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The principles of energy dispersive x-ray 
fluorescence (EDXRF) technique and its 
elemental analysis applications were 
described in some books and reviews 
[1-4]. PCBs are an important applica-
tion for nickel-phosphorus (NiP) coat-
ings, on top of which, additional gold 
and/or palladium coatings are applied. 
Phosphorous concentration of chemi-
cally (or electroless) deposited nickel-phosphorus (NiP) coating can be analyzed in nondestructive 
manner in atmosphere without stripping Au and Pd coatings. The FP-based WinFTM software allows 
a reliable determination of both the mass per unit area of the NiP layer and its P concentration [5]. 
The reproducibility and accuracy of the analysis is verified by means of certified standard reference 
material. Their quantification is traceable to accurate mass per unit area primary standards ana-
lyzed by several suitable techniques [6]. The typical measurement spot size is about 1mm, but in case 
of micro-spot instruments even smaller spot sizes (less than 100 µm) are achievable.
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1. Measurement protocol

The Figures 1–3 depict a typical PCB analysis. A 
certain number of pre-defined and programmed 
pads (positions) are measured automatically.

2. EDXRF measurement of NiP layers

A common non-direct method [7] requires a 
substrate of iron and this method has been 
used previously for many years. It uses the 
fluorescence intensities of the Ni-layer (Ni-K 
lines) and of the Fe substrate (Fe-K lines). On 
other substrates, as in the example presented 
here – Cu, direct measurement of NiP thick-
ness requires the effective excitation and the 

reliable detection of the characteristic P-K-ra-
diation, directly. With the Fischer Technology 
equipment described in this paper NiP layers can 
be measured on any substrates even when NiP 
layers are very thin. Of course, the considerably 
small information depth has to be taken into 
account as described in more detail in [5,8,9]. 
Other considerations for the direct EDXRF mea-
surement of PCB NiP layers include:

• The P-K-signal is small compared with the flu-
orescence signals of Ni or Cu.

• The NiP layer is normally coated with Au and 
in some cases also with Pd. NiP is not the top 
layer in any case.

• The Pd layer above may contain P up to 4 wt-%.
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Optimal P-K-excitation

The measurement can be performed with “stan-
dard conditions” (operation voltage = 50 kV and 
10 µm Ni primary filter) - optimal for Au, Ni and 
Pd excitation. However, a reduction of the X-Ray 

tube voltage improves the signal vs. background 
ratio for the P-K-peak. But the improvement of P 
determination is accompanied with a poor exci-
tation of the higher energy emissions of Ni and 
Au. As noted above, the higher tube voltage is 
needed. The solution is combining the two exci-

Fig. 3: The spectrum from the PCB sample in Fig.2. The characteristic fluorescence lines are labeled by the respective element 
symbol. Spectrum in log scale.

Fig. 2: A Fischerscope© XDV-SDD measures this pad for the Au 
top layer and NiP layer beneath. The measuring spot size is 
defined by an aperture of Ø 0.6 mm. The comparably large 
spot is desired to obtain spectral intensity of about 30,000 
cps.

Fig. 1: The Fischerscope©XDV-µ-PCB is designed for PCB test-
ing. Automatic testing even on large boards can be performed 
by means of the motorized stage. The video image controlled 
pattern recognition software ensures a correct measurement 
at the predefined positions.
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tation modes within one measurement. The mul-
tiple excitation approach for routine NiP analysis 
is described in reference [5,8,9].
Single excitation can be effectively used with poly-
capillary X-Ray lenses [10]. The spectrum shown 
in Figure 4 demonstrates this. It has a sufficient 
low background for the P-K-peak and effective 
excitation of Ni-K. This is a result of the energy 
band pass effect of the polycapillary.
The traditional primary beam collimation by an 
aperture (in the example of Figs. 2 and 3 the size 
of the aperture is Ø 0.6 mm) yields roughly the 
same spectral intensity as the polycapillary lens 
of Figure 4. The measurement uncertainty due to 
counting statistics can therefore be expected to 
be similar. However, the first system needs two 
excitation modes ( two measurements) instead 
of a single one for the polycapillary. The striking 
difference, however, is the measuring spot size 
which is less than 50 µm diameter for the system 
with the polycapillary lens and approximately 1 
mm diameter for the aperture system. For sam-

ples with large test pads (cf. Fig. 2) the large spot 
size works well, IPC standard 4556, for example 
requires measurement on a 1.5 x1.5 mm pad. In 
contrast to it, a wide variety of applications ask 
for small measuring spot sizes and the polycapil-
lary lens system is the only choice.

