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In this paper, the authors demonstrate that Auger electron spectroscopy (AES) is an effective

characterization tool in the analysis of the cleaning of semiconductor surfaces under different

atmospheres. AES has several advantages for this purpose: it is nondestructive, surface specific

{the analysis depth is only 4–50 Å [Childs et al., Handbook of Auger Electron Spectroscopy
(Physical Electronics, Eden Prairie, MN, 1995)]}, and very sensitive to common contaminants such

as carbon and oxygen. Furthermore, the authors have proven that AES allows us to describe the

effectiveness of surface cleaning in a quantitative manner by comparing the peak-to-peak height of

the oxygen signal for different samples. In this work, the surface cleaning of five semiconductors,

namely, Si, Ge, GaAs, In0.5Ga0.5As, and In0.5Al0.5As, was investigated. The same standard HF

cleaning procedure was applied in two different atmospheres, air or nitrogen. The latter was used to

prevent reoxidation after cleaning. The authors found that for most of these semiconductors, the

atmosphere in which the cleaning is performed has a significant influence on the results, reducing

the oxygen peak-to-peak height with an extra 11.18% (average of all the semiconductors

investigated) when comparing cleaning in N2 to cleaning in air. Complementary characterization of

the effectiveness of the cleaning procedure was accomplished by in situ AES, atomic force microscopy,

and reflection high-energy electron diffraction for GaAs samples. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4955149]

I. INTRODUCTION

The removal of native oxides on semiconductor surfaces

is a crucial processing step in the transistor industry: for

silicon and germanium, it is preferred to remove the native

oxide before the deposition of a high-k oxide in order to

decrease leakage through the gate stack. For III–V semicon-

ductors, native oxides cause Fermi-level pinning,2,3 and

therefore, a proper cleaning is crucial for the usage of these

materials in transistor applications, as suggested by the ITRS

roadmap.4

An excellent tool to investigate the surface cleaning is

Auger electron spectroscopy (AES). The Auger electron

transition and a schematic of the experimental setup are

shown in Fig. 1. An Auger electron is generated in three

steps: (1) a vacancy is created by the removal of a core elec-

tron [red in Fig. 1(a)] through the incoming electron beam

(blue). (2) A second electron (purple) drops down to fill the

vacant position, which (3) generates enough energy to eject

an electron in a shell with higher energy, the Auger electron,

indicated in green. The AES setup is illustrated in Fig. 1(b).

The Auger electrons enters between the inner hemisphere

(IH) and outer hemisphere (OH), between which a voltage is

applied as to only allow electrons within a small range of

energies to reach the detector.5 By varying the voltage

applied on the hemispheres, electrons with different energies

are detected as to obtain a full spectrum.

AES has often been used to identify which elements are

present at the surface, sometimes combined with sputtering

to obtain a depth profile of these elements. However, in this

paper, it is shown that AES can also be used to evaluate the

effectiveness of different cleaning procedures in a quantita-

tive manner without relying on data obtained from reference

samples. Typically, a quantitative analysis with AES is done

using sensitivity factors, often extracted from databases.

However, the measurements to obtain these sensitivity

factors are performed on different instruments and on

different materials than the material under investigation.a)Electronic mail: jolien.debehets@kuleuven.be
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Consequently, this quantitative analysis based on references

samples is not highly accurate and may lead to an error

between 14% and 20% in atomic percentage.6 In this paper,

we show that AES can be used to evaluate the relative effec-

tiveness of different cleaning procedures in a quantitative man-

ner without relying on sensitivity factors obtained from

reference samples. The quantitative analysis described in this

paper is based on the peak-to-peak height comparison of spe-

cific elements for different but similar samples, as the peak-to-

peak height in the differentiated spectrum is directly propor-

tional to the amount of that element present. This quantitative

method does not rely on measurements performed on other

materials and with other setups and therefore has a high preci-

sion. The error introduced by noise can be estimated accurately

for each measurement and is typically below 10%. It should be

noted that the surface composition of the sample is not

obtained in atomic percentages with this method, but a relative

decrease or increase in a specific element from one sample to

another is obtained in terms of percentages.

