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Surface chemical states of GaN, AlGaN and InGaN by metalorganic chemical vapor
deposition, and the influence of different dopants are studied with X-ray Photoelectron
Spectroscopy (XPS). The results show that for most of the samples the N 1s peak
can be fitted with a dominant GaN peak and a small N–H peak, while Ga 3d can be
deconvoluted into three peaks from elemental Ga, GaN and Ga2 O3 . Si-doping appears
to have small influence on the surface chemical states of GaN while the influence of
Mg-doping appears larger. In addition to a change in the component intensities, Mgdoping also causes the N 1s and Ga 3d peaks to broaden. The ternary AlGaN sample
shows aluminum surface segregation, while the undoped InGaN shows indium surface
deficiency.
Keywords: Metalorganic chemical vapor deposition; X-ray photoelectron spectroscopy;
GaN.

1. Introduction
GaN and its ternary alloys InGaN and AlGaN are the main materials for the blue–
green light-emitting optoelectronic and other electronic devices. GaN-based Light
Emitting Diodes (LEDs) are now commercially available and marvelous progress has
been made in recent years.1 – 3 Metalorganic Chemical Vapor Deposition (MOCVD)
technology has been widely employed in research and industry production for
these GaN-based optoelectronic and electronic materials and devices currently. 1,3
However, many technological and scientific barriers still exist in this materials
system. The most dominant ones are stoichiometric nitrogen incorporation, p-type
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doping, and the availability of lattice- and thermally-matched substrates. Due to
the use of large amounts of various organic and inorganic gases in the chemical
reaction chamber, the surface chemical states of grown materials are affected by
many factors. It has been found that the composition and structure of III–V nitride
films strongly influence their optoelectronic properties. Doping can also change the
strength of light emitted. The fabricated semiconductor devices are sensitive to
surface properties.
X-ray Photoelectron Spectroscopy (XPS) is a sensitive surface science analytical
technology and has been used in recent years for GaN and related materials; to
fingerprint the surface composition and morphology,4,5 to study on the Mg-doped
p-GaN,6,7 surface oxides,8 surface passivation,9 selective etching,10 high temperature annealing,11 and ohmic contacts to n-GaN12,13 and p-GaN.14
In this report, the surface chemical states of MOCVD grown GaN, AlGaN and
InGaN on sapphire substrate, and the influence of different dopants have been
studied systematically by X-ray Photoelectron Spectroscopy (XPS).
2. Experimental Details
The samples were grown using an EMCORE MOCVD system with the vertical
growth configuration and high speed rotating disk. The chemical precursors used for
gallium, indium, aluminum and nitrogen are trimethylgallium (TMG, Ga(CH3 )3 ),
trimethylindium (TMIn, In(CH3 )3 ), trimethylaluminum (TMAl, Al(CH3 )3 ), and
ammonia (NH3 , 100%), respectively. The dopant precursors for magnesium and
silicon are biscyclopentadienyl magnesium (Cp2 Mg) and silane (SiH4 ), respectively.
To overcome the negative effect of significant lattice mismatch between the GaN
overlayer and the sapphire substrate, a 200 Å ∼ 300 Å thick GaN buffer layer,
amorphous or polycrystalline, was first grown on the sapphire substrate at 530 ◦ C.
The temperature was subsequently raised to 1040◦C and the GaN epilayer was
grown to a thickness of about 2 µm. The ternary films InGaN and AlGaN were
further deposited on the 2 µm thick GaN layers to a thickness of about 1000 Å.
The growth temperatures used for InGaN and AlGaN were 800◦ C and 1050◦C,
respectively. These epitaxial layers were measured by X-ray diffraction/TEM, with
single crystalline structure (not shown here).
