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ABSTRACT: The influence of surface modifications on the
Schottky barrier height for gallium nitride semiconductor
devices is frequently underestimated or neglected in
investigations thereof. We show that a strong dependency of
Schottky barrier heights for nickel/aluminum−gallium nitride
(0001) contacts on the surface terminations exists: a linear
correlation of increasing barrier height with increasing
electronegativity of superficial adatoms is observed. The
negatively charged adatoms compete with the present nitrogen over the available gallium (or aluminum) orbital to form an
electrically improved surface termination. The resulting modification of the surface dipoles and hence polarization of the surface
termination causes observed band bending. Our findings suggest that the greatest Schottky barrier heights are achieved by
increasing the concentration of the most polarized fluorine−gallium (−aluminum) bonds at the surface. An increase in barrier
height from 0.7 to 1.1 eV after a 15% fluorine termination is obtained with ideality factors of 1.10 ± 0.05. The presence of surface
dipoles that are changing the surface energy is proven by the sessile drop method as the electronegativity difference and
polarization influences the contact angle. The extracted decrease in the Lifshitz−van-der-Waals component from 48.8 to 40.4 mJ/
m2 with increasing electronegativity and concentration of surface adatoms confirms the presence of increasing surface dipoles: as
the polarizability of equally charged anions decreases with increasing electronegativity, the diiodomethane contact angles increase
significantly from 14° up to 39° after the 15% fluorine termination. Therefore, a linear correlation between increasing anion
electronegativity of the (Al)GaN termination and total surface energy within a 95% confidence interval is obtained. Furthermore,
our results reveal a generally strong Lewis basicity of (Al)GaN surfaces explaining the high chemical inertness of the surfaces.
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■ INTRODUCTION

Gallium nitride (GaN) represents a promising wide bandgap
material1 for several high-power devices with fast switching
behavior, such as high electron mobility transistors (HEMTs)2

and heterojunction diodes. Due to their fast switching
performance rectifying metal−semiconductor Schottky contacts
are the typical choice for the gate. The potential energy
difference between the semiconductor electron affinity and the
metal work function that is seen by the carriers during
electronic transport is called Schottky barrier height (ΦSB).

3

Large and stable ΦSB values are often preferred causing an
increase in threshold voltage for HEMTs and a reduction in
Schottky leakage currents.
Several physical mechanisms4 are known to determine the

height of the Schottky barrier. For ideal, hence abrupt,
homogeneous, and defect-free rectifying metal−semiconductor
junctions, the theoretic Mott−Schottky model applies, where
the barrier height is given as the difference of semiconductor
electron affinity and metal work function. However, for nickel
(Ni) on GaN contacts, the surface barrier is reported to vary
between 0.56 and 1.09 eV.5 This is because real barrier heights
may be influenced by the presence of interface states that are
formed due to adatoms or interface structures.6 The presence
of heterogeneous adatoms can cause the formation of

adsorption-induced surface dipoles:7 as the dipole indicates
the direction of electronic charge transfer, it will increase or
decrease the ΦSB dependent on an increased or decreased
electronegativity differences between the semiconductor and
the adatom8 respectively.
Surface dipole changes are known to influence the general

wetting behavior of a solid−liquid−gas system.9 At the
equilibrium of such a wetting system, the Gibbs energy is at
its minimum and Young’s equation applies; thus the cosine of
the contact angle (θ) of a droplet on a solid relates to the
surface tension. Solely the termination of a solid, hence its 1−3
top atomic layers, are proposed to determine the free surface
energy.10 Adsorption of atoms that lead to surface modifica-
tions will influence the wetting behavior and therefore the free
surface energy of the GaN surface. The presence of increased
amounts of surface dipoles will increase the interaction with
polar solvents. AlxGa1−xN is found to have an improved wetting
behavior over GaN with increasing Al content (x) in
AlxGa1−xN.

