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Abstract Photoelectron spectroscopy has been employed
to analyze the content and chemical states of the elements
on the surface of AIN films with different thickness, which
are synthesized by metalorganic chemical vapor deposition
on the n-type SiC substrates under low pressure. It is found
that, besides the carbon and gallium on the AIN surface, the
atom percentage of surface oxygen increases from 4.9 to
8.4, and the electron affinity also increases from 0.36 to
0.97 eV, when the thickness of AIN films increase from 50
to 400 nm. Furthermore, accompanying with the high-
resolution XPS spectra of the O 1s, it is speculated that
surface oxygen may be the major influence on the electron
affinity, where the surface oxygen changes the surface
chemical states through replacing N to form Al-O bond
and Ga—O bond, although there are also a few of Ga and C
contaminations in the chemical sate of Ga—O and C-C,
respectively.
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1 Introduction

As a representative of IIl-nitrides, AIN is one of the suit-
able candidates for electronic and optoelectronic applica-
tions owing to its unique physical and chemical properties
[1, 2], in the fields of UV detectors [3, 4], lasers [5], power
electrons [6-8], intersubband transitions for telecommuni-
cation [9], surface acoustic waves [10] and hetero-structure
field-effect transistors [11, 12]. Especially, since Benjamin
[13] suggested a negative electron affinity (NEA) of AIN
film through ultraviolet photoelectron spectroscopy (UPS),
which was grown on 6H-SiC substrate by molecular beam
epitaxy (MBE), the interest in field-emission (FE) appli-
cations of AIN film presented a significant rise, even there
were some disputations on the value of its electron affinity
[14-16]. The materials with NEA can be applied on vac-
uum microelectronic devices as a cold cathode, such as
field-emission displays and micro-vacuum-tubes [14-19],
where electrons can be freely extracted from the surface of
the cold cathode materials and then escape into the vacuum
environment, thus a large field-emission (FE) current and a
low turn-on voltage can be obtained.

However, the electron affinity of cathode materials is
closely related to the kinds of materials, surface polarity
and surface states. Especially, for the AIN film, it is noted
that residual impurities is easy to be incorporated during
material growth or to form a passive oxide layer while it is
exposed into air [20, 21]. In addition, it is reported that
oxygen can increase the difficult of doping remarkably and
change the Femi level, where the oxygen acts as a com-
pensating defect and introduces deep localized acceptor
states (DX centers) [22-24]. On the other hand, X-ray
photoelectron spectroscopy (XPS) is an excellent way to
characterize the surface feature of semiconductors [24-27]
or the interface of alloys [28], by which the content and
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chemical states can be investigated directly. In this study,
combining the X-ray photoelectron spectroscopy (XPS)
measurements with the ultraviolet photoelectron spec-
troscopy (UPS) analysis, the influence of surface oxygen
on the electron affinity has been investigated in detail, and
it is assumed that surface oxygen atoms change the surface
chemical state by replacing nitrogen atoms to form Al-O
bond and Ga—O bond and affect the electron affinity of AIN
film.

2 Experimental details

The samples used in this work were Si-doped AIN films
with thickness of 50, 200 and 400 nm, which were grown
directly on the n-type (001) 6H-SiC substrates at 1100 °C
by metalorganic chemical vapor deposition (MOCVD)
under a low pressure of 30 Torr. A heterogeneous SiC
substrate is preferred to be employed due to two reasons.
Firstly, their close lattice constant of about 3.1 A and
thermal expansion coefficients of around 4.2 x 107° K™
would benefit to the crystal quality of AIN layers. The
second reason is that growing a layer of AIN on a semi-
conducting (n-type) SiC substrate can lower the difficulty
in the XPS and UPS measurement resulted from the poor
conductive of AIN material. The precursors of Al, N and
Si were trimethylaluminum (TMA), ammonia (NH3) and
SiH,, respectively. The thickness of the AIN layer is
controlled through the growth time, and the AIN samples
with thickness of 50, 200 and 400 nm are named as
sample A, B and C, respectively. In addition, the Si-
doping concentration is semi-quantitatively estimated to
be in the order of 10'®~10'" cm™ according to an un-
calibrated second ion mass spectroscopy (SIMS)
measurement.