AES allows investigating both, the peaks related to the

contaminants, and those related to the semiconductor spe-

cies. The large signal strength in AES for carbon and oxygen

makes it possible to directly assess cleaning effects. It is not

necessary to assess low concentrations of contaminants indi-

rectly by looking at the peaks related to the semiconductor

constituents as can be required for XPS. The cause of

this difference between AES and XPS is differences in signal

strengths and surface sensitivity due to electron path

lengths.1 Like XPS, AES can be used to detect changes in

the chemical state of elements. In both techniques, peak

shifts and a peak shape change can occur. However, for

AES, it is more difficult to relate the peak shift to the elec-

tronic configuration change as the peaks are broader than in

the case of XPS. Furthermore, there are more databases

available for XPS to investigate chemical state changes.

However, significant peak shape changes can be observed in

AES for peaks involving valence band electrons, as is shown

in Fig. 2(b). AES, on the other hand, is preferred when

examining individual small particles as the spatial resolution

of this technique is better than for XPS. Disadvantages of

AES include beam damage due to heating and bond breaking

for some materials, and challenges examining insulating

materials due to charging effects. Although charging can

occur in both AES and XPS, methods for charge control are

easier and more routine for XPS. For the materials consid-

ered here, no charging effects were observed.

II. EXPERIMENT

In this work, the effectiveness of the cleaning of five

different semiconductors was systematically investigated by

means of AES. The semiconductors studied are from group

IV (Si, Ge) and III–V compounds (GaAs, In0.5Ga0.5As and

In0.5Al0.5As). The Si, Ge, and GaAs wafers were all (100)-

oriented and n-type. The doping varied from 4.8� 1015 for

Si, 4.7� 1016 for GaAs, to 1.2� 1016 for Ge. Both, ternary

In0.5Ga0.5As and In0.5Al0.5As semiconductor layers, are

grown lattice matched on an InP (001)-oriented substrates by

metal organic vapor phase epitaxy using the experimental

setup described in Merckling et al.7 The thickness of both

layers is 150 nm, as extracted from the Pendell€osung fringes

periodicity by x-ray diffraction. For each sample, an as-

received piece was used as a reference and two cleaning

procedures were applied. Cleaning procedure 1 consisted of

standard HF cleaning where a sample was dipped into a

0.5% HF solution for 2 min. Subsequently, the remaining HF

was removed from the surface with dust free paper. This effec-

tively removed the HF from the surface, as no residual fluor

was detected in the subsequent AES measurements. Cleaning

procedure 2 was identical, except that the whole procedure

was conducted in a nitrogen environment instead of air. To be

precise, the cleaning was performed in a portable glove box

(Erlab Captair Pyramid), which was evacuated and purged at

least three times with ultrapure (99.8%) N2 gas to minimize

the amount of contaminants present in the glove box. In this at

best 99.8% pure N2 atmosphere, the sample was cleaned with

HF and then enclosed in a specifically designed container to be

transported to the vacuum system for characterization. To

avoid direct exposure to air, also the loading of the sample to

the vacuum system was done in nitrogen atmosphere using a

second glove bag filled with N2.

The AES equipment (Thermofisher, Alpha 110 Channeltron

Assembly) (the sample geometry and system layout is shown

in Fig. 1) was used yielding an electron voltage of 8 kV and

a filament current of 2 A. The pressure in the chamber was

4� 10�9 mbar. The step size for data collection was 1 eV, and

the spot size is estimated to be 1 mm2. Differentiation was

FIG. 1. (Color online) (a) Schematic illustration of the generation of an Auger electron. An incident electron creates a vacant position by removing a core elec-

tron. Next a transition takes place where an electron from a higher shell fills the vacant spot, generating enough energy to eject the Auger electron. (b)

Schematic of the AES setup, where electrons with a specific energy are selected in a hemispherical detector by applying a voltage between the inner (IH) and

outer hemisphere (OH). After A. R. Barron (Ref. 5).
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applied to the spectra using the AVANTAGE 3.13 software (differ-

entiation width of 7 eV and seven data points per differentia-

tion) in order to filter out the influence of the background.

Before differentiation, a smoothening procedure was conducted

(Savitzky and Golay, cubic function). The software was also

applied to obtain a quantitative analysis of the composition of

the surface, where the atomic fraction of the elements present

on the surface was estimated based on the use of sensitivity

factors. As discussed in the Introduction, this type of analysis

may have a low accuracy. However, peaks were identified

(they may be positioned slightly differently compared to the

database), and the standard software was applied to obtain an

estimate of the surface composition.