11 This may be explained by an increased amount
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of Al2O3 at the surface which shows increased interaction with
the polar water droplets leading to greater wettability.
In this paper, we investigate surface termination modifica-

tions by sessile drop measurements and find that the increase in
surface energy is directly linked to the ΦSB of the surface.
Discussed surface modifications are all superficial and concern
only the top surface atomic layers of the semiconductor. We
provide an explanation why previously found surface
oxidation12 improves the ΦSB. Furthermore, we show that the
highest barrier is obtained by terminating the surface with the
most electronegative atom, fluorine, as pictured in Scheme 1.
Increasing the electronegativity difference between the metal
and the adatom induces an increased dipole as it causes
increased bond polarization. The increase of diiodomethane
contact angles and detailed surface energy investigations
support the presence of dipoles at the surface: due to the
polarization, the apolar dispersion forces decrease which is

reflected in the contact angles and further in the potential
barrier at the metal−semiconductor junction.

■ EXPERIMENTAL SECTION
The GaN (0001) and 20 nm Al0.22Ga0.78N on GaN (0001) on Si (111)
samples are grown following a metal−organic chemical vapor
deposition process. After the growth, all samples are cleaned in
aqueous 1% hydrochloric acid (HCl) at room temperature for 5 min,
rinsed with deionized water (d.i. H2O), dried in gaseous nitrogen (N2)
and stored in air until the analysis or processed further by one of the
seven sequences summarized in Table 1. All samples are subsequently
analyzed between 30 and 45 min after the preparation by Auger
electron spectroscopy, atomic force microscopy, contact angle
measurements, and current−voltage measurements.

Using Auger electron spectroscopy (AES) on a Physical Electronics
PHI-4700 at 5000 eV and 2 nA surface atomic changes of the samples
are compared. Atomic force microscopy (AFM) roughness measure-
ments are performed on a Veeco NanoScope Dimension TM 3100
with OTEPA tips in noncontact mode using the NanoScope SPM V5

Scheme 1. Schematic Illustration of Increased Ni/AlGaN Schottky Barrier Heights (eV) and Increasing Diiodomethane Contact
Angles (deg) on AlxGa1−xN Surfaces (x = 0.22) Due to Increasing Electronegativity of the Surface Termination: Nitride Rich (or
Low Carbon and Oxygen) over Oxygen Rich to Fluorine Rich Surfacesa

aThe deviation is due to a relative failure of 2−3° during contact angle measurements and surface atom concentrations; however, as there are no
overlying values, a systematic increase can clearly be obtained.

Table 1. Process Parameters for Processes A−G on GaN and AlGaN Surfaces

process A B C D E F G

media ref HCl/H2O2/ H2O (1:1:2) 3% HF/H2O BCl3/Cl2/O2 plasma O2 plasma CF4/O2 plasma NF3/N2 plasma
time [min] na 15 10 1 1.5 1.5 1.5
temp [°C] na 60 25 60 300 65 65
other storage N2 dry N2 dry 13 mTorr, 200 W 0.7 Torr, 700 W 0.9 Torr, 800 W 0.9 Torr, 800 W

Figure 1. 3 μm × 3 μm AFM images and roughness RMS values of AlGaN surfaces after all processes A−G. The dark spots represent threading
dislocations and are not etched by any processing but D: the roughness is slightly increased, and the typical surface terraces15 are not observed
anymore. For samples A−C and E−G, the surface morphology strongly depends on growth parameters and position of AFM needle rather than
process related changes.
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software for analysis. For each sample, process specific surface changes
are investigated but none observed due to the general high inertness13

of the material.
Values of the equilibrium contact angle (θ) are collected by

applying the sessile drop method on a manual Rame−́Hart Contact
Angle Goniometer at 21.4 ± 0.1 °C and 43.7% relative humidity.
Three droplets per sample of distilled H2O, diiodomethane (CH2I2),
formamide (HCONH2), and 2-methylpropan-1-ol (IBA; C4H9OH)
are applied on the sample surface and measured after 15 s to ensure
stability and reproducibility.14 By varying the CH2I2 droplet sizes
between 5 and 20 μL an absolute failure of 3.5° is observed;
nevertheless, a sample to sample variation for constant droplet sizes of
10 μL of ±2° for θ ≥ 10° and ±3° for θ < 10° is extracted, as with
greater wettability, placing of the tangent is more critical.
Surface morphology and composition influence both, contact