XPS studies were carried out in a VG ESCALAB Mk II system using a 120 W
Mg Kα X-ray source. The XPS spectra were collected at a photoelectron take-off
angle of 75◦ with respect to the sample surface. The Constant Analyzer Energy
(CAE) mode was used with an analyzer pass energy of 50 eV for wide scans and
20 eV for narrow scans. All binding energies were referenced to the C 1s peak of
adventitious carbon at 284.8 eV. Quantification was done using tabulated semiempirical Atomic Sensitivity Factors (ASFs),15 and checked with standards.
Three pieces of GaN/sapphire samples in this paper were also studied by
Hall measurements. The carrier concentrations were determined to be less than
5 × 1016 cm−3 (n-type) for the undoped GaN, ∼ 2 × 1018 cm−3 for the n-type
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Si-doped one, and ∼ 8 × 1016 cm−3 for the p-type Mg-doped GaN (after annealing),
respectively.
3. Results and Discussion
3.1. GaN: Undoped and Si-/Mg-doped
Figure 1 compares the N 1s and Ga 3d peaks of the undoped GaN, p-type Mg-doped
GaN, and n-type Si-doped GaN. All the N 1s peaks can be fitted with two components corresponding to GaN16 and N–Hx (x < 3)17 bonding, respectively. The Ga
3d peaks can be fitted with three components resulting from elemental Ga, GaN
and Ga2 O3 , respectively.16 The existence of carbon and oxygen on the surface is
due to the ambient exposure.
As shown in Fig. 1(b) for the Si-doped n-GaN, the influence of Si-doping on the
surface chemical states appears to be small because there is neither peak broadening
nor peak position shift. However, the Si-doped sample has a lower oxide component
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Fig. 1. XPS narrow scans of N 1s, Ga 3d peaks from the GaN epilayers of (a) undoped GaN;
(b) n-type Si-doped GaN; and and (c) p-type Mg-doped GaN.
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for the Ga 3d peak as compared with that of undoped GaN, and a lower elemental
Ga percentage (2.1%). In addition, the Si-doped sample is more gallium deficient
at the surface (Ga/N ∼ 0.6).
Compared with Si-doping, Mg p-type doping appears to have a significant
influence on the surface chemical states (Fig. 1(c)). Both the N 1s and Ga 3d peaks
are broader than the corresponding peaks in the undoped GaN. For example, the
FWHMs of the GaN and N–Hx components of the N 1s peak in the Mg-doped GaN
are both 1.75 eV, larger than the value of 1.2 eV for the undoped GaN. Upon p-type
Mg-doping, the percentage of elemental gallium at the surface increases by about
12%, from 3.2% for the undoped GaN to 15.5% of the total surface Ga content,
while the fraction of Ga2 O3 decreases from 52.2% to 24.2%.
The observation that the Ga2 O3 component in the Ga 3d peak from undoped
GaN is larger than those from Si-/Mg-doped samples, can be understood qualitatively. The surface from Si-/Mg-doped samples should have less free-hanging
unbonded states, due to doping, in comparison with undoped GaN. This can
lead to the larger degree of surface oxidation from undoped GaN than that
from Si-/Mg-doped GaN. The filling or partial filling of the surface free-hanging
unbonded states due to doping may also modify the surface energy. In our TEM
and AFM study of differently doped GaN (not shown here), we find that the dopants
(Mg and Si) can cause significant change in dislocation core structures and surface
morphology due to the change of surface energy caused by the dopants. Therefore, it
is suggested that the surface energy change caused by Mg-doping is responsible for
the change in the surface chemical states. The presence of Mg at the surface is also
detected with XPS, and the atomic concentration of Mg is found to be about 0.8%
of the total surface atomic composition. The Ga/N ratio drops from 1.2 without
doping to 0.8 after doping.
3.2. AlGaN: Updoped
The N 1s, Ga 3d and Al 2p narrow scans of Alx Ga1−x N (x ∼ 0.025) and their
respective peak fittings are shown in Fig. 2. Comparing the peak fittings of N 1s
and Ga 3d for the AlGaN sample in this figure with those for the undoped GaN
sample (Fig. 1(a)), it can be seen that there are no discernible changes in either
peak position (binding energy) or peak width (FWHM) for the corresponding peaks.