The effect of Au and Pd top layers

The following considerations are true both for 
traditional aperture systems (e.g. the XDV©-SDD, 
Fig. 2) and polycapillary instruments (e.g. Fig. 1). 
The determination of the (thin) Au and Pd layers 
is an intrinsic application of PCB testing [11, 12]. 
Regarding the possibility of NiP analysis beneath 
them represents an important extension of EDXRF 
capability. Obviously, these top layers impact the 
NiP testing due to absorption and peak overlap. 
Au and Pd reduce the already low intensity of P-K 
by absorption. Au-M-radiation completely over-
laps with P-K, too. The following Figures 5 and 6 
illustrate these effects:

Fig. 4: Spectrum of a 5.2 µm NiP12/Cu/PCB sample measured with a Fischerscope XDV-µ equipped with a polycapillary X-ray lens 
(50 kV, Mo tube, no filter). Spectrum in log scale.
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a) Pd

The P-K-peak (energy 
about 2 keV) of a 5 µm 
thick NiP10 layer is 
shown in Figure 5 (blue 
spectrum).
In addition, the respec-
tive spectra top layers 
of 100 nm (green) and 
300 nm Pd (yellow) are 
shown. The Pd-L-peaks 
at about 3 keV increase 
with Pd thickness. The 
blue peak for no Pd at 
3 keV is from Ar-K radi-
ation from the air path 
above the sample, being 
excited by the primary 
beam. The corresponding 
intensity of the P-K-peak decreases with increas-
ing Pd.  This is simply due to absorption and the 
WinFTM© software does take it into account 
when calculating the P content.
Another effect that will restrict the P determina-
tion in the NiP layer in practice is the P content 
of the Pd layer. The evaluation software cannot 
distinguish between P in Pd and P in Ni. The com-
position of NiP can only be analyzed if the Pd 
composition is known. In this case the Pd-P-com-
position has to be defined prior to the analysis (cf. 
DefMA setup [13]).The order of magnitude of this 
influence can be estimated.  The P concentration 

Tab. 1: Test report. Evaluation of  five readings (repeatability conditions) of the sample in  Fig. 7. XDV-µ-PCB, polycapillary X-ray 
optic, Mo-anode tube, 50 kV, no primary filter.The measuring time was 60 s. 

Fischerscope®  XRAY XDV-µ
Au Pd NiP wt.-%P

Mean 0.049 µm 0.096 µm 3.2 µm 9.3

Standard deviation 0.002 µm 0.002 µm 0.026 µm 0.413

of 4 wt.% of a 100 nm thick Pd layer causes a P 
shift in a 3 µm thick NiP layer of -1 wt. % P. There-
fore, the uncertainty of the P-concentration of the 
Pd layer should be low, on the order of less than 
1 wt. %.

b) Au

Starting with the same NiP spectrum as in 
Figure 5, the blue spectrum in Figure 6 shows 
a well separated P-K-peak (energy about 2 keV) 
of a 5 µm thick NiP10 layer. When plated with 
gold the Au-M emissions of a 50 nm (green) and 

Fig. 5: Detail of spectra of the NiP layer coated with Pd layers of different thickness. XDV-SD-
D,W-anode tube, 50 kV, 10 µm Ni primary filter. See text.
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Fig. 6: Detail of spectra of a NiP layer coated with Au layers of different thickness. XDV-SDD, W-anode 
tube, 50 kV, 10 µm Ni primary filter. See text.

Fig. 7: Detail of the spectra of a sample NiP12/Cu/PCB (same as Fig.4, blue) and a sample of 50 nm Au/96 nm Pd/ 3.2 µm 
NiP9.3/ Cu/PCB (yellow). XDV-µ-PCB, polycapillary X-ray optics, Mo-anode tube, 50 kV, no primary filter. Spectrum in log scale.



