auto n-type conductivity of GaN
[26,27]. Therefore, the dominant defect configuration of
ON for O is also under consideration. Given the localiza-
tion for the wave function of a defect around its site, the
defect properties are sensitive to its local environment. For
FN, VN, ON, and Fi, the local motifs are the neighboring
group-III atoms, which differs from site to site. Therefore,
we calculate the effective formation energies of FN, VN,
ON, and Fi to take the alloying effect into account. The
temperature is set to be 1400 K, which is typical for the
growth and annealing of AlxGa1-xN.

Similar to the defect properties of F in GaN/AlN
[24,25], F2+

N and F−
i dominant the defect configurations

of F in p-type and n-type Al0.25Ga0.75N, respectively. The
charge state of FN changes directly from 2+ to 0 when
the Fermi energy increases throughout the bandgap of
Al0.25Ga0.75N. During the charge transition, the F atom
displaces from the original N site, results in a distorted
structure and decreases the structural symmetry. This pro-
cess is similar to the charge transition of FN in GaN/AlN
[24,25,28].

Previous works indicated that Fi is a shallow acceptor in
GaN/AlN, where neutral and negatively charged Fi both
locate at the channel-centered site [24,25]. In this work,
we examine the possible formation of positively charged
Fi. It turns out that F+

i forms the “N-F split interstitial” at
the N site, which is similar to the nitrogen split interstitial
in GaN. The distorted structure gives rise to the splitting

FIG. 1. Calculated formation energies of VAl and VGa, effec-
tive formation energies of VN, ON, FN, and Fi at 1400 K in
Al0.25Ga0.75N at the Ga-rich limit. The stable charge states of
each defect are included in the figure.
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of electron levels of Fi. Because the electronic energy gain
resulted from the level splitting prevails over the energy
cost of forming the distorted structure [19,20], the posi-
tively charged Fi is stabilized as the “N-F split interstitial”
at the N site. We can see from Fig. 1 that Fi behaves as a
negative-U center in Al0.25Ga0.75N.

The slight difference for the formation energies of VAl
and VGa in Al0.25Ga0.75N is because the alloy concentration
changes more after removing an Al atom (compared with
the case removing a Ga atom) from the supercell.

B. Fermi level of Al0.25Ga0.75N before F doping

We first calculate the Fermi energy of Al0.25Ga0.75N with
native defects (intrinsic dominant defects of VN, VAl, VGa,
and inevitably induced ON) that unintentionally induced
during the growth. It can be seen from Fig. 1 that the
formation energy of ON is lower than those of VN, VAl,
and VGa in a wide range of Fermi energy. Therefore,
we investigate the effect of ON on the Fermi energy of
Al0.25Ga0.75N. The Fermi energy of Al0.25Ga0.75N contain-
ing ON is decided by ON, VN, VAl, and VGa. The formation
energy of ON at various charge states are given by

�Hf (ON,0) = E(ON,0) − E(Al0.25Ga0.75N)

+ [μN + E(N)] − [μO + E(O)]

�Hf (ON, +) = �Hf (ON, 0) + ε(0/+) − Eg + EF . (6)

The concentrations of ON in various charge states
[N(ON,0) and N(ON, +)] are calculated by Eq. (5). If there
are totally N(ON) in Al0.25Ga0.75N, we have

N(ON) = N(ON,0) + N(ON, +). (7)

With Eqs. (5)–(7), we have

N(ON,0) = 2N(ON)

2 + e−[ε(0/+)−Eg+EF ]/kBT ,

N(ON, +) = N(ON)e−[ε(0/+)−Eg+EF ]/kBT

2 + e−[ε(0/+)−Eg+EF ]/kBT . (8)

By solving Eqs. (1)–(5) and (8), we can get the Fermi
energy of Al0.25Ga0.75N as a function of the O concentra-
tion. As shown in Fig. 2, the Fermi energy of Al0.25Ga0.75N
distinctly increases with the increase of the O concentra-
tion. When the O concentration increases from 1013 cm−3

to 1020 cm−3, the Fermi energy raises from 2.25 to 3.88 eV
accordingly. Our result confirms that ON causes auto n-
type doping in AlxGa1-xN alloys.

