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Total reflection X-ray fluorescence (TXRF) analysis is extensively used by the

semiconductor industry for measuring trace metal contamination on silicon

surfaces. In addition to determining the quantity of impurities on a surface,

TXRF can reveal information about the vertical distribution of contaminants

by measuring the fluorescence signal as a function of the angle of incidence. In

this study, two samples were intentionally contaminated with copper in non-

deoxygenated and deoxygenated ultrapure water (UPW) resulting in impurity

profiles that were either atomically dispersed in a thin film or particle-like,

respectively. The concentration profile of the samples immersed into de-

oxygenated UPW was calculated using a theoretical concentration profile

representative of particles, yielding a mean particle height of 16.1 nm. However,

the resulting theoretical profile suggested that a distribution of particle heights

exists on the surface. The fit of the angular distribution data was further refined

by minimizing the residual error of a least-squares fit employing a model with a

Gaussian distribution of particle heights about the mean height. The presence

of a height distribution was also confirmed with atomic force microscopy

measurements.

1. Introduction

Contamination analysis of silicon wafer surfaces with total

reflection X-ray fluorescence (TXRF) has been critical for

understanding and improving silicon processing technologies

(Pahlke, 2003; Hockett, 1994; Pahlke et al., 2001; Pianetta et al.,

1995). With the continuing drive to increase device density,

the acceptable levels of surface contamination have been

decreasing requiring transition metal impurity levels on silicon

surfaces to be in the low 109 atoms cm�2 range (Kern, 2008;

Hoefflinger, 2011). With TXRF, wafer surfaces can be

measured non-destructively and detection limits of the order

of 5 � 109 atoms cm�2 for various transition metals have been

routinely achieved with conventional X-ray sources (Klock-

enkämper & von Bohlen, 2014). Even better sensitivities can

be achieved with the use of vapor phase decomposition (VPD)

techniques (Yamagami et al., 1999). Moreover, by using

synchrotron radiation sources, these detections limits have

been greatly enhanced to levels of 8 � 107 atoms cm�2 due to

the high flux density (Pianetta et al., 2000).

In addition to measuring surface concentrations, geome-

trical information on the vertical distribution of contaminants

can be determined by using the TXRF technique in the so-

called grazing-incidence X-ray fluorescence (GIXRF) mode,

where the fluorescence signal of an impurity is monitored as
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a function of the angle of incidence (Klockenkämper & von

Bohlen, 2014; Meirer et al., 2010). For example, it is possible

to ascertain whether contaminants are atomically dispersed

throughout the bulk, incorporated in a thin film layer or exist

as particles above the surface. This is the result of a standing

wave pattern that is formed directly above the silicon surface

due to interference between the incoming X-ray beam and

the totally reflected beam. The periodicity of these standing

waves, as well as the penetration depth of the X-rays, can be

modulated by changing the angle of incidence. Therefore, the

fluorescence intensity as a function of angle will strongly

depend on the vertical distribution of the element of interest.

In fact, quantitative analysis to determine the vertical

concentration profile of an impurity can be carried out

through the use of least-squares fitting provided an accurate

model for the concentration profile is used (Schwenke et al.,

1997). Such studies have proven useful in conducting depth

profiles of ions implanted in Si and Ge (Hönicke et al., 2012;

Kayser et al., 2015), and also in characterization of surface

particles (Nowak et al., 2013; Reinhardt et al., 2012). In this

study, a similar analysis was carried out in order to determine

the mean particle height of Cu particles deposited in de-

oxygenated ultrapure water (UPW). In addition, through the

use of atomic force microscopy (AFM) measurements, it was

found that a height distribution of particles existed. By

refining the model describing the Cu concentration profile to

account for the particle height distribution, it was possible to

improve the fit and extract additional parameters, such as the

width of the distribution, from the GIXRF measurements.

2. Experimental

Cleaved 20 mm � 10 mm Si wafers were cleaned using a 4:1

sulfuric acid/hydrogen peroxide mixture (H2SO4 = 96 vol.%;

H2O2 = 30 vol.%) for 10 min and then rinsed in deoxygenated

UPW. Then they were dipped for 1 min into a 0.5% HF

solution resulting in a clean hydrogen-terminated surface. The

influence of oxygen in the UPW was studied by comparing the

results from solutions made using standard UPW containing

3–10 p.p.m. of dissolved O2 with those made using deoxy-

genated UPW solutions, prepared by sparging with argon, in

which the dissolved O2 content was reduced to approximately

0.3 p.p.m. The O2 level in standard UPW was estimated from

separate XPS measurements of the oxidation rate of a Si wafer

when placed in UPW (Kasnavi et al., 2001) and then compared

with literature values of oxidation rate versus UPW O2

concentration (Yagi et al., 1992; Li et al., 2005). The O2 level in

the deoxygenated UPW was estimated from literature values

of studies using a similar sparging procedure (Li et al., 2005;

Butler et al., 1994). Copper in a 2% nitric acid matrix was then

introduced at concentration levels of 100 p.p.b. and the Si

surfaces were contaminated by immersing the hydrogen-

terminated silicon samples into these solutions for 300 s.

