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Abstract

Metallic gallium was observed on the surfaces of GaN commercial samples following argon ion milling. SIMS measurements

confirmed that the commercial GaN had approximately 0.02% bulk oxygen present. The SIMS signal was standardized using a

specimen of known oxygen content, as determined by elastic recoil detection analysis using 200 MeV heavy ions of 197Au.

Despite this 2–5% oxygen was observed by XPS in the bulk of the GaN after the argon ion milling. This oxygen is believed to be

from the original surface oxide that re-cycles on the GaN surface during the ion milling.

# 2004 Elsevier B.V. All rights reserved.

Keywords: Gallium nitride; Argon ion milling; Ultra-high vacuum

1. Introduction

Gallium nitride is an important material for the

production of optoelectronic devices and high power

transistors [1]. There now seems to be some consensus

that oxygen in bulk gallium nitride may act as a

shallow dopant [1], or, for gallium-rich material, it

can be active in the formation of neutral complexes

[2]. In contrast, the influence of the surface oxide on

device operation is not understood. The beta form of

gallium oxide—the most usual form of the oxide—is

itself a wide band-gap (�4.8 eV) n-type semiconduc-

tor. The presence of this oxide at surfaces or interfaces

following device processing may therefore have a

strong influence on the operation of devices.

Using X-ray photoelectron spectroscopy (XPS)

depth profiling and angle resolved XPS, we report

on the observation of oxygen on the surface of

commercial gallium nitride samples after argon ion

milling in an ultra-high vacuum environment. Sec-

ondary ion mass spectroscopy (SIMS) results for the

commercial sample were used to establish its bulk

oxygen content, which was compared with a standard

sample grown with a known amount of oxygen, as

determined separately by heavy ion elastic recoil

analysis.
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2. Experimental

Commercial Emcore samples of nominally

undoped GaN were used for all the XPS measurements

described in this paper. The samples were single

crystal GaN grown on sapphire substrates. Although

the samples were nominally undoped they had suffi-

cient n-type conductivity to eliminate problems with

sample charging during SIMS measurements. The

XPS results were obtained using two spectrometers:

a Kratos XSAM800 pci instrument (1990), and a

Kratos Axis Ultra (1999). The majority of the XPS

measurements were carried out using the second

instrument. For this spectrometer the energy scale

was calibrated using the Au 4f7/2 photoelectron peak

at a binding energy (EB) of 83.98 eV. Spectra were

charge corrected using the C 1s photoelectron com-

ponent peak corresponding to C–C species at a bind-

ing energy, EB ¼ 285:0 eV. High resolution elemental

region spectra were acquired for the Ga 3d, N 1s and O

1s photoelectron peaks using an analyzer pass energy

of 20 eV with an Mg Ka X-ray source. The area of

analysis was approximately 700 mm � 300 mm. The

relative sensitivity factors supplied with the instru-

ment control software were used for element quanti-

fication. Depth profiling was performed by argon ion

milling between repeated photoelectron peak area

measurements. The argon ion source was differen-

tially pumped and the chamber pressure was main-

tained at 1:6 � 10�5 Pa with the argon gas present in

the system. The base pressure of this system before

introduction of the argon was 5:1 � 10�7 Pa.

The Kratos Axis Ultra system also had a sample

preparation chamber connected to the main analysis

chamber. The samples could be introduced into this

chamber from the analysis chamber and heated to

650 8C whilst mass analysis was carried out on des-

orbed species. Gallium desorption was studied in this

manner.

A Cameca 5f SIMS instrument was used for

dynamic SIMS measurements of an Emcore GaN

sample and a standard sample with known oxygen

concentration. A Cs ion beam was used as the primary

ion source during the SIMS measurements. Quanti-

tative SIMS require standards for comparison. A

high oxygen content was required for the standard

sample so that an accurate determination of the atomic

percent of oxygen present could be made. Elastic recoil

detection analysis (ERDA) using 200 MeV heavy ions

of 197Au was used to determine the elemental content

of the standard sample. The heavy ions were supplied

by a 14UD Pelletron accelerator. The ERDA system is

housed at the Australian National University and is

particularly well-suited to the detection and analysis of

light elements such as nitrogen, oxygen, and hydrogen

[3].

3. Results

Fig. 1 shows the results for ERDA measurements of

the GaN standard sample later used for SIMS com-

parison. There was nitrogen loss, and to a lesser extent

hydrogen loss, during the measurement period. How-

ever, by extrapolating back to zero ion dose the

original atomic concentrations of the film could be

determined. These are shown in the inset of the figure.

The oxygen content was determined to be 2.4%

averaged over the analysis volume, or approximately

9 � 1020 oxygen atoms per cm3. Fig. 2 shows a

comparison between the oxygen SIMS signal for

the standard sample and that for an Emcore sample.