C. Effect of F doping on the Fermi level of
Al0.25Ga0.75N

In this section, we take O concentrations of 1013 cm−3

and 1019 cm−3 as examples to investigate the effect of fur-
ther F incorporation on the Fermi energy of Al0.25Ga0.75N.

FIG. 2. The Fermi energy of Al0.25Ga0.75N as a function of the
O concentration at 1400 K.

When the concentration of O is 1013 cm−3, we can see from
Fig. 1 that the dominant defect configuration of F is F2+

N .
Therefore, we concentrate on the contributions of FN, ON,
VN, VAl, and VGa to the Fermi energy of Al0.25Ga0.75N.
Due to the existence of ON, there are NN − Nsite−ON ≈ NN
possible sites left, where NN and Nsite−ON are the number
of total N sites and ON sites per volume, respectively. By
solving Eqs. (1)–(5), we get the maximum F concentra-
tion is as low as 4.40 × 1011 cm−3 and the resulting Fermi
energy is 2.33 eV. The low concentration of F2+

N is caused
by its high formation energy. Therefore, for AlxGa1-xN
with low concentration of O, it is difficult to dope F effec-
tively. The low concentration of F exerts negligible effect
on the host’s Fermi energy.

When the concentration of O is 1019 cm−3, we can see
from Fig. 1 that the dominant defect configuration of F is
F−

i . Therefore, we focus on the contributions of Fi, ON, VN,
VAl, and VGa to the Fermi energy of Al0.25Ga0.75N. The
formation energy of Fi in various charge states are given
by

�Hf (Fi,0) = E(Fi,0) − E(host) − [μF + E(F)],

�Hf (Fi, +) = �Hf (Fi,0) + ε(0/+) − Eg + EF ,

�Hf (Fi, −) = �Hf (Fi,0) + ε(0/−) − EF . (9)

The concentrations of Fi in various charge states [N(Fi,0),
N(Fi, +), and N(Fi,−)] are calculated by Eq. (5). The total
concentrations of Fi is given by

N(Fi) = N(Fi,0) + N(Fi, +) + N(Fi,−). (10)
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With Eqs. (5), (9), and (10), we have

N(Fi,0) = 16N(Fi)

16 + 4e−[ε(0/+)−Eg+EF ]/kBT + 4e−[ε(0/−)−EF ]/kBT
,

N(Fi, +) = 4N(Fi)e−[ε(0/+)−Eg+EF ]/kBT

16 + 4e−[ε(0/+)−Eg+EF ]/kBT + 4e−[ε(0/−)−EF ]/kBT
,

N(Fi,−) = 4N(Fi)e−[ε(0/−)−EF ]/kBT

16 + 4e−[ε(0/+)−Eg+EF ]/kBT + 4e−[ε(0/−)−EF ]/kBT
.

(11)

By solving Eqs. (1)–(5) and (11), we can get the Fermi
energy of Al0.25Ga0.75N as a function of the F concentra-
tion. As shown in Fig. 3(a), when the concentration of F
increases from 109∼1018 cm−3, the Fermi energy of the
system slightly decreases from 3.73 to 3.71 eV. However,
when the concentration of F increases from 1018 cm−3 to
1019 cm−3, the Fermi energy decreases drastically from
3.71 to 2.22 eV. For Al0.25Ga0.75N containing high con-
centration of O, positive charges mainly originate from
ionized O+

N while negative charges mainly derive from
thermally excited electrons (n0) [Fig. 3(b)]. When the con-
centration of F increases to the value larger than 1018 cm−3,
the population of F−

i becomes comparable or even larger
than that of O+

N or n0. The increase of the population for
F−

i gives rise to the decrease of the Fermi energy.

D. Effect of F on the performance of AlxGa1-xN/GaN
HEMTs

In this section, we discuss the effect of F on the per-
formance of AlxGa1-xN/GaN HEMTs, which depends on
both the conductivity of the AlxGa1-xN layer and the con-
centration of F. For AlxGa1-xN/GaN HEMTs with uninten-
tionally doped AlxGa1-xN layer with well-controlled low
O concentration, F is incorporated as F2+

N . The high forma-
tion energy of F2+

N results in the low concentration of F2+
N

that changes neither the Fermi energy nor the shape for the
CB of the AlxGa1-xN layer. After F incorporation, the band
diagram of the AlxGa1-xN/GaN heterostructure does not
change, as shown in Fig. 4(a). Therefore, the low concen-
tration of F2+

N exerts negligible effect on the performance
of AlxGa1-xN/GaN HEMTs.