8 Journal for Electrochemistry and Plating Technology

Eugen G. Leuze Verlag  |  www.jept.de  March 2014

100 nm (yellow) layer do overlap with P-K com-
pletely. The P-K-peak is not separated and only 
the sophisticated WinFTM© peak de-convolution 
software can resolve the P-K lines and accurately 
calculate P concentration. The experimental find-
ings discussed below show that Au layers of more 
than 100 nm prevent a reliable measurement of 
the P concentration of NiP.
Figure 7 shows the spectrum of a sample with 
both Au and Pd top layers. The thickness of both 
layers, 50 nm Au and 96 nm Pd) are measured 
simultaneously together with the NiP thickness 
and composition. Table 1 presents the results.
The standard deviation for the P-concentration 
is excellent (0.4wt.% for 60 s measuring time, cf. 
Tab.1). It should be noted that a high total spec-
tral intensity of more than 50,000 cps is the result 
of very high flux excitation by the polycapillary 
emitted from a relatively small measuring spot of 
less than 50 µmØ. In the case of a standard aper-
ture beam collimation the total measuring time 
for similar precision is expected to be a factor of 
2-3 longer to achieve the same total counting sta-
tistics.
The absorption correction for the Au and Pd top 
layer works quite well in the WinFTM© software. 
Nevertheless, certain physical and technical con-
ditions can void a reliable measurement of buried 
NiP layers. Strong attenuation (which cannot be 
corrected very accurately) becomes evident for 
thick top layers. This is observed for Pd >400 nm 
and/or Au >70 nm as a rule of thumb. The preci-
sion of the measurement is affected by the thick-
ness of the Au and/or Pd layers, of course.

3. Certified standard reference material for 
calibration

As shown in the previous section, the thickness 
and the composition of electroless deposited 
NiP layers can be measured by XRF in air with 
very good precision. Certified reference mate-

rial is essential for traceable analysis. In general 
the base material and the layer stack of the 
reference material or standards should be sim-
ilar to the measured samples. In addition, NiP 
standards with Au and Pd surface coatings must 
be included in a set of standards covering the 
required measuring range. Nonetheless the real 
analytical challenge resides in reliable quantifi-
cation of the NiP layers.

This section deals with the challenges of pro-
ducing reliable NiP reference material which 
include,

• the manufacturing of NiP foils and NiP 
coated standards,

• the subsequent test of NiP material for 
homogeneity (uniformity),

• the quantification of the mass per unit areas 
of P and Ni by gravimetric analysis, by stan-
dard-less FP (fundamental parameters) 
based XRF and by destructive chemical anal-
ysis,

• the production and characterization of Au 
and Pd coated NiP material on PCBs.

Fig. 8: Different regions for the XRF information. The primary 
beam (red) irradiates only a small part of the layer. The infor-
mation depth for P is < 1 µm but for Ni it is about 20 µm, 
which is dictated by the escape depth of the analyte energies.

The homogeneity of standard reference material 
(SRM) is an imperative prerequisite for its use in 
calibration of XRF analysis. This demand results 
mainly from the small information depth of the 
P-concentration combined with the small dimen-
sion of the measuring spot size, cf. Figure 8. The 
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typical information depth of a specific fluoresced 
radiation is given mainly by the absorption prop-
erties of the sample matrix on the fluoresced 
emission.  Strong absorption means small infor-
mation depth. The P-concentration is calculated 
mainly from the P-K-fluorescence intensity. The 
information depth can be defined as the recipro-
cal linear attenuation coefficient of the relevant 
radiation [5]. A value of less than 1 µm is found 
for the energy of P-K (about 2 keV) in the predom-
inantly Ni matrix.
Optical Emission Spectrometry with ICP excitation 
sources (ICP-OES) is used for an independent 
determination of the masses of Ni and P of a 
given piece of material (see below). The respec-
tive results are valid for the total dissolved NiP 
layer of the specimen. It can be compared with 
the XRF readings only if a certain uniformity of the 
layer is obtained.
The homogeneity of the NiP material has been 
checked by the following tests:

• An XRF element concentration map of the 
full area (typically a few cm2) in order to 
detect possible lateral non-uniformity. Nor-
mally 100 – 200 different positions have 
been analyzed for each specimen in order to 
obtain a good average value for each spec-
imen.

• NiP foils have been measured (mapped) 
from both sides.

• Coulometric etching of the foil to obtain 
spots at different depth for analysis to 
obtain a homogeneous P concentration with 
respect to depth (cf.  [5], Fig. 9).

