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The recent advances in the inelastic background analysis of XPS spectra recorded with hard X-rays

(HAXPES) make this method a powerful, non-destructive solution to retrieve the depth distribution

of deeply buried elements. In this work, we apply this technique to study diffusion phenomena,

upon annealing, in power transistor devices. We present a complete analysis of a sample under dif-

ferent stages of the fabrication process. We investigate the accuracy of the determination of the ele-

mental depth distributions and concentrations with the inelastic background analysis. This is done

by cross-checking with destructive techniques such as TEM/EDX and XPS depth profiling, and we

shed light on the complementarities with HAXPES core-level analysis. We obtain consistent results

which show the formation of an inhomogeneous structure, consisting of a blend of Al, Ga, and Ta,

created during annealing. The inelastic background analysis permits us to successfully retrieve the

depth distributions of Al, Ga, and Ta as well as the concentration of these elements in each layer,

over 70 nm below the surface. This is a reliable solution to investigate diffusion phenomena and

improve the fabrication processes of devices with critical and deeply buried interfaces. Published
by AIP Publishing. https://doi.org/10.1063/1.5033453

INTRODUCTION

High Electron Mobility Transistors (HEMTs)1 have been

the subject of research of continuous expansion for some

years. This kind of transistors is used in III-nitride power devi-

ces, where a 2D electron gas is formed at the interface

between the AlGaN channel and the GaN substrate.2 These

devices involve a top electrode layer of several tens of nm

thickness, which covers the active layers. Undeniably, a com-

plete removal of this top electrode prior to surface-sensitive

measurements will be harmful to the interfaces, which are

prone to subtle changes upon variations of the process condi-

tions. It is, therefore, preferable to keep the device in a state

as closely related to the real structure as possible with the top

electrode and, therefore, preserve the deeply buried interfaces

of interest from exposure to the atmosphere and damages

caused by removal of the top layer. The rapid advance in these

new technologies has intensified the need for non-destructive

and fast in-depth characterizations of deeply buried interfaces.

Recently, we applied inelastic background analysis to

study Ta/Al electrodes from HEMT devices with different

thicknesses in the as-deposited state.3 The inelastically scat-

tered photoelectrons4,5 contributing to the background per-

mitted us to retrieve the depth distribution of deeply buried

elements. We demonstrated the potential and the accuracy of

the inelastic background analysis method when it is com-

bined with HArd X-ray PhotoElectron Spectroscopy

(HAXPES).6–9 This permits us to significantly extend the

probing depth with inelastic background analysis from

10 nm with current XPS to 70 nm with HAXPES spectra. In

the fabrication of the HEMT devices, a series of annealings

are performed to achieve the ohmic contact at the electrode/

substrate interface in order to obtain good electrical proper-

ties. Therefore, it is highly important to know the details of

any inter-diffusion process happening during annealing and

in particular in the source/drain region.10

In this paper, we address this subject by analyzing the

same sample at three stages of the process: before annealing,

after a first annealing at 550 �C, and after a second annealing at

650 �C. We show how a complete non-destructive and in-depth

study of the sample by HAXPES combining inelastic back-

ground and core-levels analyses can give valuable insights into

what happens during annealing. In this respect, the depth distri-

butions of the elements and their concentrations have been

determined. The results are compared to two more common

and well-known destructive techniques: Transmission Electron

Microscopy (TEM)/Energy Dispersive X-Ray (EDX) and depth

profile XPS analysis. This study was done to show the reliabil-

ity and the possibilities of this technique and its advantages as a

non-destructive characterization technique. This can be helpful

for in-line characterization between two stages in the fabrica-

tion process using new high energy laboratory X-rays sources11

or using it together with several complementary characteriza-

tion techniques as it does not modify the sample.

EXPERIMENTAL

Samples

We have studied High Electron Mobility Transistors

(HEMTs) based on an Al0.25Ga0.75N(22 nm)/GaN(1 lm) sub-

strate epitaxially grown by Metal Oxide Chemical Vapor
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Deposition (MOCVD) on a Si(111) wafer. Metallic layers of

Ta and Al are then successively deposited by Electron Beam

Physical Vapor Deposition (EBPVD). To achieve the contact

electrode, the stack is annealed first for 300 s at 550 �C and

then for 300 s at 650 �C under nitrogen atmosphere. As we

need a Ta reference sample for the inelastic background

analysis, a thick Ta layer (50 nm) has been deposited by the

same technique on the same AlGaN/GaN substrate.