For AlxGa1-xN/GaN HEMTs with unintentionally
doped AlxGa1-xN layer with high O concentration, the
AlxGa1-xN layer is n-type and F mainly presents as F−

i .
The concentration of F is the highest at the surface of the
AlxGa1-xN layer. With the increase of the distance from
the surface, the depth profile distribution of F takes on a
Gaussian distribution [8]. After incorporation of F with
moderate concentration, the concentration of F is smaller
than that of O+

N or n0 in the AlxGa1-xN layer. The Fermi
energy of the AlxGa1-xN layer basically keeps the same
while the CB of the AlxGa1-xN layer is raised because of
F−

i . The raise of the CB throughout the AlxGa1-xN layer
caused by F−

i is denoted by RF . For the CB near the surface

(a)

(b)

FIG. 3. (a) The Fermi energy of Al0.25Ga0.75N with O con-
centration of 1019 cm−3 as a function of the F concentration at
1400 K. (b) In Al0.25Ga0.75N with O concentration of 1019 cm−3,
the populations of n0 (green), p0 (pink), O+

N (magenta), O0
N

(cyan), V−3
Al (black), V−3

Ga (red), V+
N (blue), and F−

i (orange) as
functions of the F concentration at 1400 K.

of the AlxGa1-xN layer, the metal contact pins the CB. The
resulting band diagram is shown in Fig. 4(b). In this case,
the CBM of the AlxGa1-xN layer is raised above the Fermi
level. Therefore, the Vth is positively shifted while the sur-
face potential and the Schottky barrier height essentially
keeps the same after F incorporation.

For AlxGa1-xN/GaN HEMTs with the unintentionally
doped AlxGa1-xN layer with high O concentration, when
the concentration of incorporated F−

i becomes higher, we
divide the AlxGa1-xN layer into two regions to discuss the
effect of F on the performance of AlxGa1-xN/GaN HEMTs:
one with high F concentration near the surface (H) and the
other with moderate F concentration away from the sur-
face (M) [Fig. 4(c)]. The F−

i throughout the AlxGa1-xN
layer raises the CB by RFH . In the M region, the moder-
ate F concentration exerts negligible effect on the Fermi
energy. However, the high F concentration in the H region
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(a) (b) (c)

AlxGa1-xN AlxGa1-xN AlxGa1-xN

FIG. 4. Schematic band diagram of the AlxGa1-xN/GaN heterostructure with F doping where the AlxGa1-xN layer is (a) unintention-
ally doped with well-controlled low O concentration, (b) unintentionally doped with high O concentration and the concentration of
F is moderate, (c) unintentionally doped with high O concentration and the concentration of F is high. The characters “H” and “M”
indicate the high F-concentration region and the moderate F-concentration region, respectively.

decreases the Fermi energy of AlxGa1-xN by �EF , which
raises the CB of H region by �EF . Therefore, we can con-
clude that the shift of Vth results from RFH . The decrease
of the Fermi energy of the H region (−�EF) explains
the slight increase of the surface potential and Schot-
tky barrier height observed in the experimental research
[18].

IV. CONCLUSION

In conclusion, we systematically study the defect
physics of F in Al0.25Ga0.75N, and reveal the mecha-
nism for the change of the electronical performance of
AlxGa1-xN/GaN HEMTs after F doping. We confirm that
O will dope GaN and AlxGa1-xN alloys to be n-type. If O
is present in significant quantities in GaN and AlxGa1-xN
alloys, it results in unintentional n-type conductivity. For
Al0.25Ga0.75N with low O concentration, whose Fermi
level lies in the midgap, the dominant defect configuration
is F2+

