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Doping fluorine (F) into the Al,Ga;,N layer is critical to the performance of enhancement-mode
Al,Ga;,N/GaN high-electron-mobility transistors (HEMTs). However, the understanding of the role
of F in Al,Ga;-,N/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 Al,Ga,-,N alloy. Our results suggest that F is incorporated
as F; in the Al,Ga;-N 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 Al,Ga;-N 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 Al,Ga;-,N/GaN HEMTs after F doping. The positive shift of the threshold voltage is
related to the negatively charged F;. Only when the concentration of F is higher than that of unintention-
ally induced O in Al,Ga;-,N, F begins to increase the surface potential and the Schottky barrier height of

Al,Ga;-,N/GaN HEMTs.

DOI: 10.1103/PhysRevApplied.11.054021

I. INTRODUCTION

Al,Ga;.,N/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 (Vy,), which compli-
cates circuit configurations, increases system costs, and
poses safety concerns [4]. Incorporation of fluorine (F) into
the Al,Ga;-,N layer was utilized to positively shift the V',
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 (SF¢) plasma, and
YF+_ion implantation could introduce F throughout the
Al,Ga;,N layer [7-12]. F was proposed to present as
interstitial F (F;) [6,13,14], substitutional F at N sites (Fy)
[15], or substitutional F at group-Ill-atom sites (F; and
Fga) [16,17]. One of the researches indicated that the pos-
itive shift of the Vy, is accompanied by slight increases of
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the surface potential and the Schottky barrier height [18].
The mechanism for the V', modulation was proposed under
the assumption that negatively charged F; dominates the
defect configuration of F [14]. The negatively charged F;
was thought to upward bend the conduction band (CB) of
the Al,Ga;_,N layer and raise its conduction-band mini-
mum (CBM) above the Fermi level [14]. First, the assump-
tion of the negatively charged F; was based on the high
electronegativity of F. First-principles calculations have
indicated that high electronegative chlorine (CI) could be
positively charged in CdTe [19,20]. Therefore, the stable
charge state of F; 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 F;. Moreover,
although the Vy, 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 Fyy and F; were investigated
in GaN and AIN [24,25]. We should note that the alloy-
ing effect of Al,Ga;-,N, 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
Al,Ga;-,N/GaN HEMTs concerns the defect physics of

F in the Al,Ga,.N 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 Alg»5Gag 75N, investigate the mechanism for the
change of electronical performance of Al,Ga;-,N/GaN
HEMTs after F doping. We confirm that oxygen (O) will
dope GaN and Al,Ga; N alloys to be n-type [26,27].
Therefore, if O is present in significant quantities in GaN
and Al,Ga;-,N alloys, it will result in unintentional n-type
conductivity. For n-type Aly,5Gag 75N with unintention-
ally induced O, when the concentration of F is lower than
that of ionized O, the effect of F; 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 Alp25Gag7sN decreases rapidly with the increase
of the F concentration. We find the positive shift of the
Vi is related to F; . 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 Aly,5Gag7sN as an example to
investigate the effect of F doping on the electronic prop-
erties of Al,Ga;-,N/GaN HEMTs, given the fact that the
Al composition of the Al,Ga;-.N 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 Aly,5Gag 75N [28-31]. In the SQS of
Aly25Gag 75N, the probability of finding a N site with the
first-neighbor motif Al,Gay-, is p,(x) = C};x"(1 —x)47
(x=0.25), which is the same as that in a perfectly random
Alg25Gag 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 x 2 x 2 I"-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 I'-point-only approach. The formation energy of a
defect o at the charge state g [AH[ («,q)] as a function of
the atomic potential u; and the electron Fermi energy Er
is calculated by [37,38]

AHy (ot,q) = AE(oq) + Y _mipti +qEp, (1)

where AE(a,q) = E(a,q) — E(host) + n;E; + gEvBMm,
E(host), and E(«, g) are the total energies of the host and
the host containing the defect o with charge state g, respec-
tively. The total energies of charged systems are calculated
by adding or subtracting charges to a virtual state with an
average energy Er, and a plane-wavelike compensating
jellium background in the supercell is assumed to pre-
serve the neutrality of the supercell. n; is the number of
atom i transferred from the supercell to the reservoir dur-
ing the formation the defect «, p; is the chemical potential
of the constituent i referenced to its elemental solid-gas
with energy E;, Er 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 Alg,5Gag 75N into account, we calculate the
effective formation energies of Vy, Oy, F;, and Fy in
the Aly,5Gag 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 Fy,
Vn, and Oy in Aly,5Gag75Ne local motif is their four-
neighboring group-III atoms, which could be Al,Gay-,
(x =0~4) [28]. We find the site dependence for the forma-
tion energies of Fy, Vy, and Oy is smaller than 0.05 eV
as long as they have the same local motif. Therefore,
we calculate the formation energies of Fy, Vy, and Oy
with five representative local motifs [Al,Gas-, (x = 0~4)],
take the weighted average of them for the calculation of
the effective formation energies of Fy, Vy, and Oy in
A10‘25G8.0.75N. The local motif of Fi in Alo‘sza0.75N is
Al,Gaj-, (x=0~3). We find the formation energies of F;
with the same local motif on different sites are widely dis-
tributed [28]. Therefore, we calculate the formation ener-
gies of F; at all sites in Aly,5Gag 75N for the calculation of
the effective formation energy of F; in Aly25Gag 75N. At the
temperature 7, the effective formation energy AHm(o,T)
of a defect « is calculated by

