
HAL Id: hal-00594973
https://hal.science/hal-00594973

Submitted on 23 May 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Retarding field energy analyser ion current calibration
and transmission

K Denieffe, Cmo Mahony, Pd Maguire, D Gahan, Mb Hopkins

To cite this version:
K Denieffe, Cmo Mahony, Pd Maguire, D Gahan, Mb Hopkins. Retarding field energy analyser ion
current calibration and transmission. Journal of Physics D: Applied Physics, 2011, 44 (7), pp.75205.
�10.1088/0022-3727/44/7/075205�. �hal-00594973�

https://hal.science/hal-00594973
https://hal.archives-ouvertes.fr


Retarding Field Energy Analyzer Ion Current Calibration and 

Transmission 

K Denieffe1, CMO Mahony1, PD Maguire1, D Gahan2 and MB Hopkins2 

1: N.I. Biomedical Engineering Centre, Nanotechnology Research Institute, University of Ulster, BT 37 0QB, Northern Ireland 

                  2: National Centre for Plasma Science and Technology, Dublin City University, Glasnevin, Dublin 9, Ireland 

 

Accurate measurement of ion current density and ion energy distributions (IED) is often critical for plasma processes in both 

industrial and research settings. Retarding field energy analyzers (RFEA) have been used to measure IEDs because they are 

considered accurate, relatively simple and cost effective. However, their usage for critical measurement of ion current density is 

less common due to difficulties in estimating the proportion of incident ion current reaching the current collector through the 

RFEA retarding grids. In this paper an RFEA has been calibrated to measure ion current density from an ion beam at pressures 

ranging from 0.5 to 50.0 mTorr. A unique method is presented where the currents generated at each of the retarding grids and the 

RFEA upper face are measured separately, allowing the reduction in ion current to be monitored and accounted for at each stage 

of ion transit to the collector. From these I-V measurements a physical model is described. Subsequently, a mathematical 

description is extracted which includes parameters to account for grid transmissions, upper face secondary electron emission and 

collisionality. Pressure-dependant calibration factors can be calculated from least mean square best fits of the collector current to 

the model allowing quantitative measurement of ion current density. 

Key Words: ion beam, retarding field energy analyzer, calibration, retarding grid, ion energy distribution, ion current 

density, process control 

 

1 Introduction 

Accurate measurements of ion energy distributions (IED) and 

ion current densities (Ji) of plasma discharges and ion beam 

sources are important for optimisation and control of thin film 

deposition and etching processes and the design of plasma 

sources. In the case of deposition, the ion bombarding energy 

and flux have a direct effect on the deposition rate and 

properties of the resulting film [1]. We recently reported 

detailed mass spectrometry, mass selected ion energy and flux 

measurements during the growth of carbon-based films [2]. 

However use of complex mass – energy analysis 

instrumentation is problematic in many plasma processing 

environments. There is also an increasing demand for accurate 

in-situ control sensors for etch processes used in the 

manufacture of magnetic data storage devices and silicon 

wafer technologies as these industries move to ever reducing 

critical dimensions [3]. The small size and low cost of 

Retarding Field Energy Analyzers (RFEA) compared with 

other IED measurement tools mean that it is a useful 

diagnostic device for both industrial process control and basic 

research. Compared to Mass-Energy Analysis (MEA) these 

devices are much less complex and do not require differential 

pumping in applications below 100 mTorr [4]. In addition 

RFEAs have also been used to measure electron energy 

distribution functions (EEDF) by other groups [4]. To date, 

RFEA’s have been used mainly for IED measurement [5, 6, 7, 

8, 9], with only limited application to in-situ determination of 

ion flux density [10] due to the lack of a clear consensus on 

how best to calibrate its ion current density measurements. 

Here we describe the calibration of current measurements 

made with a retarding field energy analyzer (RFEA). In a 
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second publication [11] we report the sputter yields of thin 

film ferrous alloys in an argon ion beam facility based on our 

calibrated RFEA.  

An RFEA is essentially a stack of electrically isolated grids 

and an ion collector, all positioned along the ion beam path. 

Selectable potentials can be applied to the grids to reject beam 

plasma electrons, to allow energy analysis and to suppress 

internal secondary electron emission before ion collection. 

