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Energy and mass-resolved detection of neutral and ion species using 
modulated-poieMbias quadrupole mass spectroscopy 

A. Mo Myers, Do No Ruzic, R Co Powell, No Maley, Do W, Pratt, J, E. Greene, 
and J. R. Abelson 
Department o/Materials Science and the Coordinated Science Laboratory, University o/Il1inois, Urbana, 
Illinois 61 ROJ 

(Received 23 October 1989; accepted 1 January 1990) 

An analyzer capable of determining the mass as well as the energy (5-200 eV) of neutral and ion 
species has been developed from a quadrupole mass spectrometer (QMS). The system, which is 
similar to a retarding grid energy analyzer (RGEA), functions by biasing the rods of a QMS and 
monitoring the analyzer signal as a function of bias potential. Modulation of the pole bias greatly 
increases the minimum detectable signal level. Experiments were performed using species 
generated in a single-grid Kaufman ion gun operated with N2 or Ar. Results show that the pole 
bias techniques can provide energy resolution of 1-2 eV. Ion species from the gun were found to 
have an energy equal to the sum of the beam and the plasma potentials, with an energy spread 
between 1 and 3 eV. Fast N~ and Ar neutral species were measured as a function of discharge 
voltage (30-80 V), beam acceleration voltage (50--100 V), grid voltage ( -~ 20 to + 5 V), and 
pressure (0.5 and 1.5 mTorr). The energy of the fast neutral species was always less than that of 
the ions. This was consistent with the fast neutrals being formed by a charge-exchange process. 

t INTRODUCTION 

Plasma processes and ion-beam techniques are widely used 
to grow or alter a variety of thin-film materials.' The kinetic 
energy and composition of both the ion and neutral species 
impinging on a surface during processing have a significant 
effect on the final material properties. Energy analyzer/qua­
drupole mass spectrometer (QMS) combinations have been 
used by several authors to simultaneously determine ion spe­
cies and thcir energy distributions. 2~5 A de bias has been 
applied to the QMS rods ("pole bias") to determine the ki­
netic energy distribution of ions produced by inductively 
coupled plasmas. 6

•
7 In those studies, the performance, reso­

lution and absolute energy calibration of this system were 
not evaluated. Energy analysis of neutral species is more dif­
ficult, requiring instruments such as a time-of-flight 
spectrometerS or a cylindrical mirror analyzer coupled with 
aQMS.'i 

We have extended the pole bias energy analysis (PBEA) 
technique, in which a QMS behaves like a retarding grid 
energy analyzer (RGEA), to the study of energetic neutrals. 
Detection of small energetic neutral fluxes is difficult, be­
cause a large, mass-independent, background signal is pro­
duced when unionized energetic particles strike the particle 
detector in the QMS. The low signal-to-noise ratio can be 
improved two orders of magnitude by modulating the pole 
bias, and using lock-in amplification techniques. The present 
system provides both mass and energy resolution for neutral 
and ion species with kinetic energies between 5 and 200 eV. 

The QMS with PBEA is ultrahigh vacuum (DRV) com­
patible and was designed so that it could be inserted in a 
deposition or etching chamber with the sampling orifice po­
sition located in the substrate plane. In a typical application, 
a series of films would be grown by a plasma or ion-beam 
deposition source, and the film properties measured as a 
function of deposition parameters. The substrate holder 

would then be removed, the PBEA inserted, and the incident 
particle fluxes analyzed and correlated with the film proper­
ties. 

In this study, the PBEA was used to evaluate the species 
emitted from a single-grid Kaufman ion source operated 
with N 2 , or Ar. While ion energy distributions from Kauf­
man-type ion sources have been measured, 10.11 the fast neu­
tral energy distributions have not been investigated from 
these sources. We report the ion and fast neutral energy dis­
tributions versus ion source operation conditions, the ratio 
of neutral and ion fluxes, and discuss the neutralization 
mechanism. 

II. EXPERIMENTAL PROCEDURE 

The ion source used in these experiments is shown sche­
matically in Fig. L It is a 3 cm hot-cathode, dc-discharge 
source with a diverging magnetic field. The standard two­
grid extraction system has been replaced by a single, 140 
mesh, 74% transmittance, tungsten grid to increase the 
beam current at the low energies used in these experiments. 
Gas enters directly into the rear of the discharge chamber. 
Electrons are supplied to the discharge by a cathode filament 
driven with an ac power supply. The discharge is maintained 
by a dc potential ( Vd ) between the cathode filament and the 
discharge chamber walls, which serve as the anode. The 
beam extraction power supply, which maintains the entire 
cathode-anode assembly positive at the beam potential 
( Vb ) with respect to the main chamber, serves to accelerate 
positively charged ions. The grid bias (Vg) was varied to 
study the charge-exchange neutralization process. No exter­
nal filament was used to provide beam space-charge neutra­
lity. All of the dc power supplies were confirmed to have less 
than 1 % ripple. Figure 1 also shows the qualitative potential 
distribution along the ion gun axis. '2 

Figure 2 is a schematic diagram of the experimental sys-
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FIG. 1. A schematic diagram of the single-grid Kaufman ion source used in 
this experiment. The potential along the gun axis is also shown. 

tern. The ion gun is mounted in an O-ring sealed chamber 
with a base pressure of 1 X 10- 6 Torr. With gas flowing, the 
pressure is monitored using a capacitance manometer. A flat 
probe, electrically biased to - 60 V, is rotated into and 
translated along the beam path to measure the ion beam 
current density and spatial distribution. The probe also acts 
as a shutter for the PBEA apparatus. 