exp[— AHe(o, T)kpT] = le > " exp[ — AH; (a.5)/ksT],
S @)

where AHy (a,s) is the formation energy of defect « at the
site s, kp is the Boltzmann constant, NV is the total number
of site s in the Aly,5Gag 75N supercell.

We use Fy and F; 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 Fy with the local
motif of Al;Gas, increasing from the 96-atom supercell to
the 192-atom supercell results in changes of the forma-
tion energies of Fy by less than 0.04 eV. The formation
energies of F; with the same local motif on different sites
are widely distributed, it is difficult to compare the forma-
tion energy convergence of F; in Aly25Gag 75N. Therefore,
we compare the neutral and charged formation energies of
F; in 96-atom and 256-atom GaN supercells. The increase
of supercell size changes the formation energies of F; by
less than 0.07 eV. The changes in the formation ener-
gies would not change the relative stability order for
defects in Alg»5Gag75N. 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 Al,Ga;_,N [38]. The calculations are based on
the requirement of the charge neutrality condition:

+ q;
po + E CIiN[q)',. =no + E q;NA; , 3)
i J

where py and nq are the concentrations of thermally excited

+
holes and electrons, respectively. Ng’;_ is the density of

. a . .
a donor D; with the charge state ¢;", N Aj is the density

of an acceptor 4; with the charge state ¢;. At a given
temperature, py and ng are given by

po = NVe(EV—EF)/kBT’

ny = NCe*(EC*EF)/kBT. 4)

Here Ny=2Q2mmskgT)*/? /h* and Ne =2QrmikgT)*? /1
are the effective density of states for valence bands
and conduction bands, respectively. my (1.02mo for
Aly25Gag 75N) and m} (0.22my for Aly,5Gag 75N) are effec-
tive masses of holes and electrons, respectively [39]. kp
is the Boltzmann constant, % is the Planck constant. £}
and E¢ are the energies of the VBM and CBM, respec-
tively. Based on HSE calculations, we set £y = 0 eV and
Ec=E, =3.97 ¢V for Aly,;Gag7sN. The concentration
for a defect o with charge state ¢ is calculated by

N(a,q) = Negge 7 @071, Q)

Here N is the number of possible sites per volume for
the defect o, g, is the degeneracy factor related to possi-
ble electron configurations [38]. By solving Egs. (1)H5),
we can get the Fermi energy of a host compound at given
temperature and chemical potentials.

II1. RESULTS AND DISCUSSION

A. Formation energies of defects

Figure 1 shows the effective formation energies of Fy
and F; in Aly,5Gag75N. The native defects of Vy, Vi, and
Vga in Alg25Gag 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
Oy 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
Fx, VN, O, and F;, the local motifs are the neighboring
group-III atoms, which differs from site to site. Therefore,
we calculate the effective formation energies of Fy, Vy,
Oy, and F; to take the alloying effect into account. The
temperature is set to be 1400 K, which is typical for the
growth and annealing of Al,Ga;-,N.

Similar to the defect properties of F in GaN/AIN
[24,25], F&" and F; dominant the defect configurations
of F in p-type and n-type Alg,5Gag 75N, respectively. The
charge state of Fy changes directly from 2+ to 0 when
the Fermi energy increases throughout the bandgap of
Alp25Gag7sN. 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 Fy in GaN/AIN
[24,25,28].

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

12

Formation energy (eV)

0.00

130 195 260 3.25

Fermi energy (eV)

0.65 3.90

FIG. 1. Calculated formation energies of Va; and Vg,, effec-
tive formation energies of Vy, Oy, Fyn, and F; at 1400 K in
Alp5Gag7sN 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 F;. 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 F; is stabilized as the “N-F split interstitial”
at the N site. We can see from Fig. | that F; behaves as a
negative-U center in Aly,5Gag7sN.

