
Introduction
For decades, the semiconductor industry has been 
continuously designing new devices that are smaller, 
faster and consume less power than their predecessors. 
To maintain this trend, the critical features of these 

devices must become smaller and have fewer defects. The small diameter of a chip’s features 
requires the use of higher purity materials. Therefore, all liquid chemicals and solid materials 
used in semiconductor processes should contain extremely low levels of contaminants.

Ultrapure water (UPW) is one of the most important chemicals in the production of 
semiconductor devices and is used extensively for all wet-processing steps, including wafer-
rinsing and the dilution of compounds used in chemical baths. During these critical steps, 
contaminants from the chemical baths and from the rinsing water can be adsorbed and 
precipitated onto the silicon surface via a chain of chemical and electrochemical reactions. 
The metallic contaminants at concentration levels of 50 ppq present in the critical areas of the 
finished product can change the electrical parameters of the components of an integrated 
circuit and cause it to fail final electrical tests. Since UPW is essential to the producers of 
semiconductor materials, the measurement of its purity is of the highest importance.
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A number of organizations and groups developed and published 
standards associated with the production and the point of 
delivery (POD) of UPW. For semiconductors and microelectronics, 
they include Semiconductor Equipment and Materials 
International (SEMI) and American Society for Testing and 
Materials International (ASTM International).1 In the latest SEMI 
F63-0918 "Guide for Ultrapure Water used in semiconductor 
processing”,2 among other requirements, the target values for 
26 metallic contaminants are less than 1 ppt with the exception 
of B (50 ppt) and Ni (3 ppt). Reported method detection limits 
(MDLs), provided as a reference, shows values of 0.5 ppt for all 
elements with the exception of B (15 ppt) and Ni (1.6 ppt).

The only technology that can determine this suite of elements 
at such low levels in a short period of time is inductively 
coupled plasma mass spectrometry (ICP-MS). In this application 
note, results of the UPW analysis obtained using an ICP-MS 
instrument from PerkinElmer, the NexION® 5000 as described 
below, will be shown.

Experimental 

Instrumentation 
PerkinElmer’s NexION 5000 ICP-MS is a multi-quadrupole system 
with triple quadrupole technology described in detail in the 
NexION 5000 product note.3 

The NexION 5000 represents a truly significant advancement in 
ICP mass spectrometry and in the removal of spectral interferences. 
The novel Triple Cone Interface (TCI) with OmniRing™ technology,4 
the patented plasma generator and LumiCoil™ RF coil are 
designed to enhance analytical performance, sensitivity of the 
instrument, as well as reliability. The balanced and free-running RF 
generator design delivers improved robustness, high efficiency, 
wide power range and ensures fast power-switching between 
Cold and Hot Plasma modes. Multi-mode methods can now take 
advantage of these technologies in combination with a cell-based 
Reaction mode (in the Universal Cell) and triple quadrupole 
technology, yielding superior polyatomic interference removal that 
can further improve detection limits (DLs) and background 
equivalent concentrations (BECs). 

Unlike passive cells, such as octopoles and hexapoles, the 
Universal Cell is a quadrupole; therefore, it has the ability  
to control the reaction chemistry through the implementation 
of the rejection parameter “q”. This parameter is able to 
prevent byproducts of the original reaction from forming  
new interferences with any water vapor residues or cell gas 
impurities which may have been introduced into the cell. In 
addition, controlling the chemistry allows the use of highly 
reactive, non-diluted gases in the cell, which greatly enhances 
the elimination of interferences and ensures predictable 
reactions. With four gas channels available, up to four gases 
can be used in the same method delivering ultimate flexibility 
in the removal of any particular interference.

Parameter Description / Value

Sample Uptake Rate ~350 µL/min

Nebulizer PFA ST with 0.3 mm ID tubing (self-aspirated)

Spray Chamber SilQ™ cyclonic

Torch One-piece SilQ with 2 mm ID injector

RF Power 1600 W (Hot) and 700 W (Cold)

Cones Pt-tip Sampler and Skimmer, Ni Hyper-skimmer

Integration Time 1 sec/isotope

Reaction Gases Ammonia, oxygen, hydrogen (all 100%)

MS/MS and Mass  
Shift Modes Q1 and Q3 operated at resolution 0.7 amu

Table 1. Instrumental Parameters.

Background equivalent concentrations and detection limits for  
all elements were run in Hot Plasma mode using 1600 W RF 
power. For a few elements that work well in Cold Plasma mode 
(700 W), BECs and DLs are also shown.