N . The effect of low concentration of F2+
N exerts neg-

ligible effect on the Fermi energy of AlxGa1-xN and the
performance of the AlxGa1-xN/GaN HEMT. For n-type
Al0.25Ga0.75N with unintentionally induced O, when the
concentration of F is lower than that of ON, the effect of
F−

i on the Fermi energy is negligible. Once the concen-
tration of F becomes comparable or even larger than that
of ionized O, the Fermi energy of AlxGa1-xN decreases
rapidly with the increase of the F concentration. As to the
mechanism for the change of the electrical performance of
AlxGa1-xN/GaN HEMTs after F doping, we find that the
positive shift of Vth after F doping is only achievable for
AlxGa1-xN/GaN HEMTs with the n-type AlxGa1-xN layer.
The changes of the surface potential and Schottky barrier
height depend on the concentration of incorporated F. Only
when the concentration of F is higher than that of n-type
dopants, F begins to increase the surface potential and the
Schottky barrier height.
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C–V characterization of SF6 plasma treated AlGaN GaN
heterostructures, Microelectron. Eng. 87, 2208 (2010).

[13] C. Ma, H. Chen, C. Zhou, S. Huang, and L. Yuan, On-
state critical gate overdrive voltage for fluorine-implanted
enhancement-mode AlGaN/GaN high electron mobility
transistors, J. Appl. Phys. 110, 114514 (2011).

[14] K. J. Chen, The Role of Fluorine Ions in GaN Heterojunc-
tion Transistors: Applications and Stability (SPIE OPTO,
San Francisco, 2011), 3.

[15] R. Kawakami, M. Niibe, Y. Nakano, T. Shirahama, S. Hirai,
and T. Mukai, Comparison between AlGaN surfaces etched
by carbon tetrafluoride and argon plasmas: Effect of the flu-
orine impurities incorporated in the surface, Vacuum 119,
264 (2015).

[16] M. J. Wang, L. Yuan, C. C. Cheng, C. D. Beling, and
K. J. Chen, Defect formation and annealing behaviors of
fluorine-implanted GaN layers revealed by positron annihi-
lation spectroscopy, Appl. Phys. Lett. 94, 061910 (2009).

[17] A. Uedono, N. Yoshihara, Y. Zhang, M. Sun, D. Piedra,
T. Fujishima, S. Ishibashi, M. Sumiya, O. Laboutin, W.
Johnson, and T. Palacios, Vacancy clusters introduced
by CF4-based plasma treatment in GaN probed with a
monoenergetic positron beam, Appl. Phys. Exp. 7, 121001
(2014).

[18] S. Huang, H. Chen, and K. J. Chen, Effects of the fluo-
rine plasma treatment on the surface potential and Schottky
barrier height of AlxGa1-xN/GaN heterostructures, Appl.
Phys. Lett. 96, 233510 (2010).

[19] J. H. Yang, W. J. Yin, J. S. Park, W. Metzger, and
S.-H. Wei, First-principles study of roles of Cu and
Cl in polycrystalline CdTe, J. Appl. Phys. 119, 045104
(2016).

[20] J. Ma, J. Yang, and S.-H. Wei, Correlation between the elec-
tronic structures and diffusion paths of interstitial defects
in semiconductors: The case of CdTe, Phys. Rev. B 90,
155208 (2014).

[21] S.-H. Wei, Overcoming the doping bottleneck in semicon-
ductors, Comp. Mater. Sci. 30, 337 (2004).

[22] C. G. Van de Walle, First-principles calculations for defects
and impurities: Applications to III-nitrides, J. Appl. Phys.
95, 3851 (2004).

[23] C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer, G.
Kresse, A. Janotti, and C. G. Van de Walle, First-principles
calculations for point defects in solids, Rev. Mod. Phys. 86,
253 (2014).

[24] A. Janotti, E. Snow, and C. G. Van de Walle, A pathway
to p-type wide-band-gap semiconductors, Appl. Phys. Lett.
95, 172109 (2009).

[25] K. H. Hong, I. Hwang, H. S. Choi, J. Oh, J. Shin, U. I.
Chung, and J. Kim, Impacts of fluorine on GaN high elec-
tron mobility transistors: Theoretical study, Phys. Status
Solidi R 4, 332 (2010).