The slight difference for the formation energies of Va
and Vg, in Alj,5Gag 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 Aly,5Gag 75N before F doping

We first calculate the Fermi energy of Aly,5Gag 75N with
native defects (intrinsic dominant defects of Vn, Vai, Vaa,
and inevitably induced Oy) that unintentionally induced
during the growth. It can be seen from Fig. 1 that the
formation energy of Oy is lower than those of Vy, Vai,
and Vg, in a wide range of Fermi energy. Therefore,
we investigate the effect of Oy on the Fermi energy of
Alp25Gag75N. The Fermi energy of Al ,5Gag 75N contain-
ing Oy is decided by Oy, VN, Vai, and Vg,. The formation
energy of Oy at various charge states are given by

AHy (On,0) = E(On,0) — E(Alg25Gag75N)
+ [un + EN)] — [no + E(O)]
AHy (On,+) = AHr (Ox,0) +€(0/+) — E, + EF. (6)

The concentrations of Oy in various charge states
[N(On,0) and N(Oy, +)] are calculated by Eq. (5). If there
are totally N(Oy) in Aly,5Gag 75N, we have

N(Ox) = N(Ox,0) + N(On, +). (7

With Egs. (5)«7), we have

N(On,0) = 2RO
(On,0) = 2 + ¢ e/ —Eg+EF)/kpgT’
N(Oy e[/ —Eg+EF1/kgT
N(On, +) = OV

2+e—[£(0/+)—Eg+EF]/kBT : (8)

By solving Egs. (1)~(5) and (8), we can get the Fermi
energy of Aly,sGag7sN as a function of the O concentra-
tion. As shown in Fig. 2, the Fermi energy of Alg25Gag 75N
distinctly increases with the increase of the O concentra-
tion. When the O concentration increases from 10'3 cm™—3
to 10%° cm™3, the Fermi energy raises from 2.25 to 3.88 eV
accordingly. Our result confirms that Oy causes auto n-
type doping in Al,Ga;-,N alloys.

C. Effect of F doping on the Fermi level of
Alp25Gag.sN

In this section, we take O concentrations of 10'3 cm™
and 10" cm™3 as examples to investigate the effect of fur-
ther F incorporation on the Fermi energy of Aly,sGag7sN.

3

4.0

3.8
3.6
3.4
3.2
3.0
2.8

Fermi energy (eV)

2.6
24

2.21013 1014 1015 1016 1017 1018 1019 1020

N(O) (cm™)

FIG. 2. The Fermi energy of Aly,5Gag7sN as a function of the
O concentration at 1400 K.

When the concentration of O is 10'3 cm—3, we can see from

Fig. 1 that the dominant defect configuration of F is F12\1+'
Therefore, we concentrate on the contributions of Fy, O,
VN, Val, and Vg, to the Fermi energy of Alj,5Gag7sN.
Due to the existence of Oy, there are Ny — Ngie—oy & Ny
possible sites left, where Ny and N0, are the number
of total N sites and Oy sites per volume, respectively. By
solving Egs. (1)+5), we get the maximum F concentra-
tion is as low as 4.40 x 10'! cm~> and the resulting Fermi
energy is 2.33 eV. The low concentration of F12\1+ is caused
by its high formation energy. Therefore, for Al,Ga;- N
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 10'° cm™3, we can see
from Fig. 1 that the dominant defect configuration of F is
F; . Therefore, we focus on the contributions of F;, Oy, Vy;,
Val, and Vg, to the Fermi energy of Alg,5Gag7sN. The
formation energy of F; in various charge states are given
by

AH; (F,,0) = E(F.,0) — E(host) — [y + E(F)],
AH; (F;, +) = AH; (F;,0) +€(0/+) — Eg + EF,
AH; (Fi, =) = AHf (F,0) + €(0/—) — E. )

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

N(F;) = N(F;,0) + N(F;, +) + N(F;,—).  (10)
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With Egs. (5), (9), and (10), we have

N(F,.0) = 16N(F;)
’ 16 + 4e~ 16O/ —Eg+Erl/ksT | Ao—[e(0/—)—Er]/ksT’
AN(F;)e 6O/ ) ~Eg+Er)/ksT
N +) = [ T TP B BT 1 4 0/ BT
4AN(F;)e~ 6O/ —EF]/ksT
N(Fi,—) =

16 + de—1eO/ D —E+EA1/ksT 1 4o 1e(0/)—Er1/ksT
(11)

By solving Egs. (1)+5) and (11), we can get the Fermi
energy of Alg,5Gag7sN as a function of the F concentra-
tion. As shown in Fig. 3(a), when the concentration of F
increases from 10°~10'® 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 10'® cm™3 to
10" cm™3, the Fermi energy decreases drastically from
3.71 to 2.22 eV. For Aly,5Gag7sN containing high con-
centration of O, positive charges mainly originate from
ionized Oy; while negative charges mainly derive from
thermally excited electrons (ny) [Fig. 3(b)]. When the con-
centration of F increases to the value larger than 10'® cm =3,
the population of F;” becomes comparable or even larger
than that of Of; or ng. The increase of the population for
F; gives rise to the decrease of the Fermi energy.