Characterization techniques

The spectra for inelastic background analysis and core-

level analysis were recorded on the BL15XU beamline at the

Spring-8 synchrotron. The analyses were done without addi-

tional surface preparation. The photon energy was 7935.7 eV,

determined from calibration on the Au Fermi level. The

x-rays impinged the sample at 45� and the photoelectrons

detection angle was at 7� from the surface normal.

Core-level spectra were recorded for Al 1s (1559 eV

binding energy), Ga 2p3/2 (1117 eV binding energy), and Ta

4f5/2, 4f7/2 (24, 22 eV binding energy) with an energy resolu-

tion of 0.3 eV.

The spectra for inelastic background analyses were

recorded over an extended energy range to include energy

loss features. The spectra were taken for Ta 3p3/2 (5744 eV

kinetic energy), Al 1s (6376.7 eV kinetic energy), and Ga 2p,

2s (6818.7, 6520.7 eV kinetic energy) core-levels, over 250,

200, and 350 eV to lower kinetic energy, respectively.

The analysis made by TEM and EDX were performed

on the PlatForm of NanoCharacterization (PFNC) of CEA-

MINATEC.

The lamella for TEM and EDX analysis were prepared

by Focused Ion Beam (FIB) with FIB Strata 400S from FEI.

They underwent a Ga exposition to locate the area of interest

before the deposition of a SiOx protection layer. These TEM

analyses were done with the TEM Tecnai OSIRIS from FEI

at 200 kV, and the measurements were obtained based on the

Si lattice [aSi ¼ 0.543 nm (Ref. 12)]. The STEM-EDX analy-

ses were done with the STEM Titan THEMIS from FEI.

The measurements for TEM and EDX analyses were

done on 4 different regions of the sample, and the values

given in this work are the average on these different regions

with the mean deviation.

The depth profile analyses were done with a VersaProbe

II from PHI using an Al ka1 source and a monoatomic argon

sputtering gun at 1 kV. The analyses were performed on five

different peaks: Al 2p (73 eV binding energy), Ta 4f7/2 (22 eV

binding energy), Ga 2p3/2 (1117 eV binding energy), O 1s

(543 eV binding energy), and N1s (398 eV binding energy).

Sample description

TEM measurements of the layer thicknesses of the

as-deposited samples (Fig. 1) give: Al(39.9 6 3 nm)/Ta(5.2

6 0.5 nm)/AlGaN(22.5 6 0.5 nm). Even though the actual

HEMT device structure consists of a 25 nm thick Ta layer

below a 100 nm thick Al layer, the present sample is thinner

but with Ta/Al proportions kept. These samples are, there-

fore, much more representative of real devices than those

obtained by removing most of the top electrode which would

damage the interface but would be required for a traditional

XPS analysis, limited at 10 nm. The associated EDX mea-

surements, discussed later, show that annealing induces

FIG. 1. TEM cross-sectional image of the samples and schematic diagram with average values of the layer thicknesses.
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diffusion of Ta and Ga into the Al top layer. A schematic of

the in-depth distribution is given in Fig. 1.

These samples turned out not to be efficient devices. As

can be observed on the TEM image Fig. 1 after the 650 �C
annealing, the contact is inhomogeneous and forms discon-

tinuous grains. This is undesirable for an ohmic contact and

electrical tests proved that this device is not functional. The

analysis of each step is relevant here as it shows that the sec-

ond annealing was probably made at a too high temperature.

These analyses were done to improve the fabrication process

and understand the phenomena happening at the deeply bur-

ied interfaces in the samples with the inelastic background

analysis of HAXPES spectra.