• GD-OES (Glow Discharge - Optical Emission 
Spectrometry) for depth profiles and elec-
tron microprobe analyses for surface near 
composition.

Measurement of NiP material from different 
sources by different laboratories has been found 

to be uniform within ± 0.3 wt.% P. This value rep-
resents also a lower limit for the uncertainty of 
the SRM.
The traceability of the NiP data of the SRM is 
obtained by the mass determination of P and Ni 
(mP and mNi) of a piece of NiP with a well-defined 
area A.  This can be performed by a calibrated ICP-
OES measurement. The mentioned homogeneity 
guaranties that the P concentration (CP) which is 
defined as the mass ratio

 (1)

is also valid for the near surface region that corre-
sponds to the information depth. It means we can 
compare XRF with ICP-OES data and use the 
chemical analysis for traceability.

Fig. 9: The standard-less XRF results for the P concentration 
correlate well with the ICP-OES results. From [6].

The specimens used for SRM have been care-
fully analyzed by standard-less XRF (WinFTM© 
software). Coated base materials (Al, Fe, and 
Cu-PCB-substrate) and self-supporting NiP foils 
have been investigated. Randomly selected sam-
ples have been analyzed by ICP-OES in different 
labs. The respective results have been used to 
calibrate the standard-less XRF readings (Fig. 
9). The scattering with respect to the regression 
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function is caused probably by non-uniformities 
(non-homogeneities) of the foil material and 
by ICP sample prep (dissolution and dilution) 
effects.

Primary NiP standards

13 different NiP foils have been analyzed, cf. 
Table 2. 3-6 aliquots of each foil have been ana-
lyzed by ICP-OES for their absolute masses of Ni 
and P (mP and mNi) given in element-wt% and 
mg). In addition the area and the weight of the 
foils have been measured. Aliquots of the same 
foil (typically two pieces) were sent to three 
ISO-certified analytical laboratories (details cf. 
[6]). The deviations between the masses per unit 
area results of the different labs and our gravi-
metrical data were on the order of 2-5% relative. 

The same is true for the calculated P concentra-
tion, according to Eq. (1). Finally, these data have 
been used to certify the remaining “sister pieces” 
of each sample (Fig. 10). Typically two specimens 
from each NiP foil batch are retained and now 
represent primary standards. Table 2 lists these 
NiP foil primary standards.

Fig. 10: ICP-OES results from several aliquot samples of the 
primary foil and standard-less XRF of the foil are applied to 
“sister foil pieces”– see the text below.

Tab.2: Primary NiP foil standards. The total mass NiP is derived from ICP-OES, weighing the foils and determining the area of 
each foil sample with optical methods. The NiP masses per unit area and the P concentrations of the primary standards are XRF 
results that are obtained from corrected (calibrated) measurements using the ICP-analyzed (and destroyed) sister sample results 
for XRF calibration. The thickness values are derived from the primary mass per unit area and P-concentration data to calculate 
NiP densities. The typical standard uncertainty for the amount of P is on the order of 0.3 wt%. 

Code
Area 
(cm2)

NiP mass 
(mg)

NiP mass 
per unit area 

(mg/cm2)

P corrected 
concentration 

Pcorr (wt%)

Thickness 
(µm)

ADJFY 6.797 15.868 2.335 10.6 2.9

ADYVM 6.606 14.876 2.252 10.7 2.8

ADYVN 9.185 41.996 4.572 11 5.7

ADJGM 7.619 35.384 4.644 11.2 5.8

ADJGO 4.413 39.539 8.960 11.3 11.2

ADYVQ 3.984 35.382 8.880 11.3 11.1

ADJGS 2.495 54.893 21.998 10.5 27.3

ADYVS 2.248 44.882 19.965 10.6 24.8

ADYVT 3.300 25.724 7.795 8.5 9.5

ADYVU-B 5.568 103.838 18.647 7.9 22.6

ADYVV-A 4.044 59.002 14.589 2.5 16.8

ADYVW 4.895 76.514 15.631 2.5 18

ADYVX 4.963 31.046 6.255 2.5 7



Journal for Electrochemistry and Plating Technology 11

March 2014  Eugen G. Leuze Verlag  |  www.jept.de

In the same manner NiP coated PCB material 
has been characterized by ICP-OES. The sample 
sheets have been carefully prepared for ICP-OES 
analysis. Well-defined areas were cut from the 
coated boards. The mass per unit area and the 
composition of the NiP coatings have been mea-
sured by XRF and ICP-OES in the same way as for 
the foils described above. The only difference 

was the lack of gravimetric testing. At the end a 
number of primary standards with traceable NiP 
thickness and composition data (Tab. 3) have 
been generated.