The measurement shows that the bulk oxygen content

of the Emcore sample is extremely low at between

1018 and 1019 oxygen atoms per cm3, and this value

may be even lower depending on how strongly the

standard was influenced by oxygen related matrix

effects during the SIMS measurements. The atomic

concentrations of oxygen in the Emcore sample are

typical for undoped commercial GaN. Converting to

an atomic percentage value, as is used for XPS ana-

lysis, it is evident that the Emcore sample had approxi-

mately 0.02% oxygen present in the bulk, a value well

below the detection limit for XPS. The surface oxide

was evident in the XPS results, and not in the SIMS

results of Fig. 2, because the XPS has higher surface

sensitivity with an analysis depth of approximately

2 nm. However, in both the XPS systems used detect-

able amounts of oxygen were measured even after

etching into the bulk of the material. The difference

between the SIMS and XPS results occurs because the

SIMS analyses material removed from the surface by

ion milling, while the XPS examines material left on

the surface after milling. This effect was noted first in

the Kratos XSAM800 pci instrument. However, the

sensitivity to oxygen at levels below 10% was found to
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be quite poor. The Kratos Axis Ultra instrument, with

better elemental sensitivity, was employed.

Fig. 3 shows a depth profile for the elements of

interest collected using the Kratos Axis Ultra instru-

ment. C 1s due to adventitious hydrocarbons was

observed on the surface but was not significant in

the material bulk (measured using an Al Ka X-ray

source, so as to avoid the Ga Auger line which over-

laps with the C 1s photoelectron peak when using an

Mg Ka X-ray source) and is consequently not shown.

The accelerating potential used for the argon ion

source at the various stages of milling is shown on

the top of the plot. After milling past the oxide layer

into the bulk material it was observed that there was a

slight increase in the oxygen, when using 2.5 keV ion

milling compared to 5 keV ion milling. This phenom-

enon was observed in both XPS systems and could be

reproduced, regardless of how much milling had pre-

viously taken place.

Despite the apparent disparity between the Ga and

N signals in Fig. 3, the data does not supply conclusive

evidence of a gallium-rich surface. The vendor-sup-

plied sensitivity factors of 0.736, 0.505, and 0.439 for

the O 1s, N 1s and Ga 3d photoelectrons, respectively,

are provided on the basis of measurements in pure
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Fig. 1. Elastic recoil detection analysis of standardized GaN sample.
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Fig. 2. Oxygen levels determined by SIMS for standard GaN

sample (independently calibrated using elastic recoil detection

analysis) and GaN sample from Emcore.
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Fig. 3. XPS analysis of Emcore GaN sample after etching with

argon ions at various energy. Higher oxygen levels are apparent

after etching with 2.5 keV argon ions.
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elements, or in compounds unrelated to this study.

Mixing nitrogen and gallium may severally affect the

photoelectron escape depth for one or both compo-

nents, so that the sensitivity factors may not provide

accurate quantification. Nevertheless the possibility of

preferential removal of nitrogen during the milling,

and particularly for milling with the higher energy

(5 keV) ions, is quite high given the low vapor pres-

sure for nitrogen, and the fact that the ion cascade

during milling breaks bonds below the milled surface

[4]. This is believed to be significant since the pre-

sence of free liquid gallium metal at the milled surface

might mask the presence of oxygen recycled at the

surface of the gallium nitride. Greater masking of

oxygen might be expected after 5 keV milling since

the higher energy ions create more subsurface damage

than 2.5 keV ions, resulting in greater amounts of free

gallium present on the surface.

Since the SIMS results had shown that the Emcore

sample had bulk oxygen levels well below the detec-

tion limit of XPS, the oxygen found in the sample after

argon milling was due either to low level contamina-

tion in the ultrahigh purity argon gas that supplied the

ion beam, oxygen recycled at the surface during the

milling process, or oxygen gettered from the chamber.

The former is unlikely given the purity of the starting

gas, and also given that the system was differentially

pumped. With regards to oxygen gettering from the

chamber, the base pressure of the analysis system was

5:1 � 10�7 Pa before introduction of the argon gas.

This equates to a potential gas bombardment of the

sample surface from background species of approxi-

mately 1:4 � 1012 molecules/(cm2 s). At this bom-

bardment rate it would take over 2 h to build a

monolayer of surface oxide given 100% oxygen

absorption at the surface. Therefore it is unlikely that

background contaminates in the system could contri-

bute substantially to the oxide seen on the Emcore

GaN sample. Oxygen is known to recycle on the

surfaces of samples that have a high affinity for

oxygen [5] and this appears to be the most likely

candidate for the source of oxygen seen on the sample

surface. Table 1 shows the atomic percentage of Ga 3d,

O 1s and N 1s observed at normal and at 608 to normal

incidence. Care was taken during these angle resolved

measurements to ensure that the analysis area was

wholly within the etch crator (hence the small analysis

area used). The measurements taken at 608 are analyzed

at a shallower depth compared to the normal measure-

ment position because the photoelectrons had to tra-

verse twice the distance to escape the sample and

subsequently be detected by the analyzer. Comparing

the 608 and normal measurements it is clear that there

is a larger amount of oxygen at the surface of the GaN

and that the surface is depleted of nitrogen after the

milling. However, the Ga signal does not appear to

change between the 608 and the normal analysis

orientations when the sample had been milled with

the 2.5 keV ions, whereas after milling with the 5 keV

ions the Ga signal was notably stronger for the 608
measurement. This result supports the belief that free

Ga is on the sample surface. The presence of the free

metal is apparently strongest for the 5 keV ion milling.