angle16 as well as current−voltage (I−V) measurements.17 Measure-
ment conditions close to ideal surfaces have to be ensured to allow
correct interpretation: the Al content is constant and GaN and AlGaN
(0001) surfaces are known to be chemically inert and rigid.18 AlGaN
surfaces before and after processes A−G are shown in Figure 1. The
roughness root-mean-square (RMS) values are extracted from these
AFM images, varying between 0.44 ± 0.04 nm. Only process D
changed the surface morphology by slightly etching the surface but did
not show a significant increase in surface roughness. The same surface
pattern is observed for GaN surfaces, where typical roughness values of
0.34 ± 0.03 nm are collected. In addition to being smooth,15 a circular
top view was seen for all droplets on each surface, proving chemical
homogeneity.17

For I−V measurements, 100 nm Ni and 200 nm Au are evaporated
on the AlGaN surface with a contact area of 1.96 × 10−3 cm2. The
evaporation through a noncontact shadow mask ensures surface

stability after each surface treatment A−G. During deposition at 2.0 ×
10−6 Torr the samples heat up to 70 ± 5 °C wherefore adsorbed water
can evaporate. A Hewlett-Packard 4142B is used to measure I−V in
the range from −10 to +5 V.

■ RESULTS

Figure 2a shows AES results after treatments A−G. As obtained
from the AES data, none of the applied surface treatments
influences the superficial Ga concentration of 42 ± 3 at%. The
detectable N concentration varies between 18% and 37% as N
is competing with the other electronegative atoms for the
available Ga binding sites. The protruding inertness toward
chemical surface modifications arises from the structural
configuration: the gallium (Ga) atom shares three of its
valence orbitals with three underlying nitrogen (N) atoms and
only one Ga valence orbital is oriented toward the surface.19 In
combination with its electron configuration20 this makes the Ga
Lewis acidic, however the attack for Lewis bases is still rather
difficult due to repulsion forces from the surrounding negatively
charged N atom.21 Electrochemical analysis22 shows a high
selectivity for anions to Ga with especially halogens being
predicted to bind strongly to AlN or GaN surfaces.23

Bermudez24 showed for example that fluorine from XeF2
plasma is found to cover GaN (0001) surfaces with 67%
monolayer coverage by binding to the metal atom exclusively.
Additionally, it is know that GaN (0001) surfaces terminate
metal rich25 and that the atomic charge at the surface is 0.691
for the Ga opposed to −1.382 for the N atom.21 Other

Figure 2. (a) AES spectra of GaN surfaces after processes A−G with accuracies between 85 and 90% for given measurement conditions. The
chlorine peak after HCl clean corresponds to only 0.3%, after BCl3 about 1% coverage. Carbon is systematically found on every sample but is not
respected in the summarized (b) superficial anion concentrations (O, N, Cl, and F) as they are competing for the Ga bond. (c) Surface modifications
lead to changes in surface-electronegativities and are compared to the theoretical Ga−N surface with χGa,N = 5.42.
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electronegative species should therefore substitute the N, hence
the concentrations of negatively charged atoms can be added
up to reach about 44 ± 2 at%.
From the AFM (Figure 1) no indication of material

deposition or removal is seen which could influence the
analysis. Chemical reactions are generally preferred at threading
dislocations, grain boundaries,26 or semipolar/nonpolar27

planes rather than the (0001) surface, thus any reaction will
show its influence in the form of the threading dislocations.
Consequently, no surface etching can be seen for surfaces with
treatments A−C and E−G. The chlorine from BCl3/Cl2 (D)
does form a thermodynamically stable etch product with the
group-XIII metal, such as GaCl3(g) or GaCl(g), and AlCl3(g)
representing exothermic reactions and desorption of etch
products for temperatures above 90 °C.28,29 As a result the
surface was slightly etched and the highest surface RMS of 0.48
nm was obtained. Nevertheless, due to the high chlorine affinity
of the AlGaN surface, a residual 1% Cl remains at the surface.
Additionally tested surface bromination results in a highly
hygroscopic GaBr3