[26] B. C. Chung and M. Gershenzon, The influence of oxy-
gen on the electrical and optical properties of GaN crystals
grown by metalorganic vapor phase epitaxy, J. Appl. Phys.
72, 651 (1992).

[27] W. Seifert, R. Franzheld, E. Butter, H. Sobotta, and V.
Riede, On the origin of free carriers in high-conducting
n-GaN, Cryst. Res. Technol. 18, 383 (1983).

[28] R. Wang, W. Tan, J. Zhang, F.-X. Chen, and S.-H. Wei,
First-principles study of alloying effects on fluorine incor-
poration in AlxGa1-xN alloys, J. Phys. D: Appl. Phys. 51,
065108 (2018).

[29] C. G. Van de Walle, S. Limpijumnong, and J. Neugebauer,
First-principles studies of beryllium doping of GaN, Phys.
Rev. B 63, 245205 (2001).

[30] A. Zunger, S.-H. Wei, L. G. Ferreira, and J. E. Bernard,
Special Quasirandom Structures, Phys. Rev. Lett. 65, 353
(1990).

[31] S.-H. Wei, L. G. Ferreira, J. E. Bernard, and A. Zunger,
Electronic properties of random alloys: Special quasiran-
dom structures, Phys. Rev. B 42, 9622 (1990).

[32] J. Ma and S.-H. Wei, Bowing of the defect formation energy
in semiconductor alloys, Phys. Rev. B 87, 241201(R)
(2013).

[33] G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B 59,
1758 (1999).

[34] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

[35] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid function-
als based on a screened Coulomb potential, J. Chem. Phys.
118, 8207 (2003).

[36] H. J. Monkhorst and J. D. Pack, Special points for
Brillouin-zone integrations, Phys. Rev. B 13, 5188 (1976).

[37] S.-H. Wei and S. B. Zhang, Chemical trends of defect for-
mation and doping limit in II-VI semiconductors: The case
of CdTe, Phys. Rev. B 66, 155211 (2002).

[38] J. H. Yang, S. Chen, H. Xiang, X. G. Gong, and S.-H. Wei,
First-principles study of defect properties of zinc blende
MgTe, Phys. Rev. B 83, 235208 (2011).

[39] A. M. Kurakin, S. A. Vitusevich, S. V. Danylyuk, H.
Hardtdegen, N. Klein, Z. Bougrioua, A. V. Naumov, and
A. E. Belyaev, Quantum confinement effect on the effec-
tive mass in two-dimensional electron gas of AlGaN/GaN
heterostructures, J. Appl. Phys. 105, 073703 (2009).

054021-7

https://doi.org/10.1063/1.3074514
https://doi.org/10.1116/1.2789444
https://doi.org/10.1002/pssc.201001057
https://doi.org/10.1016/j.mee.2010.02.004
https://doi.org/10.1063/1.3664912
https://doi.org/10.1016/j.vacuum.2015.06.002
https://doi.org/10.1063/1.3081019
https://doi.org/10.7567/APEX.7.121001
https://doi.org/10.1063/1.3446895
https://doi.org/10.1063/1.4940722
https://doi.org/10.1103/PhysRevB.90.155208
https://doi.org/10.1016/j.commatsci.2004.02.024
https://doi.org/10.1063/1.1682673
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1063/1.3247890
https://doi.org/10.1002/pssr.201004313
https://doi.org/10.1063/1.351848
https://doi.org/10.1002/crat.2170180314
https://doi.org/10.1088/1361-6463/aaa589
https://doi.org/10.1103/PhysRevB.63.245205
https://doi.org/10.1103/PhysRevLett.65.353
https://doi.org/10.1103/PhysRevB.42.9622
https://doi.org/10.1103/PhysRevB.87.241201
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1063/1.1564060
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.66.155211
https://doi.org/10.1103/PhysRevB.83.235208
https://doi.org/10.1063/1.3100206

	I. INTRODUCTION
	II. THEORETICAL DESCRIPTION
	III. RESULTS AND DISCUSSION
	A. Formation energies of defects
	B. Fermi level of Al0.25Ga0.75N before F doping
	C. Effect of F doping on the Fermi level of Al0.25Ga0.75N
	D. Effect of F on the performance of AlxGa1-xN/GaN HEMTs

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