A simple and precise method to assess the relative effec-

tiveness of different cleaning procedures that does not rely

on instrumental sensitivity factors is used in this study. In

this method, the peak-to-peak height of contaminant ele-

ments is compared using the differentiated spectrum. This

method assumes that the elements of interest are at the sam-

ple surface and the reliability of this method requires that

measurements on samples cleaned in different ways are con-

ducted under nearly identical conditions. Especially the fila-

ment current (and therefore the intensity of the background

in the as measured curve) is an important factor in this pro-

cess. The reproducibility of this method was confirmed by

repeating experiments on GaAs and Si several times under

similar conditions (not included in this paper). Furthermore,

this method can only be applied to peaks where no signifi-

cant peak shape changes occur.

III. RESULTS AND DISCUSSION

A. Characterization by AES

The differentiated peak for the oxygen KLL (referring to

the shells from which the electrons originate that are involved

in the transition) transitions in silicon is shown in Fig. 2(a),

for an as-received, cleaned in air and cleaned in nitrogen

atmosphere wafer. As it can be seen, the peak-to-peak height

of the oxygen KLL1 peak decreases significantly upon clean-

ing, indicating that the cleaning process efficiently removes

oxygen bonded to the surface. The KLL2 and KLL3 peaks

are barely visible after cleaning. In the case of the silicon wa-

fer cleaned in nitrogen, all oxygen peaks are hardly distin-

guished from the background.

Besides the peak height, the peaks originating from tran-

sitions involving the valence band electrons of the semicon-

ductor also changed their shape upon cleaning, as illustrated

in Fig. 2(b) for the silicon samples. This shape change is

directly related to the density of states of the valence band1

and the change in our investigation is similar to that

observed in the literature.8,9 This shape change is signifi-

cantly pronounced for the Si LVV2 (where L corresponds to

the L-shell and V to valence band) peak: upon cleaning the

minimum of this peak is shifted to lower kinetic energies

and the peak height increases, while the maximum between

Si LVV1 and Si LVV2 increases drastically. Taking into

account that the native oxide thickness of an as-received

silicon can be up to 2 nm,10–12 these results demonstrate that

AES spectroscopy is an effective tool to study the influence

of the cleaning on the surface composition as well as the

density of states.

The same two cleaning procedures were also applied to

Ge, GaAs, In0.5Ga0.5As, and In0.5Al0.5As wafers. The peak-

to-peak height for oxygen is presented in Fig. 3 for each

semiconductor for the as-received, cleaned in air, and

cleaned in N2 samples. The spectra were shifted vertically

for clarity. The symbols represent the measured values for

each cleaning whereas the gray lines indicate the margin

given by the 5% confidence interval for 62r, which means

that 95% of the measurements fall within this margin when

random distribution due to noise is taken into account. The

standard noise deviation was estimated for each measure-

ment from a 150 eV window where no Auger transitions are

FIG. 2. (Color online) Differentiated AES spectra showing (a) the oxygen

KLL peaks for three different Si samples (as-received, cleaned with HF

0.5% 20 in air or in a nitrogen atmosphere). A significant decrease in peak-

to-peak height upon cleaning is observed. (b) Same samples as in (a) show-

ing a distinct shape change of the Si LVV peaks (related to a transition

involving valence electrons).
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present. Table I shows the decrease in oxygen peak-to-peak

height in relative percentages. For most semiconductors

investigated in this study, the HF cleaning is very effective,

leading to a significant decrease in the oxygen peak-to-peak

height up to 93%. Especially in a nitrogen atmosphere, the

effect was strongly pronounced. In0.5Al0.5As is the only

material for which no significant difference in oxygen peak-

to-peak height was observed when comparing cleaning in

both atmospheres.

It should be noted that the samples cleaned in air were

only exposed to air for a few minutes before loading into the

vacuum system. This shows that most of these semiconduc-

tors rapidly absorb contaminants from the atmospheric envi-

ronment after cleaning. For GaAs, we performed cleaning

in air and then exposed the samples to air for different dura-

tions before inserting them into the vacuum system for the

AES measurements (see Fig. 4). When the sample is immedi-

ately inserted in the vacuum system, it is only a few minutes

in contact with air after HF cleaning and before insertion in

the load lock (it takes approximately 15 min to pump down

to 1.5� 10�6 Torr). If the sample is left in air for 30 min, no

significant difference in the oxygen peak-to-peak height

could be detected compared to the sample inserted in the vac-

uum chamber immediately. However, within the first hour in

air and beyond, the sample reoxidizes until the oxygen peak-

to-peak height stabilizes to a value similar to an as-received

wafer.