30 termination which was too reactive in
experimental conditions. In contrary, fluorine forms a stable
Ga−F (or Al−F) bond with ΔHf

0 = 577 kJ/mol or even 664 kJ/
mol for Al−F31 and desorption is suggested to occur only
above T > 500 °C. From additional XPS analysis (not shown)
no indication is found that O, Cl, or F is bound to N but
exclusively to the metal atom, nor deposition of Teflon-like C−
F surface species. A process sequence of CF4 (or NF3) plasma
(G or H) followed by a wet clean (B or C) removes all
superficial metal-F bonds and results in a surface as after only B
or C measured by AES. Due to the substitution of superficial N
atoms by other electronegative atoms namely fluoride, chloride,
hydroxide, or oxide, a comparison of electronegativity differ-
ences between the surface terminations after process A−G is
given in Figure 2c.
All anions competing for the available metal orbitals are

influencing the surface dipoles. In surface-science approaches
the Miedema32 electronegativity of metals are often used to
explain ΦSB dependencies.

18 The electronegativity is important
for the estimation of polarization especially if the created
polarization is influencing present dipoles as we will discuss
below. The Miedema electronegativities and their differences
(Δχ) of compounds (χA,B = (χA × χB)

1/2; χGa,N = 5.42) is used

to compare the modified surfaces to the ideal 50% Ga−N
surface. They are calculated by summing up the atomic density
of each Ga-anion pair (Figure 2b) and normalizing the resulting
anion concentration to 100% as every anion is bound to a metal
atom. We find that carbon is present on every surface between
6% and 12%. However, carbon is not taken into account for any
calculation as it can bind to both, Ga and N.33 A high relative
surface electronegativity difference (Δχ) is for instance induced
by a high concentration of superficial Ga−F (χGa,F = 6.11)
bonds. The fluorine plasma treatment (F) covers up to 15% of
the surface. Adding 12% Ga−O (χGa,O = 5.72) and 19% Ga−N
(χGa,N = 5.42) and subsequently normalizing the 46% to 100%
results in a relative surface electronegativity difference Δχ(F) =
+0.31 compared to the theoretical Ga−N surface. The wet
chemical surface treatments B and C lead to the lowest oxygen
concentrations, and highest amounts of Ga−N bonds; thus the
lowest relative surface Δχ(C) = +0.01 is achieved; see Figure 2c.
The O2 (E) process leads to the highest extend of Ga−O bonds
and the third highest relative surface Δχ(E) = +0.21. Although
the BCl3 plasma etches the surfaces slightly, some Ga−Cl
(χGa,Cl = 5.51) remains at the surface (1%) hence the relative
surface Δχ(D) = +0.12 is not much increased compared to A, B,
or C. An increasing Al content will increase the Δχ because of
its lower electronegativity compared to Ga; hence the size of
the dipoles at the surface will increase which increases the
interaction with polar solvents. The ideal Al0.22Ga0.78N surface
has a χAl,Ga,N = 5.37 and the same calculation is done by
assuming the anions are statistically equally bound to metal.
The results of equilibrium θ values for H2O and CH2I2 on

GaN and AlGaN surfaces are collected in Figure 3. A generally
high hydrophilicity of the surfaces is represented by θH2O of
below 10°. Only the surface as received (A) and HCl and HF
cleaned (B, C) reach θH2O above 10°. Especially the reference
surface is probably influenced by adsorbents from the air, as the
carbon concentration of 12% (A, reference after storage) is the
highest of all samples, showing 6−8% for all other samples from
the AES spectra. However, due to the increased relative error of
applying a tangent at θ < 10°, the θCH2I2 is the most significant
for (Al)GaN investigations. It is the most sensitive to the
relevant surface termination changes: the θ difference (Δθ)
after each process A−G in respect to A of the group-III-nitride
surfaces is represented in Figure 3 (column). The exceptionally