Methodology: Inelastic background analysis

The inelastic background analysis needs two input

parameters which are the inelastic mean free path (IMFP), k,

and the inelastic scattering cross-section, K(T), as described

in the following equations:13

F E;Xð Þ ¼ 1

2p

ð
J E;Xð ÞdE

ð
e�is E�E0ð Þ

P sð Þ
ds; (1)

with P sð Þ ¼
ð

f zð Þe
�z

cos hð Þ
P

sð Þdz ; (2)

and
X

sð Þ ¼ 1

k Eð Þ �
ð1

0

K Tð Þe�isTdT: (3)

Here, F(E,X) is the primary excited spectrum, also called the

atomic excitation function. J(E, X) is the measured spectrum,

T ¼ E0-E is the energy loss, z/cos h is the travelled distance,

f(z) is the concentration distribution as a function of the depth

z, and P(s) and s are mathematical variables without physical

significance. For the numerical evaluation of Eqs. (1)–(3), we

have used the QUASES-Tougaard software package.14

The IMFP used for the inelastic background analysis is

chosen as a weighted average over the value for each ele-

ment calculated with the TPP-2M formula,15 with a weight

corresponding to the proportions used in the applied effec-

tive cross-section [see Eqs. (4) and (5) and Table I]. The

depth of information provided by the method is �8xIMFP4

which is higher than for core-level XPS which is estimated

at 3xIMFP. Therefore, the quite high IMFP in aluminum

(8.9 nm for Ta 3p3/2, 9.7 nm for Al 1s and 10.2 nm for Ga 2p,

2s photoelectrons) ensures that we get information from the

critical electrode/substrate interface.

Previously, we found that for samples containing materials

with quite different cross-sections and IMFPs, a blend of

element-specific inelastic scattering cross-sections16 gives a bet-

ter description of the energy loss over the entire path of the elec-

trons than the pure elemental cross-section.3 For this reason, we

have used effective cross-sections optimized according to the

core-level analysis structure and the inelastic background shape.

The Universal cross-section as well as the element-

specific cross-section of Al is implemented in the Quases-

Analyze software package14 whereas the Ta cross-section

was determined from analysis of a REELS spectrum from Ta

at 2 keV using the procedure in Ref. 17.

We have used a set of effective cross-sections (Keff) and

IMFPs (IMFPeff) presented in Table. I. The effective cross-

sections and the corresponding IMFPs were calculated with

a varying relative weight A of Ta and B of Al as follows:

Keff ¼
A

100
� KTa þ

B

100
� KAl; (4)

IMFPeff ¼
A

100
� IMFPTa þ

B

100
� IMFPAl ; (5)

where KAl and IMFPAl and KTa and IMFPTa are the cross-

sections and IMFP of Al and Ta, respectively, determined

with a 10%–15% accuracy.15

The Universal cross-section was also used for some analy-

ses. The Ta and Universal cross-sections are very close and a

10% variation of IMFP has only a small influence on the result.

We used the Ta IMFP in the corresponding calculation of

IMFPeff when using the Universal- in the effective-cross section.

All the modeled inelastic backgrounds are shown as red

in the following figures, the measured spectra are black

curves, and the subtraction of the modeled inelastic back-

ground from the measured spectra, also called intrinsic spec-

tra, is green curves.

The best fits are determined by minimization of the

RMS deviation between the modeled inelastic background

and the measured one.

RESULTS

Analysis of the Al(40 nm)/Ta(5 nm) as-deposited
sample

Inelastic background analysis

Figure 2 shows the results of the inelastic background

analysis of Ta 3p3/2 [Fig. 2(a)], Al 1s [Fig. 2(b)], and Ga 2s,

2p [Fig. 2(c)] for the as-deposited sample. The obtained

structure is summarized in Fig. 2(d) and compared to the

TEM measurements in Fig. 1. The analyses of Al and Ga

were made without a reference. Spectra were recorded on an

Al foil and a GaN bulk sample but were found to not be

TABLE I. IMFP considered in the analyses depending on the associated

cross-section.

A B IMFPeff (nm)

Ta 3p3/2 at 5744 eV

100 0 5.8

0 100 8.9

50 50 7.3

40 60 7.6

Ga 2p at 6818 eV

100 0 6.6

0 100 10.2

50 50 8.4

Al 1s 6376 eV

100 0 6.3

0 100 9.7

20 80 9.0

95 5 6.5
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representative of the structures of our thin layers of Al and

AlGaN. For Ta, we used a reference spectrum3 obtained

from an experimental Ta 3p3/2 recorded on the pure Ta refer-

ence sample.