The speed of reoxidation after cleaning mainly depends

on the structure of the formed oxide layer, as a layer of par-

tially oxidized semiconductor is expected to be defective

and therefore permeable, promoting diffusion of oxygen into

the subsurface area.13 The oxides formed on GaAs are gener-

ally known to be highly defective suboxides,14,15 which is

consistent with the cleaning in nitrogen being significantly

more efficient than the cleaning in air. For the other semi-

conductors studied, the native oxides are less defective com-

pared to GaAs,16–20 resulting in a less pronounced, but still

significant, difference between the samples cleaned in air

and those cleaned in N2. For In0.5Al0.5As the situation is dif-

ferent, since aluminum is strongly susceptible to oxidation

and the reoxidation of In0.5Al0.5As in an inert atmosphere

has been reported before.21 This can be caused by small

amounts of residual oxygen present in the nitrogen atmos-

phere (99.8% pure) or oxygen in the HF-solution itself.

However, it is expected that this oxide formed at the

In0.5Al0.5As interface is more stable against progressive oxi-

dation than that of the other semiconductors studied here,

since Al2O3 is widely used in the aluminum industry as a

barrier for further oxidation.22 The formation of such an ox-

ide layer during cleaning, even in a nitrogen atmosphere,

explains why the results of the cleaning in air and in nitrogen

are comparable.

In the case of GaAs, the surface stoichiometry can be esti-

mated based on the Auger peak-to-peak height, as Ga and As

undergo the same LMM transitions and these peaks are rela-

tively close in kinetic energy. Furthermore, the inelastic

mean free path is similar, therefore the yield of Auger elec-

trons is comparable.23 From the differentiated spectrum, it

was derived that the Ga/As ratio varies from 1.33 in the as-

received wafer to 0.97 and 0.94 for the GaAs cleaned in air

and N2, respectively. Marchiori et al.24 reported the Ga/As

ratio before and after cleaning with HF solution and found

similar results by means of XPS. The decrease in Ga/As ratio

upon cleaning with HF, or the relative increase in the yield

of Auger electrons from As, is also in agreement with other

reports.24–27 A possible explanation for the decrease in Ga/

As ratio is the preferential removal of Ga-oxide species,

resulting in a Ga depleted surface covered by elemental ar-

senic.21,24,28,29 However, a layer of elemental arsenic was

mostly observed when a high concentration of HF was

applied,29 and in our case, the Ga/As ratio is rather close to

unity after cleaning in N2; therefore, no large deviations in

stoichiometry are expected.

The atomic percentage of elements present at the surface

was also estimated by using sensitivity factors supplied by the

manufacturer (see Table II). It has to be noted that this type of

analysis may lead to an error between 14% and 20% in atomic

percentage.6 This error is introduced because the reference

samples from which the sensitivity factors are determined are

FIG. 3. (Color online) Peak-to-peak height of the oxygen transition as meas-

ured by AES for the as-received semiconductors and after the cleaning pro-

cedures. The symbols indicate the oxygen (KLL) peak-to-peak height, and

the gray lines represent the 62r intervals which estimate the interval which

contain 95% of the measurements as to account for noise. The position of

the spectra is shifted vertically for clarity.

TABLE I. Decrease in oxygen peak-to-peak height upon cleaning in terms of

percentages.

As-received–cleaned

in air (%)

As-received–cleaned

in N2 (%)

GaAs 45.8 6 5.1 68.1 6 4.7

Ge 54.7 6 3.6 61.2 6 3.3

In0.5Al0.5As 73.1 6 2.7 74.7 6 3.4

In0.5Ga0.5As 73.1 6 3.3 85.3 6 2.3

Si 80.6 6 1.5 93.9 6 1.9
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actually measured in another equipment and may therefore

deviate from the real values. Furthermore, the inelastic mean

free path of the measured species may differ from that of the

reference samples, which can contribute to the error.