Figure 3. Equilibrium contact angles (CA) collected on GaN or AlGaN surfaces from diiodomethane and water at 21.4 °C after 15 s (scatter, right
ordinate). The difference in averaged angles is plotted in the boxplot (left ordinate).
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high θCH2I2 after the fluorine plasma is surprisingly stable over
time and easily reversed with an aqueous clean as no fluorine
can be detected in AES afterward. Furthermore, the θCH2I2
values return to 10−18°, thus the same as after any wet
(aqueous) clean (B or C) only.
ΔθH2O and ΔθCH2I2 generally follow opposed trends with

exception of the sample A, because it is the most contaminated
as discussed above. As expected, the AlGaN surfaces possess
greater hydrophilicity compared to GaN due to a greater
affinity of the aluminum toward oxygen; hence a higher amount
of superficial Al−O bonds is present leading to an increased
hydrogen bond interaction with water.34 The strongly
monopolar formamide also interacts with hydrogen bonds,
although it is more sensitive to electron acceptors; additionally,
its lower surface tension leads to a good wettability for all
surfaces with 3° < θHCONH2 < 10° (not shown). The contact
angle results reveal a dependence of the θCH2I2 with the surface
termination of GaN and AlGaN, as discussed below.
Figure 4 shows the Schottky barrier heights (ΦSB) for the

surfaces after processes A−G. They are calculated from I−V

data following the Richardson6 approach, eqs 1 and 2. For the
heterostructure samples, the product of Richardson constant
(Ar = 24 A/cm2 K2) and the square of the temperature (T2, T =
300 K) as well as Boltzmann constant (k) and the area of the
Ni contact (A) are constant. The calculated ΦSB correspond to
zero electric field for the prepared Ni contacts on the AlGaN
samples.

= −
Φ
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The ΦSB increases from around 0.7 eV for the surfaces as
received, cleans and samples with generally high surface N
concentrations A to C to approximately 0.9 eV for lower
surface N concentrations (E), and further to 1.1 eV for the
fluorine plasma processes F and G (Figure 4). The ideality
factor (n) lies between 1.1 and 1.5 for all calculated barrier
heights. For the reason that the AlGaN surface was etched with
the chlorine (D), we do not compare the ΦSB with the other
processes as a clear differentiation of surface morphological and
termination influences cannot be ensured. The Al fraction (x)
of AlxGa1−xN

35 as well as the surface morphology13 are
commonly discussed to have an influence on the barrier height.
Nevertheless, the results show that a variation of ΦSB for
comparable surface morphologies and x = 22, depending on the
surface termination is given. The highest ΦSB is obtained after
the fluorine termination. This mechanism is fundamentally
different from the one observed after fluoride implantation into
the AlGaN barrier,36 where negative charges in the barrier are
responsible to increase the potential within the barrier and thus
reduce the leakage currents.

■ DISCUSSION

The atomistic investigation by AES of the surface on its own is
not necessarily proving an increase in surface dipoles or
polarization because the termination does not necessarily
influence present potential barrier height solely by adsorbates.
The direction of the established dipole has to increase or
decrease the already present dipole to have an influence.
Therefore, a more detailed analysis of surface energies by the
sessile drop method is performed. Both, the contact angles and
the barrier height, are seen to follow a trend with the surface
termination. Only the sample as-received behaves slightly
differently during sessile drop measurements compared to the
trend seen by I−V analysis (Figures 3 and 4): the resulting ΦSB
is comparable to the values collected after wet-cleaning of the
(Al)GaN surfaces (B/C) whereas the contact angles are more
comparable to the oxidized surfaces. We assume that this is due
to unstable adsorbates at the surface, such as water, that
evaporate before Ni deposition in given conditions. All other
surface preparations are more stable against air and in
experimental conditions; a more detailed analysis is given
elsewhere.37

From the contact angle results, a trend of increasing θCH2I2
with increasing Δχ can be derived. More detailed analysis
reveals the surface energy components using the van Oss’s
model38 (eq 3). The solid surface energy (γs) is divided into
monopolar γs

+ and γs
− as well as apolar Lifshitz−van-der-Waals

(γs
LW) components. Three solvents with known liquid surface

energies (γl
±/LW) are needed for the evaluation, preferably of

polar, monopolar, and apolar character.38

Figure 4. Extracted average Schottky barrier heights (left abscissa) of
differently terminated surfaces after processes A−G; the BCl3 (D)
etches the surface wherefore the influences on the barrier height might
not only be due to termination but also morphological changes. The
ideality factor (n; right abscissa) varies between 1.1 and 1.5 for all
samples.