When RFEAs are used to measure an ion energy distribution 

(IED), an ion retarding potential is applied to a grid to separate 

ions arriving at the RFEA entrance aperture plane by kinetic 

energy. As the retarding potential is varied, ions of different 

energies are reflected, or transmitted to subsequent grids for 

collection. It could be assumed that at low pressures charged 

particle flux can be estimated from the product of the known 

optical transmission of each grid. This approach is, however, 

only valid for collisionless trajectories at low pressures [12], 

typically below 1 mTorr for the shallow (~1 mm deep) RFEA 

used in this study, and for uniform fluxes incident at each grid 

i.e. relatively straightforward ion optics. Another alternative 

calibration technique is to compare RFEA ion currents to a 

reference ion flux, determined from a separate Faraday cup or 

Langmuir probe measurement. The latter technique has been 

used by Gahan et. al. [4] to compare the RFEA flux 

determined from RFEA collector current and assumed 

transmission to the probe saturation ion current and the Bohm 

flux determined from the probe I-V and extracted values of Ne 

and Te. While RFEA and Langmuir ion current characteristics 

exhibit similar trends, decreasing markedly with pressure, the 

accuracy of the comparison is limited by standard Langmuir 

probe design and analysis methods. Baloniak et. al. [13] 

performed a calibration of the measured ion collector current 

(IC) by modelling the total collisional (TCTOT) and geometrical 

transmissions (TGTOT) of a four-grid RFEA based on the Bohm 

current (IB) at the RFEA orifice derived from a Langmuir 

Probe measurements with TCTOT and TGTOT as fit parameters 

( ). An additional method was used at a 

single pressure (7.5 mTorr) where TCTOT was determined 

directly by comparing the ion current density at the RFEA top 

face to the ion current at the collector (= e-L/λ, where L is the 

device length, λ is the ion mean free path). Reasonable 

consistency across the range 7.5 to 52.7 mTorr was obtained 

using best fit parameters PG=2.23% and cross-section 

σ = 6.06 10-15 cm2. This cross-section was also used to 

calculate the collisional transparency (PC) in the additional 

method, which subsequently yielded a geometrical 

transparency of PG=3.32 %. It was suggested that uncertainty 

in the determination of Ne is likely to lead to an overestimate 

of the ion current to the orifice which may account for 

discrepancies in geometrical transparency determined from the 

two methods. There are several other factors limiting the 

calibration accuracy based on measuring the current at the top 

face. (i) The current density may not be uniform across the top 

face, depending on the plasma conditions. (ii) Differences in 

secondary electron (SE) emission coefficient between top face 

and collector may be significant, even when the same material 

is used since surface condition can have as great an impact as 

surface material [14]. Also, as the authors point out, the 

presence of a positive plasma sheath potential produces a 

preferred direction of the secondary electrons away from the 

top face surface resulting in a larger SE emission at the top 

face compared with that at the collector. (iii) Collection of 

slow ions arriving at the reference electrode will further add to 

the current inventory. These ions originate from charge 

exchange collisions or from a diffuse beam plasma. The latter 

is produced by ionisation via secondary electrons released 

from surfaces or from ion-atom collisions. 

In this study, we develop a technique which involves 

recording currents to each RFEA grid or the collector in turn 

as the specific potential to that grid is swept. The RFEA top 

face current is also recorded. The advantage of this method is 

that it allows the observation of the progressive reduction in 

measured current at each of the grids. This improves the 

analyses and hence accuracy of the calculated grid 

transmission values and the extracted SE emission of each 

grid. Also, full calibration can be performed with the RFEA 

in-situ without needing a remote reference measurement of ion 

current e.g. using a Langmuir probe. 

 

2 Experimental Configuration 

All measurements were performed with a Copra GSE 160 ion 

beam source operated in a custom-built vacuum chamber. This 

consists of a 13.56 MHz plasma inductively coupled (ICP) 
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source with a grounded extraction grid. Rf power is coupled to 

the plasma through a single turn induction coil and a source-

incorporated matching network. The source was operated 

throughout at 200 W rf power and 5.4 sccm argon flow. The 

RFEA was positioned centrally on the sample table (Fig A) 

and the RFEA casing was separated electrically from the table 

by an insulating holder which masked its base and sides; this 

allowed the current to it’s top face (IF) to be measured 

distinctly from the table current (IB). The RFEA top face area 

AF was accurately defined by the insulating holder which 

prevented the ion beam striking its side.  