Ta analysis. Figure 2(a) shows that the Ta 3p3/2 peak

intensity is extremely small as expected for a deeply buried

Ta layer. The vast majority of the Ta 3p3/2 electrons lose

energy during their path through the overlayer and contrib-

ute to the inelastic background. Along the same line, the

spectrum also presents distinct plasmons which are charac-

teristic of an Al overlayer. We found that the effective

cross-section which gives the best account of the measured

background over the full energy range is the 50%Al 50%Ta

cross-section with the corresponding 7.3 nm IMFP (Table

I). The resulting Ta depth distribution is from 38 6 5 nm

(4.8% deviation from TEM) to 44.3 6 5 nm (1.8% deviation

from TEM) [see Fig. 2(d)]. This value was found using a Ta

reference spectrum and the correction factor CF18 to

account for the effects of elastic scattering, corresponding

to this structure as scale factor, previously determined in

Ref. 3 at 0.38. The Ta amount of substance is thus 6.3 nm in

this sample.

Al analysis. The Al spectrum [Fig. 2(b)] also presents

plasmons due to the crossing of the Al overlayer by elec-

trons. Our first attempt using a pure Al cross-section from

the software package gave a bad description of the electrons

path and a bad fit of the spectrum. The reason could be that

our deposition process leads to a quite different structure

from the one of the sample used for the Al cross-section

available in the software. That is the reason why we used the

“three parameters cross-section” from Ref. 19 with the val-

ues C¼ 240 eV2 and D¼ 8 eV2 determined by fitting the

region of the first two plasmons. The best result is found

with the “several buried layers modeling” and the IMFP cor-

responding to Al of 9.7 nm which is more accurate than what

was previously done.3 Moreover, the “several buried layers”

mode of the Quases-Analyze software permits us to provide

the relative concentration of the layers since, with this mode,

it is possible to create a modeling for several buried layers of

different concentrations. The best match is obtained for 2

layers: a pure Al layer from 1.5 6 0.2 nm to 40 6 3 nm (0.3%

deviation from TEM) with a concentration fixed at cAl ¼ 1,

and another layer with a smaller relative Al concentration,

cAl ¼ 0.26, from 40 6 5 nm to 68 6 10 nm (0.6% deviation

from TEM) identified as the AlGaN layer. The upper top

FIG. 2. Inelastic background analysis on the as-deposited Al(40 nm)/Ta(5 nm) sample (a) for Ta 3p3/2 with a reference, (b) for Al 1s, and (c) for Ga 2s, 2p. (d)

Schematic average results from inelastic background analysis and comparison with TEM measurements of Fig. 1.
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layer would be a native oxide about 3 nm thick. Note that the

top interface depth at 40 nm of the AlGaN layer almost cor-

responds to the top of the Ta layer (38 nm), which indicates

that there is Al in the Ta layer (even though the uncertainty

on these depth values is comparable to the Ta layer

thickness).

Ga analysis. In Fig. 2(c), the Ga 2p and 2s peaks are

extremely small which indicates that the AlGaN layer is also

deeply buried. There are also plasmons because the Al over-

layer is crossed by the Ga photoelectrons. The analysis of Ga

was made using the “several buried layers modeling” with

the 50%Al 50%Ta cross-section and the corresponding

IMFP of 8.4 nm (Table I). The best adjustment is for a depth

distribution that consists in an infinitely thick layer with the

fixed concentration cGa ¼ 1, beginning at 67 6 10 nm (0.8%

deviation from TEM) and a layer with a relative concentra-

tion, cGa ¼ 0.72, extending from 40 6 5 nm (0.2% deviation

from TEM) to 67 6 10 nm. In addition to Al, there is also Ga

in the Ta layer.

TEM/EDX analysis and XPS depth profiling

From the High-Angle Annular Dark-Field (HAADF)

image of Figs. 3 and 1, we clearly identify four regions

from the top to the bottom Al, Ta, AlGaN, and GaN,

respectively. The EDX images in Fig. 3 show that the distri-

bution of Ga, N, Ta, and Al is roughly as expected.

However, in the Ta layer, there is a fair amount of oxygen

and a small concentration of Ga, Al, and N. There is Ga at

the surface of the stack because of the FIB preparation of

the sample and oxygen because of the deposited SiOx as

explained before.

The main point is that the presence of Ga and Al in the

Ta layer is in complete agreement with the inelastic back-

ground analyses.