The surface concentration of the copper contaminants was

analyzed using SR-TXRF on the 6-2 beamline at the Stanford

Synchrotron Radiation Laboratory (SSRL) at an incident

beam energy of 11.2 keV. In order to determine if the Cu was

deposited as a thin surface layer or as particles on the Si

surfaces, the Cu fluorescence signal was measured as a func-

tion of incident beam angle from 0.01 to 0.3�. In the sample

where the copper was as nanoparticles, AFM measurements

were also taken to confirm the particle size distribution.

Further details on the sample preparation and experimental

setup are discussed elsewhere (Singh et al., 2004; Pianetta et

al., 2000).

3. Results and discussion

Fig. 1 shows the Cu fluorescence intensity as a function of the

angle of incidence for samples immersed in 100 p.p.b. Cu-

contaminated UPW solutions. As can be seen, the sample

prepared in non-deoxygenated UPW has a profile indicative

of atomically dispersed Cu near the surface, where the

maximum in fluorescence intensity occurs at the critical angle

of 0.16�. On the other hand, the sample immersed in deoxy-

genated UPW has a fluorescence maximum at 0.1�, suggesting

that Cu particles are present on the surface.

For the samples immersed in deoxygenated UPW, a model

depicting the vertical concentration profile is shown in Fig. 2.

Here Cu particles grow as spherical caps extending beneath a

thin oxide layer terminating at the silicon surface. Additional

atomic Cu is incorporated into the native oxide that readily

grows in deoxygenated UPW. Above the oxide surface,

Cu only exists as metallic particles. In this region, the Cu

concentration is determined by the mean height and the mean

contact angle of the Cu particles. Therefore, a total of four

parameters specify the concentration profile: (1) the height of

the oxide, (2) the ratio between Cu surface concentration in

the particle just above the oxide surface and the Cu surface

concentration in the oxide layer, (3) the particle height and

(4) the contact angle of the particle. In the oxide the amount of

atomically dispersed Cu is much higher than the metallic Cu

from the particles that terminate at the silicon surface, and,

consequently, the concentration of Cu in the oxide can be

assumed to be constant and independent of height. Mathe-
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Figure 1
Fluorescence intensity versus angle of incidence for samples immersed
in deoxygenated and non-deoxygenated UPW solutions containing
100 p.p.b. Cu. The critical angle for silicon is at 0.16�. A least-squares
fit using a specific concentration profile yielded a particle height of
16.1 nm. Additional calculations for particles of height 15.6 and 16.6 nm
are shown. Reproduced with permission from Singh (2004).



matically, the concentration profile used is expressed as

shown:

XCuðzÞ ¼ 1 for 0 � z � hoxide;
XCuðzÞ ¼ �Acapð�;R; zÞ=Vcapð�;RÞ for z> hoxide;

where XCu is the relative copper concentration, z is the height

above the silicon/oxide interface, hoxide is the height of the

oxide layer, � is the ratio of the quantity of copper in the

particle and the quantity of copper in the oxide, Acap is the

cross-sectional area of the Cu particle, Vcap is the particle

volume, � is the contact angle and R is the radius of the

spherical cap.

For reference, a schematic of the standing wave intensity

profile is also shown in Fig. 2; however, the overall profile

changes with the angle because the frequency of the standing

waves that form above the surface and the penetration depth

of the X-ray into the sample both increase with the angle. The

relative fluorescence signal at a specific angle can be simulated

by multiplying the concentration profile with the intensity

profile and integrating this product over the full spatial range

of the copper. A least-squares fit of the Cu GIXRF intensity

profile was then performed for the sample immersed in de-

oxygenated UPW.

For the sample contaminated in deoxygenated UPW the

results of the least-squares fit indicate the presence of nano-

particles with a mean height of 16.1 nm, a contact angle of 59�

and a concentration ratio of 0.027; the oxide thickness was

found to be 0.52 nm. Additional model calculations assuming

15.6 and 16.6 nm particles are also shown in Fig. 1 to

demonstrate the precision of this technique. As can be seen,

the 16.6 nm fit shows better agreement with the data at angles

below 0.09�, whereas the 15.6 nm fit better corresponds to the

data at higher angles above 0.11�. From these additional

results, it can be inferred that a range of particles with

differing sizes exist on the surface, because larger (smaller)

particles would exhibit greater fluorescence intensity at

smaller (larger) angles.

In order to confirm that a range of particle sizes does exist,

AFM measurements were conducted on the sample that was

immersed in deoxygenated UPW (AFM images can be found

in the supporting information). From these measurements, it

was possible to extract a particle height distribution, which is

shown in Fig. 3. As can be seen, a range of particle heights

exists in a Gaussian-like distribution that is skewed towards

higher particles. From this distribution, the mean particle

height was determined to be 16.6 nm, which was approxi-

mately 0.5 nm greater than the value extracted from the least-

squares fit conducted on the fluorescence signal data shown

in Fig. 1.