A Focusing mode with MS/MS or Mass Shift was used for  
all analysis. 

A Reaction mode with NH3, or O2, or H2, or a mixture of gases is 
the most effective way of removing spectral interferences by 
changing them into atoms or ions of a different mass, or by 
creating a cluster ion with an analyte (Mass Shift). In MS/MS 
mode, Q1 and Q3 are set up at the same mass, while in Mass 
Shift mode, an analyte is measured at a higher mass as an ion 
product with a reaction gas.

Results and Discussion 

Interference removal by chemical reactions and Mass Shift 
mode have been used for many years since the introduction of 
the Dynamic Reaction Cell (DRC) in 1999. Triple quadrupole 
technology makes these modes even more effective since the 
first transmission quadrupole (Q1) set at <0.7 amu resolution 
does not allow other species than those at the analyte mass to 
be transmitted further. This operation effectively cleans the ion 
beam and the background before it enters the cell. The Universal 
Cell, via gas reactions, deals with spectral interferences and then 
the analyzing quadrupole (Q3), also set at <0.7 amu resolution, 
rejects products other than an analyte of interest. 

Scans shown in Figures 1 and 2 explain in detail how Reaction 
mode with triple quadrupole technology works.

In Figure 1, there is a Q3 scan (Single Quad mode) of a 100 
ppt multi-element standard from mass 75 to 92 while O2 was 
introduced into the Universal Cell. The Q1 quadrupole acts as 
an ion guide transmitting all masses. The analyzed standard  
is a mixture of 50 elements including Ge, Zr and diluted HCl. 
Multiple peaks from the components of this standard are 
displayed and a peak formed by AsO+ is present at mass 91.

Instrumental Conditions 
All analyses were performed on the NexION 5000 ICP-MS in a standard 
configuration with the instrumental parameters shown in Table 1.
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Figure 1. Q3 scan (Single Quad) of a 100-ppt mixed-element standard from mass 75 to 92.

Figure 2. MS/MS scan of a 100-ppt mixed-element standard from mass 75 to 92 while Q1 transmits only ions at mass 75. 

The same mixed-element standard solution was scanned in Product Ion Scan mode with O2 (Figure 2), with Q1 set to 0.7 amu resolution  
at mass 75 instead of transmitting all ions. The plot shows a clean background with only two peaks – CoO+ and ArCl+ at mass 75 and As 
seen as AsO+ at mass 91. Consequently, arsenic is measured in the Mass Shift mode after reaction with O2 without having to worry about 
potential interferences from Ge, Zr and Cl.

Using MS/MS and Mass Shift modes with reaction gases (Reaction mode) and without reaction gases (Standard mode), DLs and BECs were 
measured for 50 elements in UPW. Hot plasma conditions and one-second integration time per isotope was used for this analysis. Table 2 
shows the results of 26 semiconductor-essential elements.
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Detection limits in Hot Plasma mode for all 26 essential  
elements for the semiconductor industry were found to have 
concentrations lower than 0.3 ppt, easily fulfilling the 1-ppt 
requirement by SEMI or ASTM standards. BECs for most of the 
elements were found to be less than 0.5 ppt, demonstrating the 
effectiveness of the gas reactions and the MS/MS modes in 
removing spectral interferences.

In Table 3, DLs and BECs for an additional 24 elements are 
shown with similarly low values for both parameters.

For the BEC and DL measurements, calibration curves were 
established with 10, 20, 40 and 60 ppt standards. All curves  
had linear regressions values (r2)> 0.999, demonstrating the 
linearity of the analysis, the ability to accurately measure at low 
concentrations, and the effectiveness of the interference removal. 
Figure 3 shows four typical calibration curves in Standard MS/MS 
mode, in Reaction (NH3) MS/MS mode and in Reaction (O2)  
Mass Shift mode respectively.