Before carrying out photoelectron spectroscopy mea-
surements, these samples were cut into tablets with size of
about 1 x 1 cm? and then surface treatment were taken
carefully with acetone, alcohol, deionized water and dilute
hydrochloric acid. The tablet of AIN film was mounted on
a stainless steel sample holder with a copper clip in an
ultra-high-vacuum system while performing the UPS and
XPS measurements (ESCALab 250Xi). The content of
different elements were obtained by XPS with a
monochromatic Al Ko radiation of 1486.6 eV operated at
250 W, whose energy resolution was around 0.6 eV, and
the base pressure in the chamber was about 2 x 107°
mbar. The binding energies were calibrated by referencing
the C 1s core line at 284.8 eV of the hydrocarbon. Mean-
while, when taking UPS measurement, a helium gas dis-
charge lamp was employed as the ultraviolet light source
and the helium pressure in the chamber was about
2 x 107% mbar. In addition, the electron affinity (y) of
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AIN samples can be determined through UPS spectrum as
following expression:

1=hv—W—E, (1)

where hv, W and E, are the photon energy (He I, 21.2 eV),
width of UPS spectrum and band gap of AIN (6.2 eV),
respectively. Here, the width W is derived from the onset of
the low kinetic energy limit to the end of the high kinetic
energy limit in the UPS spectrum, corresponding to the
energy of inelastic secondary electron cutoff (E.y.of) and
the valence band maximum (Eygy), respectively.

3 Results and discussion

XPS survey scans were employed firstly to analysis the
elemental composition, before taking UPS measurement.
As shown in Fig. 1, the results of the XPS survey of
Sample A, B and C reveal that the surface of these three
AIN samples are composed of the Ga, Al, C, N and O.
However, the XPS spectra could not reveal Si dopant,
because there was a strong interference between the Si 2p
peak and the energy loss peak of Al, and also the amount of
Si dopant is much lower compared with the content of Al.
In addition, the AIN samples may also contain hydrogen;
however, it cannot be detected by XPS because of its small
atomic number value and small photo-ionization cross
section. High-resolution narrow scans of Ga 3d, Al 2p, C
1s, N 1s and O 1s peaks were taken to obtain their content,
and the results are shown in Table 1, and the content of
different elements are expressed by the values of atom
percentage.

For Sample A, besides the Al and N, with high atom
percentage of 41.8 and 33.6, respectively, there are also
Ga, O and C on its surface, with atom percentages of 2,
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Fig. 1 XPS survey spectra of AIN films
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Table 1 XPS quantification of
elemental composition on AIN
film surface

Sample A B C

Atomic percentage (%)

Ga 2 1.2 0.9
Al 418 41.1 396
C 177 139 225
N 336 384 286
O 4.9 54 8.4

17.7 and 4.9, respectively. For the Sample B, in addition to
the Al of 41.1 % and N of 38.4 %, Ga, O and C also exist
on its surface, with atom percentages of 1.2, 13.9 and 5.4,
respectively. Meanwhile, for Sample C, in addition to the
Al of 39.6 % and N of 28.6 %, Ga, O and C also exist on
its surface, with atom percentages of 0.9, 22.5 and 8.4,
respectively.

It is noted that the surface oxygen may come from two
sources, i.e., surface oxidation and incorporation during
growing. First, due to its readily oxidizable character,
surface oxidation of AIN material is a frequent occurrence
indeed [20, 21]. On the other hand, oxygen may also be
induced during growth proved by Kakanakova-Georgieva
[24] and Kuech [25]. In brief, they demonstrated that the
incorporation of oxygen in Al-containing alloys, such as
AlGaN and AlGaAs crystallinity, were attributed to the
ready reaction between the trimethylaluminum precursor
and oxygen in the gas stream where Al(CH3),CH;OH
product can be formed.

It is also observed that there is always Ga for these three
AIN samples. In the research of properties of the InAIN
layers grown by MOCVD, Kim [29], Choi [30] and Zhou
[31] reported that the Ga contamination should result from
the inter-diffusion among reactor walls, susceptor and/or
showerhead. Thus, in a similar way, it is suspected that the
Ga impurity is more likely to be introduced into the sam-
ples due to its high growth temperature of 1100 °C and the
incompletely clean vacuum chamber of the MOCVD sys-
tem, where Ga could become a residual impurity after GaN
or GaAs film growth in the same system. On the other
hand, we suspect that Ga impurity may comes from the
incompletely clean vacuum chamber of our MOCVD sys-
tem, in which Ga may become a residual impurity after
GaN or GaAs film growth in the same system. In addition,
the atom percentage of C on the AIN surface is much larger
than that of Ga and O, which will be explained further in
the following text.

To investigate the influence of surface impurities on the
electron affinity of these three AIN samples, the UPS
analysis was taken to obtain the electron affinity. A —10 V
bias was employed when taking the UPS measurements,
which can avoid the spectrometer’s work function effect
and make the UPS spectra structure clearer. It is noted that
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Fig. 2 UV photoemission spectra of AIN films

these UPS spectra present an intense and narrow emission
peak at the low kinetic energy end of photoemission
spectra, which was also found by Weide et al. [32, 33]
when they studied the electron affinity of C (1000) and was
assigned to the negative electron affinity (NEA). Then, Wu
and Kahn [15] reported that this peak was owing to the
huge secondary electrons thermalized to conduction band
minimum at the surface instead of NEA.