FIG. 3. EDX images of the as depos-

ited Al(40 nm)/Ta(5 nm) sample for

five elements (N, O, Al, Ta, and Ga)

and XPS depth profiling.
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The XPS depth profiles are shown in Fig. 3 as a function

of time because the sputtering rate is unknown for such

stacks. From top to bottom, the first region is identified as

metallic aluminum with a native oxide. The next region is Ta

with a small amount of Al, O, Ga, and N as previously found.

The composition of the third region is found to be 10% Al,

35% Ga, and 55% N, which is in good agreement with the

deposited Al0.25Ga0.75N composition with just �5% excess

of GaN. The last region is GaN with 55% N and 45% Ga.

Here again, there is a good agreement between XPS depth

profile and the inelastic background analyses, whereas the Al

concentration seems to be overestimated which could be due

to the nitrogen excess.

Analysis of elemental diffusion after 550 �C anneal

Inelastic background analysis

Figure 4 shows the inelastic background analyses of Ta

3p3/2 [Fig. 4(a)], Al 1s [Fig. 4(b)], and Ga 2s, 2p [Fig. 4(c)]

after the first annealing. The determined structure is summa-

rized in Fig. 4(d) with a comparison to the TEM measure-

ments of Fig. 1.

Ta analysis. The Ta 3p3/2 spectrum presents a much

larger peak compared to that from the as-deposited sample.

This peak intensity enhancement implies a Ta diffusion

towards the surface into the Al electrode layer. The analysis

takes this mixing into account by a cross-section of 7%Ta

60%Al 33%universal and the corresponding 7.6 nm IMFP

(see Table I, 60%Al 40%Ta). The resulting depth distribu-

tion is from 16.5 6 0.5 nm to 45 6 5 nm (4.2% deviation

from TEM). The Ta concentration calculated with the Ta ref-

erence spectrum gives a concentration cTa ¼ 0.15. The total

amount of Ta in the layer is thus 0.15� (45 – 6.5) ¼ 4.28 nm.

This is 32% lower than the amount (6.3 nm) found in the as-

deposited sample. For this sample, it would be difficult to

calculate the CF factor because of the unknown structure of

the alloy but scattering effects are expected, although smaller

than for the as-deposited sample, and this explains the under-

estimation of the amount of substance.

Al analysis. The Al 1s spectrum presents a similar shape

compared to Fig. 2(b) which demonstrates a comparable dis-

tribution of the Al. The analysis was made using a cross-

section of 20%Ta 80%Al and the corresponding 9.0 nm

IMFP (see Table I). The best depth distribution is obtained

with a “several buried layers modeling” which includes three

layers with different relative concentrations cAl: on top, an

Al layer from 0.5 6 0.2 nm to 15 6 1 nm with a fixed concen-

tration cAl ¼ 1, a second layer with a smaller relative

FIG. 4. Inelastic background analysis on the Al(40 nm)/Ta(5 nm) sample after the 550 �C annealing (a) for Ta 3p3/2 with a reference, (b) for Al 1s, and (c) for

Ga 2s, 2p; (d) average results of the analysis and comparison with TEM measurements of Fig. 1.
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concentration, cAl ¼ 0.85, from 15 6 1 nm to 44 6 5 nm

(6.4% deviation from TEM), and the AlGaN layer with a rel-

ative cAl ¼ 0.19 from 44 6 5 nm to 68 6 10 nm (1.2% devia-

tion from TEM). These concentrations cannot be directly

compared to those of the as-deposited sample due to their

relative aspect to the concentration fixed at 1 for the top layer

because of the absence of reference.

Ga analysis. The inelastic background analysis of Ga 2s,

2p spectrum was made using an 8.4 nm IMFP and the three

parameter cross-section with C¼ 300 eV2 and D¼ 50 eV2.

The resulting depth distribution is found with the “several

buried layers modeling” with three different regions: the

GaN substrate which begins at 66 6 10 nm (deviation from

TEM 4%), with a fixed concentration cGa ¼ 1, AlGaN goes

from 44.5 6 5 nm (5.3% deviation from TEM) to 66 6 10 nm

with a smaller relative concentration, cGa ¼ 0.72. Finally the

top layer goes from 15 6 1 nm to 45 6 5 nm (4.2% deviation

from TEM) with the relative concentration, cGa ¼ 0.3.