Table 2. Surface Energy γ Components by the van Oss Approach38 after Processes A−Ga

[mJ m−2] ref (A) HCl (B) HF (C) BCl3 (D) O2 (E) CF4 (F) NF3 (G) AlGaN (B) AlGaN (F)

γs
LW 47.5 48.8 48.8 48.8 46.0 40.4 40.4 44.0 42.0
γs
+ 0.5 0.3 0.3 0.3 0.5 1.3 1.3 0.2 1.0
γs
− 46.9 53.2 53.2 54.2 55.5 54.7 54.7 53.6 55.2
γs
AB 9.2 7.4 7.4 7.5 10.1 16.6 16.6 7.2 14.7
γs
Ges 56.7 56.1 56.2 56.3 56.1 57.0 57.0 51.2 56.7

aWith decreasing Lifshitz−van-der-Waals (LW) components, the acid−base (AB) component increases. Sample A has the highest carbon and
increased oxygen at the surface. The main influences arise from the interaction with formamide and water. Two AlGaN surfaces, after clean (B) and
fluorine (F) are given as examples.
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γ θ γ γ γ γ γ γ+ = + ++ − − +(1 cos ) 2( )1 s
LW

l
LW

s l s l (3)

From Table 2, a clear trend is seen of increasing surface energy
values with both, increasing O and increasing halogen
concentrations as given in Figure 2. Additionally, it emerges
that the apolar Lifshitz−van-der-Waals components are
dominant over polar interactions. Because the Ga−N surface
itself is a very polar surface with an ionic character of the
covalent bond of about 70%39 the high Lifshitz−van-der-Waals
component can be attributed to the polarizable surface
termination which is susceptive to dispersion forces. During
the adsorption process the dispersion is high if the molecules or
atoms show a greater interaction with the surface than among
each other. A dominant relative Lewis base polarity (γs

−) is
found for all (Al)GaN surfaces, indicating that the surface is
exclusively an electron donor. This monopolar surface behavior
may be the result of intrinsic polarization fields and can explain
why (Al)GaN (0001) surfaces cannot easily be wet-etched as it
is commonly observed:40 as the surface repels nucleophiles, a
charge compensation by cations is needed. Such a mechanism is
explained in ref.41 Due to the fact that the surface terminates
metal-rich,42 Lewis acids will not attack the (Al)GaN surface
easily neither. Additionally, the high polar behavior is the
explanation why the monopolar solvents such as water and
formamide wetten all samples similarly: they interact with the
polar (Al)GaN surface.
From both, the θCH2I2 (Figure 3) and ΦSB (Figure 4) results

it is clear that the F plasma treatments (F,G) show a
significantly different feature than all other samples. The
explanation is given in the surface energy components: The
fluorine termination slightly lowers the monopolarity by
increasing γ(F)

+ to 1.3 mJ/m2; but more importantly, γs
−

increases from 47 to 55 mJ/m2. Therefore, an increase in
surface polarity is seen that arises from the more electro-
negative termination. This polarization is very stable because
anions with equal negative charge are less polarizable the higher
the electronegativity of the respective atoms. The increase in
polarization is measured by I−V because the potential barrier
for electrons increases accordingly. Moreover, the decrease of
γs
LW by approximately 8 mJ/m2 over Δχ affirms the lowered
polarization potential. Both, the increase of polar and decrease
of dispersion forces lead to the increased wettability of water

and decreased interaction with the apolar diiodomethane. As
the θCH2I2 further increases from 14° to 35° for GaN surfaces
with increasing dipole momentum and decreasing polarizability
between Ga−N < Ga−Cl < Ga−O < Ga−F, the θCH2I2 are
suggested to be most sensitive for investigations of (Al)GaN
surface terminations.
Figure 5 correlates the γs