The Copra ion source produces an ion beam 

extracted by a circular grounded extraction grid of 84 mm 

diameter. The extraction potential is provided by the ion 

source plasma potential VPLDC, typically 10 to 20 V. A small 

number of fast electrons, with energy greater than VPLDC, also 

exit the source, but are deflected to the vacuum wall by the 

biased sample table. The ICP source is operated at 200 W in 

the H mode and under these conditions the rf component of 

plasma potential VPLRF is typically a few volts. 

. The RFEA was mounted on the biased sample 

table (VB = -50 V) and a separate dc power supply was used to 

repel beam plasma electrons during calibration. IF (Fig A) was 

measured outside the vacuum chamber across a resistor 

(Rmeas= 99.7 Ω). The RFEA casing potential VA is the sum of 

sample table potential and the small potential drop across 

Rmeas (VA = VB + VRmeas ). The ion beam current density was 

found to peak on axis, is almost circularly symmetric, and 

reduces with distance from the source with a ~ ±15° 

divergence. 

 

Figure A: Experimental schematic showing RFEA top face 

exposed to ion beam 

The vacuum chamber has a volume of ~110 litres pumped 

using a 140 l/s turbomolecular pump (TMP) that is backed 

using a 25 m3/h rotary pump. Chamber pressure control is 

achieved by adjusting chamber pumping, controlled by 

restricting the conductance pathway to the TMP with a throttle 

valve.  

 

Figure B: Cross-section of RFEA probe showing potentials 

applied to orifice and grids            

A cross-section of the RFEA (Impedans Ltd Semion™ 

model [15]) used in this work is given in Figure B. It is 

coupled to a software interface to control the voltages applied 

to each of the grids and to provide graphical output of IEDs 

and grid ion currents. The aluminium RFEA outer casing (Fig 

B) has a diameter of 70 mm, its top face has 37 x 0.83 mm 

diameter orifices with a total ion acceptance area of 21.5 mm2. 

The RFEA consists of three nickel grids (G0, G1 & G2) laser 

machined to produce an array of square apertures and a copper 

current collector plate. The grids are 4 μm thick, each 

separated by 235 μm mica insulators. Figure C shows a 

scanning electron micrograph (SEM) of a sample of grid 

mesh. The optical transmission is the ratio of the open area of 

a grid to its total area. The RFEA mesh has open square 

apertures of sides L (~ 15 μm) each separated by solid metal 

of dimension S (~10 μm): giving an optical transmission 

factor (TOPT ) of 0.34. The total thickness of the RFEA is 

5 mm and the distance from the top face apertures to the 

collector is 900 μm. 

To measure IEDs, the RFEA is operated as follows: (i) ions 

pass through the orifice and first grid (G0), both of which are 

at RFEA casing potential VA (ii) A varying potential V1 is 

applied to the second grid, G1, and swept in 0.1 V increments 

from -50 V dc to well above the ion source plasma potential 

(typically 10 to 20 V). 
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Figure C: SEM image of a sample grid mesh. The sides of the 

square (L) are ~14-15 μm and solid metal (S) ~10 μm. 

The potential V1 on G1 determines the proportion of ions 

transmitted. Those that possess energy greater than e(VA - V1) 

pass through G1 (and G2) to the collector. G2 is biased at -60 V 

dc to repel any electrons that enter the RFEA. (iii) The current 

collector plate is biased at -10 V, 50 V more positive than G2, 

to ensure a net secondary electron current does not leave the 

collector.  
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Figure D: Typical RFEA measurement. The blue line shows 

subsequent IED obtained after differentiating data from I-V in the 

red line (1 mTorr, 200 W) 

The output for a typical IED measurement is shown in 

figure D. The I – V characteristic (red line) is differentiated to 

obtain the ion energy distribution (blue), showing a narrow, 

almost, mono-energetic distribution peaking at ~16 eV. For V1 

<-10 V, all ions are accepted and the total flux is equivalent to 

~200 nA. 