For our samples, all the values of the electron affinity is
obtained through Eq. (1), and the width W of the UPS
spectra in Fig. 2 was obtained first by using a linear
extrapolation to determine the inelastic secondary electron
cutoff (E.uoff) and the valence band maximum (Eyvgm),
which is marked with arrow in the UPS spectra. Then,
combining with the band gap (E,) of AIN as 6.2 eV and the
photon energy (hv) of 21.2 eV, the electron affinity (y) was
obtained through the Eq. (1), which is 0.36, 0.58, 0.97 eV
for Sample A, B and C, respectively. It is noted that the
electron affinity for our AIN simples is positive and the
value of the electron affinity shows an increase with
thickness increasing.

For the band gap (E,) of AIN, Motamedi and Cadien
[34] proposed that the optical band gap of AIN film
depends on the film thickness, when they investigated the
structural and optical characterization of low-temperature
ALD (atomic layer deposition) crystalline AIN. On one
side, the band gap increases as the thickness increases from
4 to 16 nm. Meanwhile, it is also demonstrated that, for a
wider range of thicknesses, i.e., more than 15 nm, the value
of the band gap levels off at the bulk value with a range of
0.04 eV. For our samples used in this manuscript, the film
thickness is more than 50 nm, and the difference of the
electron affinity is in the order of 0.2 eV. Thus, it is sug-
gested that the influence of the thickness on the band gap of
our AIN samples may be slightly and the value of electron
affinity should be reliable.

@ Springer



789 Page 4 of 7

F. Liang et al.

As shown in Fig. 3 in detail, the value of electron
affinity, i.e., 0.36, 0.58 and 0.97 eV, and the atom per-
centage of surface oxygen, i.e., 4.9, 5.4 and 8.4 % for the
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Fig. 3 Electron affinity and content of surface O for sample A, B
and C
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50, 200 and 400 nm-thick AIN samples, respectively, show
an increase with increasing thickness. It is reported that an
exposure of GaN material to O, was sufficient to remove
the surface states near the band edges, which could lead to
an increase for electron affinity [35]. In addition, Wu et al.
[36] demonstrated that the surface O would lead to a bend
upward for the conduction band of a-Fe,O3 nanoflakes and
then an increase of the surface work function. To some
degree, it is speculated that the increase of surface O
contamination may have an influence on the electron
affinity. Therefore, the high-resolution XPS spectra of O,
Ga and C were taken to investigate surface chemical state.

Figure 4a shows that the main peaks of O 1s are almost
located at near 532 eV, which could be decomposed with
three sub-peaks, i.e., three chemical states. In detail, in
Fig. 4b, for Sample A, the spectrum of O 1s can be fitted at
binding energies of 530.76, 531.83 and 532.82 eV. In
Fig. 4c, for Sample B, it can be fitted with three sub-peaks
at binding energies of 530.23, 531.61 and 532.62 eV. In
Fig. 4d, for Sample C, the O 1s core level can be also
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Fig. 4 High-resolution XPS spectra of the O 1s for Sample A, B and C. All the red dash lines, triangle-lines, black solid squares and black solid
lines are the fitting curves, decomposed curves (i.e. sub-peaks), original XPS data and background data, respectively
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Table 2 Atomic percentage of
O and Ga in different chemical
states

Sample A B C

Atomic percentage (at.%)

(¢}
Ga-O 164 79 17.1
Al-O 402 512 448
c-0 434 409 38.1
Ga
Ga-Ga 372 57.6 53.7
Ga-O 6283 424 463
(¢}
c-C 984 96.1 98.7
Cc-0 1.6 39 13

decomposed at binding energies of 530.51, 531.72 and
532.73 eV. In summary, the sub-peaks around 530.6, 531.8
and 532.8 eV are assigned to Ga—O bond [37, 38], AI-O
bond [39, 40] and C-O bond, respectively, which indicates
that most of O atoms replace the N and bind with Al or Ga

(a) High-resolution XPS spectra of the Ga 3d
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in AlI-O or Ga-O bond. The atomic percentage of these
three chemical states is shown in Table 2. It demonstrates
that the chemical states of AIN surface has been changed
by the surface O contamination. Benjamin et al. [13]
reported that the surface O may affect the surface structure
and termination of the AIN and then lead to a change of the
electron affinity related features in UPS spectra. Mean-
while, Martin et al. [41, 42] had also demonstrated that
oxygen contamination at their samples might have an
influence on the electron affinity, where the absorbed
oxygen is found to increase the ionization energy and thus
change the electron affinity of AIN and AlGaN. Therefore,
for our three AIN samples, the electron affinity may be
mainly influenced by the surface oxygen, which change the
surface composition and chemical state through forming
into Al-O bond and Ga—O bond, where the electron affinity
shows an increase when the amount of oxygen increasing.