LW of the surface energy with Δχ
supporting the discussed trend of decreasing apolar interaction.
Furthermore, the adatom electronegativity of the surface
termination is seen to have a strong dependence on the ΦSB;
the correlation with the Δχ is also given in Figure 5 (left
abscissa).
The increase of ionicity of the covalent bond is dependent on

the electronegativity of the adatom, following Pauling6 and his
proposal of partially ionized covalent bonds. The adatom
electronegativity increases the polarization energy of the
semiconductor surface due to a greater gap between the
highest occupied and the lowest unoccupied orbital.43 This
increased ionization energy is responsible for the adatom-
induced surface dipole shift in electronic charge17 to the
potential barrier. Most commonly, electronegativities of metals
are correlated to the barrier height.6 Our results show that the
exchange of superficial nitrogen to anions with higher
electronegativity, such as fluoride, hydroxide (oxide) or
chloride, significantly increases experimentally obtained ΦSB
values. Therefore, it becomes clear how previously found
surface anneal12 improves the ΦSB when increasing the amount
and value of interfacial dipoles. The increase of Schottky diode
characteristics including the barrier height, which is seen after
the tetramethylammonium hydroxide,13 is however more likely
to be related to the smoothening of the GaN surfaces rather
than the oxide removal.
A similar dependence on adatoms has been shown on GaAs

(110) by the highly electronegative Cl and very low
electronegative Cs adatoms on the surfaces finding an adatom
dependent wave function tailoring into the semiconductor
bandgap.41 We suggest an even more sensitive correlation
between ΦSB and adatoms with anion character, thus a strong
dependence on the dipole strength as well as concentration of
adatoms. The refined and systematic increase of adatoms
concentrations with increasing electronegativity is accom-
plished with surface treatments A−G. Fluorine, as the most
electronegative atom, consequently leads to the greatest surface

Figure 5. Correlation plot of the AlGaN and GaN surface electronegativity with the Schottky barrier height (SBH) and Lifschitz−van-der-Waals-
component of surface energy in a 95% confidence interval. The surface energy values from Table 2 are extended by values for AlGaN surfaces after
all processes A−G. For an additional ΦSB value an AlGaN termination with 10% O, 9% F, and 24% N is added to get a medium χ value of 5.57. The
correlation coefficients C are C(Φ) = 0.939 with σ = 0.17 and C(γLW) = 0.851 with σ = 3.35.
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induced dipoles, hence the highest shift in the dipole charge
within the adatom−substrate bonds and thus the highest
potential barrier. Moreover, the barrier height might improve
further if a (1 × 1) reconstruction with a complete monolayer
of fluorine is achieved. Given correlation with the diiodo-
methane contact angles enables a cheap and fast method to
evaluate and estimate Schottky barrier behavior.

■ CONCLUSION
The results show that for comparable AlGaN surfaces and
metal work function, a significantly improved Schottky barrier
height due to increased amounts of electronegative surface
adatoms is achieved. Due to increasing anion electronegativity
from N over O to F the adsorbate-induced surface dipole
increases with increasing concentration of the latter. The
established dipole leads to a band bending and an increased
barrier height is measured. Choosing the most electronegative
atom, fluorine, an improvement of Schottky barrier height from
0.7 to 1.1 eV could be achieved. The dipole changes are
established by contact angle measurements: due to the higher
polarization potential of anions with the same negative charge
with increasing electronegativity, the Lifshitz−van-der-Waals
component decreases at the same time as the polar surface
energy component increases. Therefore, a more polarized
nonetheless more stable dipole is created at the surface.
Especially solvents with higher dispersion forces such as
diiodomethane respond sensitively to such surface modifica-
tions with contact angles increasing from 14° for high nitride
rich up to 39° for fluoride-rich surface terminations.
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