3. RFEA 

Calibration

 

Figure E: Cross-section of RFEA probe showing grid currents  

A schematic cross section of the RFEA is shown in Figure E 

indicating the grids, voltages and currents used in the 

calibration process which relates the incident current density 

JB to the measured collected current IC, detailed later in the 

results section. Note that the ion current that passes through a 

grid is the sum of currents to all subsequent grids and the 

collector. Because only one RFEA channel at a time can be 

used to measure current, IG1, IG2 & IC were measured 

sequentially under the same ion beam conditions, IF and other 

parameters were also recorded. To produce the current-voltage 

(I-V) plots shown in Figures F and G, the potential on each 

grid was swept from -100V to + 100V whilst its grid current 

was measured. This procedure also allowed analysis of the ion 

beam current behaviour with retarding potential. Whilst a 

particular grid potential was being swept and its current 

measured, a potential equal to the RFEA casing potential, 

VA (-50V), was applied to the other grids. Two calibrations 

were performed: a low pressure calibration valid for P ≤ 

1 mTorr and a more general pressure dependant calibration for 

0.5 mTorr ≤ P ≤ 50mTorr. 

Figure F shows I-V plots for grids 1, 2 and the collector for 

grid voltages ranging from -100 V to +100 V. Note that the 

RFEA PSU is configured such that supplied positive current to 

a grid is a positive value. Therefore, increasing positive ion 
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flux arriving at an RFEA grid is measured as an increasingly 

negative current value. 
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Figure F: Ion current I-V plots at grid 1, grid 2 and collector for P 

= 1 mTorr 

Data was taken for pressures ranging from 0.5 to 50 mTorr 

and for all of the data sets of the following features were 

observed:  

(i) From -100 V to ~ -50 V, the ion flux arriving at each 

grid is relatively constant.  

(ii) For -50 V < VG < -40 V, IG2 and IC, increase by a small 

factor due to ion induced secondary electron emission. 

This effect is seen more easily in the magnified view in 

figure F for the 5 x IG2 (green) and the 10 x IC (dark 

grey) data. It is just discernible in the IG1 measurement.  

(iii) For -40 V < VG< 0 V, IG2 and IC are relatively constant, 

however there is a marked increase in IG1 with 

increasing VG.  

(iv) For 0 V < VG< 30 V, the variation of positive ion 

collection dominates, particularly for 10 V < VG< 20 V. 
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Figure G: Example ion current extrapolations for Figure F to 

determine IG1, IG2, IC and secondary electron emission coefficients. 

To aid viewing the collector current is magnified 10 x and grid 2 

by five. 

Values for IG1, IG2 and IC are determined by extrapolating 

(Fig G) the I-V plots for -100V < VG< -60V to VG = -50 V, at 

which point there is no net field within the RFEA. At 1 mTorr, 

values for IC ( 211 nA), IG2 (475 nA) and IG1 (1418 nA) were 

obtained. Less than 1% of ions undergo collisions within the 

RFEA at this pressure and hence their effect can be ignored. 

The measured current IG to a grid contains contributions from 

the incident ion currents Ii striking the upper grid face and ion 

induced secondary electrons. These electrons escape from the 

upper grid face if its potential is lower than the previous grid. 

The current to the previous grid thus includes secondary 

electrons from the upper face of the subsequent grid. In the 

absence of currents from other sources (e.g. ion-neutral 

collisions within the RFEA), the ion currents Ii are related to 

the measured current IG and the ion induced secondary 

electron emission coefficient, γ, by: 

(i) If the grid potential is lower than the previous grid: 

Grid G1   

Grid G2  

Collector  

 

(ii) If the grid potential is higher than the subsequent grid: 

Grid G0  

Grid G1   

Grid G2  

 

For the collisionless case (P ≤ 1mTorr), the ion transmissions 

TG1 and TG2 of RFEA grids G1 and G2 are the ratio the ion 

current that passes through that grid to the ion current incident 

Ii upon it. The calculated values are 0.33 and 0.31 for TG1 and 

TG2 respectively from  

 

 ,     

 

The current IG0 to grid G0 cannot be measured directly in the 

same manner as IG1, IG2 and IC because grid G0 is electrically 

connected to the RFEA top face which also collects a much 

larger current. However, if a constant ion current density is 

assumed across the top face, IG0 can be estimated from the 

relative areas of the upper face and the grid G0. When this 
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estimate of IG0 is used to calculate grid G0 ion transmission 