Besides the oxygen, the chemical state of Ga is also
explored. In Fig. 5a, the high-resolution XPS spectra of the
Ga 3d indicate that there may be different chemical states.

(b) Ga 3d of Sample A
&— Ga-Ga
—&— Ga-0

4x10° 4

3x10° 4

2x10° 4

1x10° 4

Intensity (counts/second)

16 18 20 22
Binding energy (eV)

14

2.5x10°

(d) Ga3dof Sample C

Ga-Ga

2.0x1 03 i + Ga-0O P g

Intensity (counts/second)

T T T T T T T T T

18
Binding energy (eV)

20 22

Fig. 5 High-resolution XPS spectra of the Ga 3d for Sample A, B and C. All the red dash lines, triangle-lines, black solid squares and black
solid lines are the fitting curves, decomposed curves (i.e. sub-peaks), original XPS data and background data, respectively
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(a) High-resolution XPS spectra of the C 1s
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Fig. 6 High-resolution XPS spectra of the C 1s for Sample A, B and C. All the red dash lines, triangle-lines, black solid squares and black solid
lines are the fitting curves, decomposed curves (i.e. sub-peaks), original XPS data and background data, respectively

In Fig. 5b, for Sample A, the Ga 3d spectrum can be fitted
with two sub-peaks at the binding energies of 17.28 and
20.01 eV, respectively. In Fig. 5c, for Sample B, it also can
be decomposed with two sub-peaks at the binding energies
of 17.1 and 19.72 eV, respectively. In Fig. 5d, for Sample
C, it can be decomposed with two sub-peaks at the binding
energies of 17.38 and 19.96 eV, respectively. In Fig. 5b—d,
the chemical states at the binding energy of around 17 eV
and about 20 eV are assigned to Ga—Ga band [43] and Ga—
O bond [44], respectively. All the atomic percentage of
these chemical states is shown in Table 2. However,
compared with the amount of oxygen, the content of Ga is
much less. In addition, as a third group element, Ga should
be less significant to change the electron affinity. Thus, for
our three AIN samples, the main effect on the electron
affinity is possible from the surface oxygen.

As shown in Table 1, in addition to O and Ga, there is
always C on the AIN surface and its content is much larger
than that of Ga and O. As displayed in Fig. 6a, the high-
resolution XPS spectra of the C 1s are employed to analyze
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its chemical states. In Fig. 6b, for sample A, C 1s spectrum
can be fitted with two sub-peaks at the binding energies of
284.75 and 286.46 eV, respectively. In Fig. 6b, for sample
B, it can be fitted with two sub-peaks at the binding
energies of 284.81 and 286.43 eV, respectively. In Fig. 6d,
for sample C, it can be also fitted with two sub-peaks at the
binding energies of 284.81 and 286.74 eV, respectively. In
addition, the atomic percentage of these chemical states is
shown in Table 2. It is noted that there may be incorpo-
rated during the MOCVD growth or introduced by surface
treatment. If C is incorporated during the period of AIN
growth, it would mainly substitute for N to form Cy defect
[45, 46]. However, for our three AIN samples, most of C
with the binding energy of near 284.8 eV is in C-C
chemical state, meanwhile, and a few of C with the binding
energy of 286.5 eV is attributed to the C—-O bond of the
hydrocarbon. It is suggested that the C should be assigned
to the surface contamination, like acetone or alcohol
treatment, in which chemical states of C—C bond or C-O
bond is more possible to be exist rather that the Cy defect.
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Therefore, compared with surface oxygen, which replaces
N to form into Al-O and Ga—O bond, the surface C maybe
has less influence on the electron affinity.

4 Conclusions

XPS and UPS analysis has been taken to research the AIN
surface and its influence on the electron affinity of the Si-
doped AIN films with different thickness, which are grown
by MOCVD under low pressure on the n-type SiC sub-
strates. It reveals that the atom percentage of surface
oxygen and the electron affinity increase, when the thick-
ness increase from 50 to 400 nm. Furthermore, accompa-
nying with the high-resolution spectra of the O ls, it is
surmised that surface oxygen may be the major influence
on the electron affinity, although there are also a few of Ga
and C contaminations on the AIN surface.
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