D. Effect of F on the performance of Al,Ga;-.N/GaN
HEMTs

In this section, we discuss the effect of F on the per-
formance of Al,Ga,-,N/GaN HEMTs, which depends on
both the conductivity of the Al,Ga;-,N layer and the con-
centration of F. For Al,Ga,-,N/GaN HEMTs with uninten-
tionally doped Al,Ga,-,N layer with well-controlled low
O concentration, F is incorporated as F'. The high forma-
tion energy of F§+ results in the low concentration of FZNJr
that changes neither the Fermi energy nor the shape for the
CB of'the Al,Ga,-,N layer. After F incorporation, the band
diagram of the Al,Ga;-,N/GaN heterostructure does not
change, as shown in Fig. 4(a). Therefore, the low concen-
tration of Ff\fr exerts negligible effect on the performance
of Al,Ga;-,N/GaN HEMTs.

For Al,Ga;-;N/GaN HEMTs with unintentionally
doped Al,Ga;-.N layer with high O concentration, the
Al Ga|N layer is n-type and F mainly presents as F; .
The concentration of F is the highest at the surface of the
Al,Ga N 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§ or ny in the Al,Ga;-,N layer. The Fermi
energy of the Al,Ga;-,N layer basically keeps the same
while the CB of the Al,Ga;_,N layer is raised because of
F; . The raise of the CB throughout the Al,Ga;- N layer
caused by F; is denoted by Rr. For the CB near the surface

(a) 40
38}
In 0 0
%‘ 3.6 .-
< 34}
> 3
g 3.2 -
c 30}
2 2.8: —{=Fermi energy
g I
o 26}
u 3
24}
22} £
20 [ PETT R TT RTT o R TT R PR TTo T BTTrs ErRTr e Erwrre ey
10° 10" 10" 10" 10" 10™ 10" 10" 10" 10" 10"
-3
N(F) (cm™)
(b) 10°f
i ——— —
~ 10°F
v 4
£ 10°F
< F
n 10"F
g 3
= 1012;_
] s
g. 10°F —"b—O;I
o - -
o 10k ——Va  ——V&
10°F ——Vy
104 'r 2 aaanl 2 and 2 sl 2ol 2anend 2 aaend 2 oosl 2 aoaeed o aned oo 40
10° 10" 10" 10" 10" 10™ 10" 10" 10" 10"™ 10"
-3
N(F) (cm™)
FIG. 3. (a) The Fermi energy of Aly,5Gag7sN with O con-

centration of 10' cm~> as a function of the F concentration at
1400 K. (b) In Aly,5Gag 75N with O concentration of 10" cm—3,
the populations of ny (green), po (pink), OF (magenta), oY
(cyan), V;f (black), VE: (red), VY, (blue), and F; (orange) as
functions of the F concentration at 1400 K.

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

For Al,Ga;.,N/GaN HEMTs with the unintentionally
doped Al,Ga;-,N layer with high O concentration, when
the concentration of incorporated F;” becomes higher, we
divide the Al,Ga;-,N layer into two regions to discuss the
effect of F on the performance of Al,Ga;-,N/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; throughout the Al,Ga;-N
layer raises the CB by Rp,,. 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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Al Ga, N GaN AlGa, N

GaN Al Ga, N GaN

FIG. 4. Schematic band diagram of the Al,Ga;-,N/GaN heterostructure with F doping where the Al,Ga;-,N 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 Al,Ga;-.N by AEr, which
raises the CB of H region by AEr. Therefore, we can con-
clude that the shift of Vy, results from Rp,,. The decrease
of the Fermi energy of the H region (—AEFr) 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 Algs5GagsN, and reveal the mecha-
nism for the change of the electronical performance of
Al,Ga;.,N/GaN HEMTs after F doping. We confirm that
O will dope GaN and Al,Ga;-,N alloys to be n-type. If O
is present in significant quantities in GaN and Al,Ga;_,N
alloys, it results in unintentional n-type conductivity. For
Aly»5Gag 75N with low O concentration, whose Fermi
level lies in the midgap, the dominant defect configuration
is F. The effect of low concentration of F5™ exerts neg-
ligible effect on the Fermi energy of Al,Ga;-,N and the
performance of the Al,Ga,;-,N/GaN HEMT. For n-type
Alg25Gag7sN with unintentionally induced O, when the
concentration of F is lower than that of Oy, the effect of
F; 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 Al,Ga;-.N decreases
rapidly with the increase of the F concentration. As to the
mechanism for the change of the electrical performance of
Al,Ga;.,N/GaN HEMTs after F doping, we find that the
positive shift of Vy, after F doping is only achievable for
Al,Ga;-,N/GaN HEMTs with the n-type Al,Ga;_,N 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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