TG0, a value of 0.24 is obtained. This value suggests a 

significantly lower transmission than both the optical (0.34) 

and the calculated transmissions for grids G1 (TG1 = 0.33) and 

G2 (TG2= 0.31). This is expected to be largely due to an 

overestimate of the ionic component of IF, the RFEA face 

current due to secondary electron emission from the RFEA top 

face as well as collection of ions from beam plasma and 

charge transfer collisions above the RFEA. Moreover it may 

be affected by a limited RFEA angular ion acceptance and the 

ion optical effects at grid G0.  

 Calibration in the Pressure Range 0.5 to 50 mTorr 
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Figure H: Pressure dependence of measured grid currents IG1, IG2, 

& IC  

The pressure dependences of the grid currents determined by 

the method outlined in this section  are shown in Figure H and 

a detailed analysis of current inventories was carried out (Fig 

I) to determine the components of these currents. 

 

     Eqn A 

 

      Eqn B 

  
 Eqn C 

 

 
Figure I: Current inventories showing components of grid 

currents IG0, IG1, IG2 & IC 

The measured currents IG0, IG1 and IG2 are shown in Figures E 

and I. IA was calculated from the measured current to the 

RFEA top face (IF), the area of the face AF, the open area of 

the 37 apertures A2, and an assumed top face secondary 

electron emission coefficient γ 

 

           Eqn D 

 

The grid transmissions are TG0, TG1 and TG2 respectively. The 

collisional transmission TGAP of the 239 µm inter grid gaps is 

assumed equal for each gap and is calculated from the gap 

width w, the neutral density, N, at the working pressure and σ, 

the sum of the ion-atom charge transfer and elastic collision 

cross sections (3.9 x 10-19 m2) [14, 16]. 

 

         Eqn E 

The unknowns in equations A, B, C, D and E are the grid 

transmissions TG0, TG1 & TG2 and the top face secondary 

electron emission coefficient γ. The equations were solved for 
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the four unknown variables, assumed initially to be pressure 

dependent, by using a least squares method to give the best 

fits. The initial fit showed three parameters, TG1, TG2 and γ to 

be remarkably independent of pressure. The fitting was thus 

repeated using pressure independent values for these three 

parameters and a pressure dependant TG0. The results of these 

fits are plotted (solid lines) in Figure H. The pressure 

independent values were: TG1 = 0.32, TG2 = 0.32 and γ =0.1. 

The value of TG0 fell from ~ 0.24 at 0.5 mTorr to an 

equilibrium level of ~ 0.15 for pressures above 10 mTorr (Fig 

J). Several factors could lead to the observed TG0 dependence 

with pressure, in particular beam divergence and beam 

plasma. At higher pressures, ion-neutral collisions will 

increase the ratio of divergent beam ions to those on or near 

the beam axis. This increased proportion of divergent ions will 

not be collected due to the finite angular acceptance of the 

RFEA, causing the observed drop in current. 
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Figure  J:  Pressure TG0, derived from least squares fit.  

A visible beam plasma is always associated with the ion beam, 

and is caused by two electron production processes: secondary 

electrons released from the table/RFEA and ion-neutral 

ionisation along the ion beam path. In both cases electrons are 

accelerated by the bias voltage back along the beam axis 

causing further ionisation through collisions with residual gas; 

beam plasma density thus increases with pressure. The 

measured RFEA top face current IF thus contains a pressure 

dependent component of slow beam plasma ions. This gives 

an overestimation of IF and thus apparent reduction of TG0 

with increasing pressure. Indeed this beam plasma effect can 

be so great that IF increases significantly with V whilst IC is 

near constant (Fig K). We see that the current density 

calculated from the measured collector current and 

transparencies is nearly constant over a wide range of bias 

voltage whereas that determined from the RFEA top face 

shows a steady increase with VB due to beam plasma and 

acceptance effects. 
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Figure K: Variation of current density at the RFEA top face and 

calculated from IC vs VB  

4.  Discussion  

Calculated grid transparencies  

Grid transparencies TG1 and TG2 obtained using least squares 

fits were pressure invariant and equal at 0.32, very close to the 

estimated optical transmission TOPT= 0.34. The similar and 

pressure independent values of TG1 and TG2 are most probably 

due to ion optics within the RFEA. We observe ion 

transmissions TG1 and TG2 ~ TOPT and are not sensitive to 

experimental conditions. This indicates that the net divergence 

of a beamlet passing through an individual orifice is sufficient 

to spread that beamlet over many orifices at a subsequent grid. 