It should also be mentioned that the interpretation of the

results for In0.5Ga0.5As and In0.5Al0.5As can be affected by

partial overlapping of the In and C signals. For In0.5Al0.5As,

a quantitative approach is even more complicated because

the aluminum peaks have a very low intensity, indicating

either a high oxygen coverage or a low amount of aluminum

in the original surface region. It has been reported that the

amount of Al-oxides on the as-received In0.5Al0.5As can

be disproportionally high, compared to the amount of

In/As-oxides, because Al is much more susceptible to oxida-

tion than In or As.21

B. Characterization by RHEED and AFM

Complementary characterization of the effectiveness of

the cleaning procedure was obtained by performing atomic

force microscopy (AFM) in the noncontact mode and reflec-

tion high-energy electron diffraction (RHEED) on a GaAs

sample. Both techniques were applied in UHV (10�8 mbar

for RHEED, 10�9 for AFM) at room temperature. The

observed RHEED patterns from a wafer cleaned in N2 and

from an as-received wafer are shown in Fig. 4. As RHEED

uses electrons at grazing incidence, just the first atomic

layers from the surface are sensed. Clear diffraction streaks

and Kikuchi lines are observed on the cleaned sample,

whereas for the as-received wafer the strikes are hardly visi-

ble due to the presence of the amorphous native oxide. The

diffraction features in the RHEED pattern suggest that the

cleaning has significantly reduced the thickness of the native

oxide layer and the wafer surface is smooth.30,31 From the

AFM measurements, similar root mean square roughness’s

were found for a polished, as-received wafer (0.19 nm) and a

wafer cleaned in a N2 atmosphere (0.16 nm), showing that

the cleaning preserves the lower roughness of the surface.

The RHEED image shows no reconstruction of the surface,

which normally only appears after annealing at higher

temperature.14

IV. SUMMARY AND CONCLUSIONS

In summary, the use of Auger electron spectroscopy to

analyze the HF cleaning of Si, Ge, GaAs, In0.5Ga0.5As, and

In0.5Al0.5As semiconductors in air or in nitrogen environment

FIG. 4. (Color online) Upper part: oxygen peak-to-peak height for GaAs samples as a function of exposure time to air before insertion in vacuum. Lower part:

RHEED patterns along the [011] azimuth of a GaAs (100) wafer cleaned in a N2 environment (left) and an as-received wafer (right). Both images have the

same contrast and brightness.

TABLE II. Composition of the surface according to the AES analysis based

on sensitivity factors. All quantities are atomic percentages.

Si Ge Ga As In Al O C

Si No Cl. 67.6 / / / / / 27.3 5.1

Cl. in air 87.7 / / / / / 9.0 3.3

Cl. in N2 94.4 / / / / / 2.3 3.3

Ge No Cl. / 80.7 / / / / 14.8 4.5

Cl. in air / 92.9 / / / / 4.4 2.7

Cl. in N2 / 94.4 / / / / 3.8 1.8

GaAs No Cl. / / 46.0 41.6 / / 7.8 4.6

Cl. in air / / 42.8 48.9 / / 5.3 3.0

Cl. in N2 / / 43.1 50.6 / / 4.2 2.1

In0.5Ga0.5As No Cl. / / 17.6 33.5 19.0 / 23.1 6.8

Cl. in air / / 18.4 48.2 28.4 / 3.4 1.7

Cl. in N2 / / 26.7 56.8 13.7 / 1.7 1.1

In0.5Al0.5As No Cl. / / / 44.8 30.8 4.2 15.3 5.0

Cl. in air / / / 64.4 23.5 5.7 5.4 1.9

Cl. in N2 / / / 50.9 37.5 4.6 2.1 4.9
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was investigated. By comparing the peak-to-peak height of

oxygen for the different samples, the effectiveness of the

cleaning was analyzed quantitatively. For all the studied

semiconductors, except In0.5Al0.5As, the cleaning in a nitro-

gen environment proved to be significantly more efficient

than the cleaning in air. For silicon, a distinctive change of

the peak shape related to a change in chemical environment

was observed. Furthermore, the composition of the samples

was estimated based on the systematic analysis performed.

AFM and RHEED characterization on GaAs samples showed

evidence of the cleaning procedure effectiveness.
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