However, some variations in the component intensities are observed, especially for
the Ga 3d peak. There is a small amount of elemental Ga present at the surface
(∼ 3%). The percentage of the oxide component is about 43%, which is less than
that of the GaN sample (∼ 52%). The results suggest that the presence of Al can
also influence the surface oxidation of GaN. This is similar to the case of AlGaAs
in which the oxidation due to Al is much faster than that in GaAs.
The Al 2p peak can be fitted with two components. The component at the
binding energy of 73.8 eV is assigned to AlGaN. Although the binding energy
of Al 2p from AlGaN has not previously been reported, the assignment appears
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Fig. 2. XPS narrow scans of N 1s, Ga 3d and Al 2p peaks from the undoped AlGaN.

reasonable since AlGaAs has an Al 2p binding energy of about 73.6 eV.18 The other
component located at 74.7 eV is assigned to either or both of AlN and Al2 O3 .16
The Al atomic composition at the surface is found to be about 2.6% of the total
Al, Ga and N surface content, implying that the x value at surface is ∼ 0.052 (note
that the atomic composition should be doubled when converted into x value for
Alx Ga1−x N under stoichiometric conditions, i.e. [Al + Ga]: [N] = 1:1). This is
appreciably larger than the bulk value of 0.025, indicating the segregation of Al
atoms in the near surface region.
3.3. InGaN: Undoped
The N 1s, Ga 3d and In 3d5/2 peaks of the undoped Inx Ga1−x N (x ∼ 0.12) are
shown in Fig. 3. The fitting of N 1s and Ga 3d peaks are almost the same as in
Fig. 1(a) for the undoped GaN in terms of peak position and FWHM. However,
there are some variations in the relative component intensities, especially for the Ga
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Fig. 3. XPS narrow scans of N 1s, Ga 3d and In 3d5/2 peaks from the undoped InGaN.

3d peak. The relative component intensities of Ga 3d for the InGaN sample, which
are 4% elemental Ga, 45% Ga2 O3 and 51% GaN, respectively. The In 3d5/2 peak
can be deconvoluted into three components at 443.8 ± 0.1 eV for metallic indium,
444.4 ± 0.1 eV for InN, and 445.0 ± 0.1 eV for In2 O3 with the FWHMs of 1.2 eV,
1.3 eV and 1.5 eV, respectively.16 From the integrated peak area weighted by the
XPS sensitivity factor, the surface atomic content of indium is found to be only
about 0.022, implying a surface x value of about 0.04. This is much lower than the
bulk x value of 0.12, demonstrating the surface deficiency of indium.
4. Conclusion
For most of the samples, the N 1s peaks can be fitted with a dominant GaN peak
at the binding energy of 397.2 ± 0.2 eV and a small N–Hx peak at 398.5 ± 0.2 eV,
while Ga 3d5/2 peak can be deconvoluted into three peaks, i.e. elemental Ga at
18.5 ± 0.1 eV, GaN at 19.7 ± 0.1 eV and Ga2 O3 at 20.4 ± 0.1 eV. The influence
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of Si-doping on surface chemical states appears to be small, and therefore, it does
not cause significant peak broadening. In contrast, Mg-doping appears to have a
more significant influence on the surface chemical states of GaN. In addition to
the variation in the component intensities for the Ga 3d peak, significant peak
broadening is observed. Moreover, aluminum surface segregation is observed in the
undoped AlGaN sample, and the undoped InGaN sample is In-deficient. Further
studies on the surface chemical states from GaN with different doping levels, ternary
InGaN and AlGaN with large range of compositions and dopings, the dependence on
the growth conditions such as growth temperature and growth rate, and penetrating
mechanism investigation will be carried out in the near future; to get the whole
spectrum of the knowledge on the chemical states of these important III-Nitrides
and to enhance their applications.
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