TEM/EDX analysis and XPS depth profiling

When comparing the HAADF image of Fig. 5 with Fig. 1,

we clearly see that a diffusion (white part in the top layer) hap-

pened during the annealing. From the EDX images, we see

that Ta, Ga, O, and N have diffused towards the surface and

with the same shape as the diffusion in the HAADF image.

The EDX shows a homogeneous Al depth distribution in

both layers containing Al. The AlGaN and GaN layers seem

unchanged. These results are in good agreement with the

inelastic background analyses.

The depth profile (bottom part of Fig. 5) confirms the

diffusion of Ta and Al compared to Fig. 3. The metallic Al

shows that there is still a large region of pure aluminum and

a native aluminum oxide. Ta and Ga have diffused closer to

the surface. The AlGaN is also Ga-poorer and N-richer

which confirms that Ga diffused.

So we have four different regions in this sample: a pure

Al layer (with native oxide); a diffusion region with Ta, Ga,

and Al; the AlGaN; and the GaN region. The diffusion

region presents a gradient in the composition.

Analysis of elemental diffusion after 650 �C anneal

Inelastic background analysis

Figure 6 shows the inelastic background analysis on the

Al(40 nm)/Ta(5 nm)sample for Ta 3p3/2 [Fig. 6(a)], Al 1s [Fig.

6(b)], and Ga 2s, 2p [Fig. 6(c)] after the second annealing. The

determined structure is summarized in Fig. 6(d) which also

shows a comparison to the TEM measurements (Fig. 1).

Ta analysis. Figure 6(a) shows a more intense Ta peak

compared to Figs. 2 and 4. This reveals that Ta has diffused

FIG. 5. XPS depth profiling and TEM

analysis on the Al(40 nm)/Ta(5 nm)

sample after the 550 �C annealing.
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closer to the surface during the second annealing. The analy-

sis was made with a blend of three different cross-sections

7%Ta 60%Al 33%universal and using the corresponding

7.6 nm IMFP (see Table I).The resulting depth distribution is

from 5 6 1 nm to 45 6 5 nm (same as the TEM value) with a

concentration cTa ¼ 0.14. Ta has diffused by 11.5 nm

towards the surface (from 16.5 to 5 nm). The amount of sub-

stance is 5.6 nm which is closer to the initial value of 6.3 nm

(11% lower) as the Ta diffused closer to the surface and

therefore the influence of elastic scattering effects is

decreased.

Al analysis. Figure 6(b) shows a very strong aluminum

oxide peak compared to the other stages analyzed. The anal-

ysis was performed using the several buried layers method

with the 95%Ta 5%Al cross-section and the corresponding

IMPF of 6.5 nm (see Table I). The resulting depth distribu-

tion is divided into three regions; the top Al layers going

from 0 6 0.5 nm to 6 6 1 nm with a fixed concentration

cAl¼ 1, the diffusion region with an Al relative concentra-

tion, cAl ¼ 0.42, going from 6 6 1 nm to 45 6 5 nm (same as

the TEM value) and the AlGaN region with a relative con-

centration cAl ¼ 0.15, going from 45 6 5 nm to 67 6 10 nm

(1.4% deviation from TEM).

Ga analysis. Figure 6(c) shows that the Ga peaks are

more intense compared to the previous stages. So Ga dif-

fused closer to the surface. The analysis was made using the

three parameters cross-section with C¼ 400 eV2 and

D¼ 210 eV2 and an 8.4 nm IMFP. The resulting depth distri-

bution with the several buried layers model gave: the GaN

beginning at 66 nm with the fixed concentration cGa ¼ 1, the

AlGaN from 44 6 5 nm to 66 6 10 nm (2.9% deviation from

TEM) with a relative concentration cGa ¼ 0.7, and the diffu-

sion layer from 8 6 1.5 nm to 44 6 5 nm (2.2% deviation

from TEM) with a relative concentration cGa ¼ 0.26. The

concentration of the AlGaN and GaN layers does not seem

to have changed during the second annealing.