In Fig. 4, the measured Cu fluorescence intensity is plotted

as a function of angle for the sample immersed in 100 p.p.b.

Cu-contaminated deoxygenated UPW solutions along with

the same least-squares fit that was shown in Fig. 1. Addition-

ally, the theoretical fluorescence curve using the particle

height distribution shown in Fig. 3 was also plotted. In order to

perform this calculation, the concentration profile was calcu-

lated by taking a weighted average of the distribution of
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Figure 3
Particle size distribution of a sample immersed in deoxygenated UPW for
5 min containing 100 p.p.b. Cu as measured using AFM. The scan area of
the sample was 20 mm � 20 mm. As can be seen the mean particle height
of 16.6 nm agrees well with fits performed on fluorescence signal versus
angle measurements.

Figure 4
Using the distribution of particle sizes shown in Fig. 3, the theoretical
fluorescence signal versus incident beam angle was plotted. Compared
with the 16.1 nm fit shown in Fig. 1, the profile is broader and overall is a
better fit.

Figure 2
Model for the concentration profile used in the least-squares fits. The
stitched line (– – –) shows the concentration profile, c(z), and the dashed
line (- - - - -) shows the corresponding intensity profile, l(z).



the different particle heights as obtained from the AFM

measurements. As can be seen, several noticeable differences

between the theoretical fluorescence using the distribution of

particle height and the original least-squares fit using a single

particle size are apparent. Firstly, the figure shows that a better

fit to the data is achieved at lower angles when using the

distribution of particle sizes. As larger particles have a

maximum in fluorescence intensity at smaller angles, it is

expected that the theoretical fluorescence calculated when

using a distribution of particles is greater at small angles.

Secondly, it can also be seen that a greater amount of fluor-

escence is predicted at large angles when the distribution of

particles is used. In this case, the smaller particles in the

distribution contribute to the predicted fluorescence intensity

at large angles. Finally, it can be seen that the maximum in

fluorescence intensity when using the distribution of particles

is less when using particles of the same size. With regards to

the data, neither profile exhibits a better fit in the region near

the fluorescence intensity maximum, as calculations using the

distribution of particles are too low, whereas the fit using

particles of the same height is too high. However, when

examining both profiles over the full range of data, it is clear

that the calculation using the distribution of particles more

accurately corresponds to the data.

In order to demonstrate that GIXRF itself is a technique

sensitive enough to also provide information on the particle

distribution, another least-squares fit was conducted on the

experimental data. In this fit, a Gaussian particle height

distribution about a mean of 16.1 nm was used to describe the

concentration profile. In Fig. 5, the residual error of this

calculation is shown as a function of the full-width at half

maximum (FWHM) of the particle height distribution. From

this plot, it can be seen that the quality of the fit improves by

assuming that a distribution of particle heights exist. Assuming

that all particles have the same height, as was done for the fit

shown in Fig. 1, the residual error is approximately 2.60 as can

be seen in Fig. 5. However, with increasing FWHM, the resi-

dual drops to lower values until reaching a minimum value

when FWHM is 2.8 nm. This value of 2.8 nm corresponds well

to the FWHM extracted from the AFM measurements, which

was determined to be 3.8 nm. The difference between these

results can most likely be attributed to the fact that the actual

profile measured with AFM is a skewed distribution such that

a tail exists on the lower particle height side of the distribu-

tion, which was not modeled when performing the least-

squares fit with the Gaussian distribution. Furthermore, the

minimum is broad and a change in the FWHM value of

�2.0 nm only increases the residual error by 3.5%. However,

the residual error of the fit clearly improves by using a

Gaussian distribution and indicates that depth profiling in the

TXRF geometry is a technique sensitive enough to detect the

difference between particles that all have the same height and

those that exist as a distribution of heights.

4. Conclusion

In conclusion, it was demonstrated that measuring the fluor-

escence intensity versus the angle of incidence for samples

with particle-like contaminants grown on the surface can yield

quantitative information, although the choice of the concen-

tration profile can subtly change the results. In this study, when

using a concentration profile representative of particles of all

the same height, the resulting least-squares fit to the fluores-

cence signal angle scan showed significant differences to the

data measured, especially at smaller angles. However, by using

a concentration profile that took a weighted average of a

distribution of particles, as determined via AFM measure-

ments, it was found that the predicted theoretical fluorescence

more accurately corresponded to the data. Finally, it was

possible to obtain the particle height distribution directly from

the GIXRF data by adding a Gaussian particle height distri-

bution to the model and using a least-squares fit to minimize

the residual error resulting in a particle height distribution

of 2.8 nm. By identifying the nature of the contaminants on

silicon wafer surfaces, it should be possible to better determine

and eliminate the source of processing issues when they arise

in the semiconductor fabrication plant.
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