Element Mode
Isotope 

Selection  
(Q1/Q3)

DLs BECs

Li Standard 7/7 0.028 0.018

B Standard 11/11 0.178 0.239

Na Standard 23/23 0.091 0.108

Mg Standard 24/24 0.028 0.026

Al Reaction Ammonia 27/27 0.049 0.180

K Reaction Ammonia 39/39 0.158 0.459

Ca Reaction Ammonia 40/40 0.085 0.412

Ti Reaction Oxygen 48/64 0.033 0.007

V Reaction Ammonia 51/51 0.009 0.004

Cr Reaction Ammonia 52/52 0.081 0.340

Mn Reaction Ammonia 55/55 0.055 0.015

Fe Reaction Ammonia 56/56 0.173 0.915

Co Reaction Ammonia 59/59 0.017 0.026

Ni Reaction Ammonia 60/60 0.271 0.433

Cu Reaction Ammonia 63/63 0.030 0.081

Zn Reaction Ammonia 66/66 0.085 0.126

As Reaction Oxygen 75/91 0.109 0.045

Sr Standard 88/88 0.007 0.008

Mo Reaction Ammonia 98/98 0.038 0.033

Cd Standard 114/114 0.058 0.027

Sn Standard 118/118 0.075 0.012

Sb Standard 121/121 0.050 0.077

Ba Standard 138/138 0.014 0.012

W Standard 184/184 0.053 0.042

Pt Standard 195/195 0.268 0.271

Pb Standard 208/208 0.031 0.014

Element Mode
Isotope 

Selection  
(Q1/Q3)

DLs BECs

Be Standard 9/9 0.116 0.060

Si Reaction 
Hydrogen+Ammonia 28/28 25.9 446.8

P Reaction Oxygen 31/47 2.86 1.39

S Reaction Oxygen 32/48 8.7 195.1 

Sc Reaction Oxygen 45/61 0.022 0.008

Ga Standard 69/69 0.014 0.007

Ge Reaction Ammonia 74/74 0.071 0.294

Se Reaction Oxygen 78/94 1.160 0.652

Nb Standard 93/93 0.015 0.012

Ru Standard 102/102 0.040 0.097

Rh Standard 103/103 0.162 0.073

Pd Standard 106/106 0.055 0.033

Ag Standard 107/107 0.107 0.064

In Standard 115/115 0.014 0.008

Te Standard 130/130 0.057 0.070

Hf Standard 180/180 0.017 0.025

Ta Standard 181/181 0.006 0.010

Re Standard 187/187 0.045 0.017

Ir Standard 193/193 0.047 0.587

Au Standard 197/197 0.062 0.103

Tl Standard 205/205 0.017 0.007

Bi Standard 209/209 0.004 0.011

Th Standard 232/232 0.028 0.016

U Standard 238/238 0.016 0.019

Table 2. UPW DLs and BECs in ppt for 26 essential elements for the semiconductor 
industry measured in Hot Plasma mode.

Table 3. UPW DLs and BECs in ppt for non-essential elements for the semiconductor 
industry measured in Hot Plasma mode.
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Figure 3. Calibration curves for B (Standard MS/MS), Ca (Reaction-NH3 MS/MS) and Ti and As (Reaction-O2 Mass Shift).

B 11/11 STD Ca 40/40 NH3

 Ti 48/64 O2 As 75/91 O2
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Element Mode
Isotope 

Selection  
(Q1/Q3)

DLs BECs

Li Standard Cold 7/7 0.0004 0.0001

Na Standard Cold 23/23 0.033 0.045

Mg Standard Cold 24/24 0.008 0.004

Al 
Reaction Cold 
Ammonia

27/27 0.012 0.005

K 
Reaction  
Cold Ammonia

39/39 0.030 0.021

Ca 
Reaction  
Cold Ammonia

40/40 0.025 0.050

Cr 
Reaction  
Cold Ammonia

52/52 0.011 0.020

Mn 
Reaction  
Cold Ammonia

55/55 0.006 0.003

Fe 
Reaction  
Cold Ammonia

56/56 0.009 0.052

Co 
Reaction  
Cold Ammonia

59/59 0.008 0.003

Ni 
Reaction  
Cold Ammonia

60/60 0.029 0.017

Cu 
Reaction  
Cold Ammonia

63/63 0.010 0.012

Table 4. UPW DLs and BECs in ppt measured in Cold Plasma mode.

Conclusion

The presented data has clearly demonstrated that the  
NexION 5000 multi-quadrupole ICP-MS, with the patented 
SMARTintro™ sample introduction system, LumiCoil™ load coil, 
34-MHz RF plasma generator, Universal Cell with four gases and 
triple quadrupole technology, is designed to provide outstanding 
analytical performance in terms of DLs and BECs, as is needed for 
the semiconductor industry today and for the foreseeable future.
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Cold Plasma mode, in conjunction with MS/MS, is able to obtain 
extremely low DLs and BECs in Standard and Reaction (NH3) 
modes for a few elements that have Ar-based interferences or 
whose sensitivity is enhanced by the reduction of Ar ions in the 
plasma stream (Table 4). 