TEM/EDX analysis and XPS depth profiling

Figure 7 shows the EDX images recorded from the sam-

ple after the 650 �C annealing. The HAADF image shows

that the second annealing created crystallites compared to

Figs. 3 and 5. The EDX for Al shows that the Al concentra-

tion in the AlGaN layer has decreased because Al diffused

from AlGaN to the overlayer which is in good agreement

with the evolution of the concentrations found by the inelas-

tic background analysis. Ta, Al, and N are in the crystallites

FIG. 6. Inelastic background analysis on the Al(40 nm)/Ta(5 nm) sample after the 650 �C annealing (a) for Ta 3p3/2 with a reference, (b) for Al 1s, and (c) for

Ga 2s, 2p; (d) average results of the analysis and comparison with TEM measurements of Fig. 1.
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whereas the oxygen is now only in the top layer compared to

Fig. 5.

Unfortunately, the Ga was not recorded by EDX for this

sample but we expect that Ga is also in the crystallites since

the Ga and Ta diffusion were very similar to those in the first

annealing and according to the depth distribution found by

inelastic background analysis.

Figure 7 (bottom part) shows XPS depth profiling

after the 650 �C annealing. It shows that oxygen is present

in all regions even in the AlGaN layer and the nitrogen

diffused a bit into the overlayer. Ga and Ta diffused closer

to the surface. The composition of the AlGaN layer is

almost the same, N-enriched from 5% and Ga-deficient

from 5%.

Core-level analysis of the Al(40 nm)/Ta(5 nm) sample

From left to right, Fig. 8 shows the core-levels Al 1s, Ga

2p3/2, and Ta 4f for the Al(40 nm)/Ta(5 nm) sample: as-

deposited, 550 �C-annealed, and 650 �C-annealed, respec-

tively, from top to bottom (Table II). As expected, in Al 1s,

the metallic Al contribution (gray) (1558.2 eV in Ref. 20)

diminishes and the oxidized Al contribution (blue) increases

when the sample is annealed 550 �C. This oxidized Al contri-

bution becomes even larger than the metallic part of the Al

1s spectrum after the second 650 �C annealing. This contri-

bution is more and more shifted as the oxidation increases,

which indicates a modification of the oxide composition.

These observations are in good agreement with the precedent

analyses which show that the oxygen initially at the surface

as a native oxide diffuses in the Al during annealing (Fig. 5).

For the as-deposited sample, the Ga 2p3/2 core level

shows only one contribution (green) which is attributed to

AlGaN since the calculated IMFP does not permit reaching

the GaN layer. For the 550 �C- annealed sample, Ga 2p3/2

clearly shows two contributions: one (violet) from Ga diffus-

ing from AlGaN towards the upper layers and one (green)

from AlGaN. Note that the contribution from AlGaN is not

at the same binding energy: it is shifted by 0.29 eV towards

higher binding energy because of a change in composition

due to the Ga diffusion leading to Al-richer AlGaN. For the

650 �C-annealed sample, the contribution (violet) to the Ga

2p3/2 core level is associated with diffused Ga decreases and

shows a small shift towards higher binding energies. This

means that the diffused Ga which had first interacted with Ta

now also interacts with Al and thus contributes at almost the

same binding energy as the Al-richer AlGaN contribution.

The Ta 4f core level overlaps with several other core lev-

els: O 2s, Ga 3d, C 2s, and N 2s. However, it shows a very dif-

ferent shape for the annealed samples if compared to the as-

deposited one. It is sharper and therefore from a more homo-

geneous state. A new compound has been formed by interact-

ing with Ga and Al. As the C 2s, N 2s core level intensities

decrease when the samples are annealed, they are desorbed

from the surface during annealing whereas the O 2s is mainly

from Al oxide. Moreover, the Ta intensity increases in the

annealed samples compared to the as-deposited one which

confirms the Ta diffusion towards the surface.

FIG. 7. XPS depth profiling and TEM

analysis on the Al(40 nm)/Ta(5 nm)

sample after the 650 �C anneal.
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DISCUSSION

Figure 9 shows a summary of the inelastic background

analysis results, and Table III shows the comparison of the

TEM results with the inelastic background analysis results.

The deviation from TEM is less than 5% which is very good

for an unknown sample, particularly for the deeply buried

Ga around 68 nm depth. Taking into account the uncertainty

of the measurement, we could even consider that there is a

perfect agreement between the inelastic background analysis

and the TEM measurements. It must be noted that the uncer-

tainty is larger for the deepest buried layers that we analyzed.