However, it may also be present for the 2.5 keV

milling given that the increase in the oxide concentra-

tion, if present as Ga2O3, requires less gallium in this

compound. The fact that there is no change in the

gallium content for the 2.5 keV milling may not

necessarily indicate that there is no increase in the

amount of free gallium present.

To further test the possibility of gallium metal

accumulating at the sample surface, a sample that

had undergone milling was transferred—while being

maintained in a ultra-high vacuum environment—

from the analysis chamber into the sample preparation

chamber. The sample was then initially heated to

560 8C over a period of 25 min and then subsequently

heated to 650 8C over a further 40 min period to drive

away any excess gallium, since at these temperatures

free gallium may be desorbed [6–8].

The sample was then subsequently returned to the

analysis chamber after each heat treatment for re-

analysis. A mass spectrometer was used to monitor

the gallium desorption during heating, and an increase

Table 1

Atomic percentage of elements observed by XPS at normal and 608
analysis angles

Element

Ga 3d

(%)

N 1s

(%)

O 1s

(%)

Normal analysis after 2.5 keV milling 62.9 33.2 3.8

608 Analysis after 2.5 keV milling 63.0 28.1 8.9

Normal analysis after 5 keV milling 61.8 35.6 2.5

608 Analysis after 5 keV milling 65.8 28.0 6.2
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in the gallium signal of over two orders of magnitude

was observed during the heating. Table 2 compares the

atomic percentage of gallium, nitrogen, and oxygen

observed by XPS before and after this annealing

process. From the changes observed in Table 2 after

heating it is apparent that a substantial amount of free

gallium was desorbed from the sample surface. On

removal of this gallium both the oxygen and nitrogen

signals increased while maintaining approximately the

same concentration ratio. The change after heating to

560 8C was quite strong, while the subsequent change

after heating to 650 8C for a longer period of time was

much smaller, indicating that the initial treatment had

removed most of the free gallium present on the

sample surface. Interestingly even after heating there

was still a large disparity in the calculated values of

atomic percent concentration between the gallium and

nitrogen, whereas if all the free gallium had been

removed fairly good stoichiometry between the nitro-

gen and gallium should be expected (albeit that the

oxygen has a small bearing on this). Again this relates

to the inaccuracies involved in use of the sensitivity

factors for determining the concentrations, as dis-

cussed above. In fact, the stoichiometry of the gallium

and nitrogen is probably considerably better than

indicated since there is unlikely to be any free gallium

still resident on the sample surface after the heat

treatments.

The decrease in the gallium content indicated in

Table 2, is greater than the change seen when switching

between 5 and 2.5 keV milling, indicating that even

in the case of 2.5 keV milling there is free gallium

metal accumulating on the sample surface. This may

have significant implications for device processing.

Though reactive ion etching is more commonly used

than ion milling during GaN device processing, the ion

energies present are still significant in that case so that

great care must be taken to ensure that the reaction

chemistry is sufficient to remove free gallium metal.

The recycling of oxygen at the ion milled surface of

the GaN may also have been enhanced by the presence

of the free gallium accumulations on the GaN surface.

The Ga may mask the oxide beneath, but even as the

milling continued the reservoir of free gallium would

strongly getter any oxygen released from the nitride

surface, whereas nitrogen would be removed without

any gettering effect. Oxygen accumulations on GaN

sample surfaces may therefore also be problematic for

device processing and should be carefully monitored.

4. Conclusions

The low oxygen content of commercial samples of

GaN was established to be 0.02% or less using SIMS

and by comparison with a standard sample previously

analyzed with ERDA. Despite this 2–5% atomic

oxygen was observed on the surface of the GaN

samples after ion milling into the bulk of the material.

The observed oxygen was found to originate from the

original surface oxide of the material, which was

believed to be recycling at the sample surface. The

surface oxide was found to increase after 2.5 keV

ion milling when 5 keV had been used previously.

This effect was highly reproducible. It was found to

be related to the formation of accumulations of free

gallium at the sample surface that form as a result of

preferential removal of the nitrogen component during

milling. The presence of the free gallium was con-

firmed by angle resolved XPS and by analysis follow-

ing sample heat treatment. The free gallium metal was

shown to mask some of the oxide signal with more of

the signal being masked following milling with 5 keV

ions.
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