Several factors could play a part in beamlet spread and 

steering: ion beam effects, ion optical effects, collisions, grid 

geometry and grid misalignment. Detailed consideration of 

these factors indicate that the net divergence required for this 

spread is due to the combined effects of: non-normal incidence 

due to electric field or beam plasma sheath distortion above 

G0, grid geometry and alignment, individual beamlet 

divergence and ion lens aberrations particularly at G0. It was 

necessary to vary TG0 with pressure in order to obtain a best 

fit. This is not surprising because unlike currents IG1 and IG2, 

the current IG0 results from complex pressure dependant 
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components such as slow beam plasma ions and subsequent 

SE production. In addition, measurement of ion current at the 

top face is unrestricted by acceptance angle, and there may be 

a change in ion angular distribution with pressure.  

 

Calibrated collector current 

The ion current density (Ji) can be calculated from the 

collector current (IC) using the following equation and  the 

values TGAP, TG0, TG1 and TG2 obtained in section 3 : 

 

 
 

For example, given that TG1 and TG2 are constant at ~ 0.32, Ji 

calculated using IC = 200 nA obtained from figure D and the 

TG0 and TGAP values for 1 mTorr: 

  
This calibration is valid for the RFEA under argon ion beam 

processing conditions, described in section 2. If this RFEA 

were to be calibrated for a different process, e.g. an ICP 

plasma, we assume the calculated values of TG1 and TG2 will 

remain constant at 0.32. However, we would expect the value 

of TG0 to differ, depending on process conditions because the 

current measured at grid G0 contains components that are 

unique to that process (e.g. beam plasma). Thus a 

recalculation of TG0 using the method described in section 3 

would be necessary. The values for secondary electron 

emission coefficients determined from the intercepts at -50 V 

on figure G are γ Ni ≈  0.04 for grid G2 and γ Cu≈ 0.03 for the 

collector. The value for the aluminium top face is γ Al ≈  0.08.  
These values are in broad agreement with the literature which 

shows many “dirty” metal surfaces have γ ~ 0.1 for the argon 

ion energy range investigated [16]. 

Error analysis shows measurement accuracy is particularly 

dependant on pressure, with values of: ±11% at 0.5 mTorr, 

±13% at 5.0 mTorr and ±27% at 50 mTorr. However, while 

fits to the IG1, IG2 and IC data in Fig H using the function 

I = K P-1/3 also shows the scatter rises with pressure, the 

scatter values are about half the error analysis values. This 

suggests our error analysis gives overestimates. Calibration 

using calorimetric methods and/or with pulsed/chopped 

parallel ion beam would resolve the matter. 

 

5. Conclusions 

An RFEA has been calibrated to quantitatively measure ion 

current arriving from an argon ion beam at pressures from 0.5 

to 50.0 mTorr. The difficulty in this type of calibration is in 

determining with confidence how much ion current is 

transmitted from the apertures through the RFEA to the 

collector. A unique method has been presented where the 

currents generated at each of the retarding grids and the RFEA 

top surface are measured separately, allowing the reduction in 

ion current at each grid along the beam path to be monitored 

and accounted for. A physical model has developed from these 

I-V measurements which accounts for grid transmissions and 

pressure dependant losses within the RFEA. In addition, top 

face secondary electron emission and collisionality has been 

addressed. By fitting the collector current to the model, the 

variability of grid G0 transmission was found to be the 

dominant pressure dependant parameter This can be been 

attributed to pressure dependant current components at the top 

face, namely slow ions from a weak beam plasma and from 

ions trajectories which fall outside the RFEA orifice angular 

acceptance. The calibration method developed here allows 

accurate, quantitative measurement of ion currents for use 

with RFEAs in higher pressure processes where collisions 

within the RFEA are expected. 
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