However, this shows that the inelastic background analysis

combined with HAXPES is a reliable, non-destructive

method to determine the depth distribution of deeply buried

elements.

The results for the as deposited sample indicate that

there is a �3 nm thick native Al oxide on a �36.6 nm thick

pure Al layer. Under the Al layer, there is a 5 nm thin layer

containing Ta, Al, O, and Ga on top of the AlGaN(23.2 nm)/

GaN substrate. After the 550 �C annealing, we have a

15.75 nm thick layer of Al on a 28.75 nm thick alloy of Ta,

Al, and Ga with possibly some O and N. This thick layer is

formed by diffusion of Ga, Ta, and O towards the surface

during this annealing. After the 650 �C annealing, there is a

6.3 nm thick Al oxide layer on a 38.37 nm thick alloy layer.

So the Ga, Ta, and O have diffused closer to the surface. We

still have the AlGaN(21.83 nm)/GaN substrate underneath

the alloy which is Ga-depleted and N-enriched according to

the core-level analysis.

Therefore, inelastic background analysis permitted us to

obtain the layer thicknesses with a< 5% accuracy (<10% in

Ref. 3) and also the relative concentration of the layers and in

the case of Ta, the absolute concentration by using a reference

spectrum. This technique requires high energy photons which

until now has only been available at synchrotron facilities.

However recently, laboratory sources producing hard X-rays

have become available11 which will make the technique more

generally applicable and easily accessible in the near future.

FIG. 8. Core-level analyses of the sample Al(40 nm)/Ta(5 nm) under the three stages for Al 1s, Ga 2p3/2, and Ta 4f.

TABLE II. Values from the core-level analyses of the sample Al(40 nm)/Ta(5 nm) under the three stages for Al 1s, Ga 2p3/2, and Ta 4f.

As deposited 550 �C annealed 660 �C annealed

Spectrum Component Position (eV) FWMH (eV) Position (eV) FWMH (eV) Position (eV) FWMH (eV)

Al 1s Al metal 1558.22 0.57 1558.23 0.58 1558.21 0.59

Al oxide 1561.09 1.37 1561.30 1.76 1561.83 1.98

Ga 2p3/2 AlGaN 1117.18 1.12 1117.47 1.27 1117.52 1.13

alloy 1115.09 0.96 1115.31 0.89

Ta 4f Ta4f7/2 20.82 1.50 20.79 0.39 20.77 0.30

Ta4f5/2 22.52 1.22 22.70 0.35 22.68 0.33

O2s 23.61 3.02 23.61 3.08 23.61 3.21

Ga3d 19.40 1.60 19.39 1.19 19.53 1.31

C2s 17.35 3.24 17.50 2.90 17.53 2.95

N2s 15.09 1.89 15.20 2.39
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The HAXPES core-level analysis is also a non-

destructive technique although it is quite time consuming but

it is very useful to get information on the chemical composi-

tion of the sample. This technique is a good complementary

analysis to the inelastic background which adds chemical

information.

We can obtain the same information with a good accu-

racy also from TEM, EDX, and depth profile analyses as

shown on Figs. 3, 5, and 7. These analyses confirmed the

results of inelastic background and core-level analyses which

demonstrate that these two techniques can provide a com-

plete and non-destructive characterization of the chemical

composition, thicknesses, and structures of samples.

CONCLUSION

In this study, we have applied the inelastic background

analysis to HAXPES spectra to non-destructively study com-

plex diffusion phenomena at depths up to 70 nm below the

surface. We obtained results consistent with TEM measure-

ments which show the formation of an inhomogeneous struc-

ture consisting of a blend of Al, Ga, and Ta during

annealing. We also demonstrated the potential of the inelas-

tic background analysis, which permits us to retrieve the

depth distributions of Al, Ga, and Ta as well as the relative

or absolute concentration of these elements in each layer.

The technique was found to provide a good agreement with

TEM (deviation typically less than 5%) while the result from

EDX and XPS depth profiling deviated slightly more (typi-

cally less than 15%). Therefore, this technique is reliable to

study complex diffusion phenomena at large depths without

damaging the samples. With the new high energy X-ray lab-

oratory sources,11 it is also possible to use it for in-line char-

acterization during the fabrication process, so this is a

promising method for in-line characterization and/or as a

complementary analysis to other techniques.
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