NiP thickness

As described, raw XRF measurement is in terms of 
mass per unit area.  To obtain the thickness, mass 
per unit  area is divided by the density (g/cm3).  
This requires calculating NiP density as a function 
of the P concentration. The WinFTM software [13] 
uses the following density representation for mul-
tiple component layers (alloys):

 (2)

where jr is the density of the component j with 
the concentration jC . The value of the P den-
sity Pr = 4.5 g/cm3 is derived from an empirical 
graphical representation Pr =f( PC ) published 
in reference [14].

Tab. 3: Primary NiP/PCB standards for PCB application. The total mass NiP is taken from ICP-OES. The areas of the samples have 
been measured with optical methods. The NiP masses per unit area and the P concentrations are XRF results that are corrected 
(calibrated) using the data from the ICP-analyzed (and destroyed) sister samples (see Tab. 2). The thickness values are derived 
from the primary mass per unit area and P-concentration data to calculate NiP densities. 

Code
Area 
(cm2)

NiP mass 
(mg)

NiP mass 
per unit area 

(mg/cm2)

P corrected 
concentration 

Pcorr (wt%)

Thickness 
(µm)

ADYYC 12.375 72.530 5.861 7.85 7.1

ADYYD 12.317 34.784 2.824 7.5 3.41

ADYYE 19.076 19.046 0.998 7 1.2

ADYYF 18.967 9.676 0.510 8.2 0.62

ADYYG 12.355 51.260 4.149 11.6 5.2

ADYYH 10.784 22.912 2.125 11.9 2.67

ADYYI 17.032 13.541 0.795 12 1

ADYYJ 15.729 5.872 0.373 12.1 0.47

AEAAY 15.95 66.619 4.177 9.1 5.1

Tab. 4: Additional reference standards of Au/Pd/NiP/Cu(PCB) 
[12]. The thickness of the NiP layer is about 4.5 µm an the P 
concentration is about 10 wt.%. 

Reference 
standard No.

Au thickness 
(nm)

Pd thickness 
(nm)

1 0 49

2 0 100

3 0 251

4 19 30

5 48 24

6 49 100

7 98 0

8 99 175
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Tab. 5: Qualitative comparison between different analytical techniques for the determination of phosphorus content in elec-
troless Ni-coatings. 

EDXRF SEM/EDS ICP-OES
Nondestructive Yes Yes No

Sample Preparation No 
(Direct measurement of 

large boards)

Some 
(Limited space of the 
measuring chamber)

Lots 
(Chemical extraction. 

dissolving )

Measurement in air Yes No 
(need vacuum)

-

Large Boards Yes No 
(restricted by size of 
vacuum chamber)

(Yes)

Au finish possible Yes 
(If thickness < 75 nm)

No Yes

Pd finish possible Yes 
(If P concentration is 

known)

No Yes

The thickness values listed in the Tables 2-4 are 
derived from the masses per unit area using this 
derivation. Other densities are possible, because 

Pr may vary with plating process.

Au and Pd top layers

SRM with sputtered Au and Pd top layers are 
made from NiP/Cu(PCB) material that has been 
characterized before the sputter deposition of 
the surface coatings [15]. The XRF values for Au 
and Ni masses per unit area (thickness) are deter-
mined and certified with thin Au and Pd SRM’s as 
described in references [16,17]. The forthcoming 
standards (Tab.4) are tailor made for the calibra-

tion of P-determination beneath thin Au and/or 
Pd layers. They should be applied in combination 
with Au/Pd/Ni-standard calibration foils (metallic 
Ni, 0% P) over uncoated PCB material [18].

4. Conclusions

Phosphorus analyses of NiP can be done using var-
ious methods, being destructive and non-destruc-
tive. The advantage of XRF technique is its non-de-
structive nature and the ease of use due to the 
lack of sample preparation. A strong argument in 
favour of EDXRF analyses is the fact that thickness 
and composition can be obtained in one step.  The 
final conclusions are summarized in Table 5.
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