The particle beam enters the PBEA through two 2 mm 
diam, differentially pumped, collimating orifices spaced 4 
cm apart. After passing through the sampling orifice, the 
beam is in the molecular-flow regime, ensuring that both the 
identity and energy of the species are preserved. A pair of 
deflector plates located between the two orifices can be elec­
trically biased to remove any charged beam components. 
The deflector plates also serve to quench any excited neutral 
species, by relaxing the selection rules for electronic dee xci­
tation. This is important when the QMS ionization source is 
run in an appearance potential mode. 13, 14 The pressure is 
5 X lO-H Torr between the orifices, and 5 X 10 "Torr be­
hind the second orifice where the QMS resides. All sections 
of the vacuum system are pumped with 170 (Is turbomole­
cular pumps. 

Upon exiting the second orifice, the beam passes through 
a RGEA, !5.16 whieh uses tungsten 140 mesh screens having a 
74% transmittance. The entry and exit screens are at ground 
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FIG. 2. A schematic diagram of the experimental apparatus. The current 
probe/shutlt'r, RGEA, Faraday cup, and QMS can be independt'ntly re­
moved from the heam path. 

potential. Inside the RGEA, the beam passes through a pair 
of screens spaced 1.6 mm apart, which arc biased at _. 60 V 
in order to repel any electrons. Another pair of screens, 
spaced 1.6 mm apart, are located 1.6 mm further down the 
beam path, and arc biased positively with a computer-con­
trolled variable de power supply. 

The energy distribution of ions is determined three differ­
ent ways: using a RGEA/Faraday-cup combination (with 
no QMS) to determine the emitted species from the ion gun, 
using a RGEA/QMS combination to characterize the QMS 
response to energetic particles, and using a QMS/pole bias 
combination to evaluate the PBEA. The energy distribution 
of neutral species can only be determined with the QMSI 
pole bias combination. For neutral detection, the ion deflec­
tors are biased to + 100 V, while the ionizer emission cur­
rent is set to 10 rnA with a 100 cV electron ionization energy 
to maximize the ionizer efficiency. When determining the 
neutral energy distribution, the potential that accelerates 
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ions into the rod system, as well as the potentials on the 
focusing lenses of the QMS ion source are set to zero, which 
avoids altering the energy of the detected particles. 

III. RESULTS AND DISCUSSION 

A. Calibration 

In order to determine the energy resolution of the PBEA, 
the energy distribution of ions emitted from the gun was 
characterized using a 2.5 cm diam, 12.5 cm long Farady cup. 
This 5: 1 aspect ratio helped minimize the loss of secondary 
electrons when energetic particles struck the back of the cup. 
The current from the cup was fed into a current-to-voltage 
amplifier with a gain of 108 V / A and then into a RC filter 
with a 0.5 s time constant for smoothing. Accounting for the 
grid transmission, we estimated that the minimum detect­
able ion flux was 5 X 1011 ions cm -- 2 S - 1. An example of the 
ion signal versus retarding potential for this technique is 
shown in Fig. 3. The Faraday cup/RGEA curves were fit to 
a quadratic spline· and differentiated in order to obtain the 
ion energy distribution. 

With the incident ion distribution determined, the Fara­
day cup was removed, and an Extrel C-50 QMS installed 
with the quadrupole rods parallel to the beam path. The 
known response of the RGEA was then used to evaluate the 
ability of the QMS to detect energetic particles. A third ori­
fice, 1.6 mm in diameter, was placed in front of the QMS 
ionization source to further increase the beam collimation. 
The orifices and ion gun were aligned with respect to the 
QMS axis using a HeNe laser placed behind the quadrupole 
rods. In order to sample the ion: flux, the deflector plates 
were grounded, the QMS ionization source turned oft: and 
the charge-to-mass ratio of interest selected. Figure 3 shows 

I 

: ~ ... ;"·, .. o_. . ~ 

FIG. 3. The ion signal plotted in arbitrary units vs the retarding potential for 
Nt created in a N2 discharge. The magnitude of each signal relative to 

another is arbitrarily spread for prescntation purposes. The signal shape, 
not the magnitude will affect the energy distribution. Pressure = 1 mTorr, 
V beam = 75 V, Vdj'Cha,g, = 50 V, Id'~ha,g" = 50 rnA, V gnd = 5 V. Faraday 
cup RGEA (_ ... _). QMS/RGEA (-), QMS/dc pole bias (---l, and 
QMS/modulated pole bias ("'). 
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that the results from both the QMS and the Faraday cup, 
acting as ion detectors, agree closely near the cutoff.· 

The RGEA was removed in order to evaluate the PBEA. 
This increased the particle flux into the QMS. The PBEA 
could be operated in both dc and ac modes. During dc oper­
ation, the quadrupole rods were biased with respect to 
ground and, as a consequence, with respect to the QMS ioni­
zation source. The pole bias was varied between 0 and 200 V. 
However, as the bias approached 200 V, the QMS resolution 
deteriorated. A typical result of ion energy analysis using the 
de method is shown in Fig. 3, indicating the cut-off edge to be 
in close agreement with the Faraday-cup/RGEA combina­
tion. 

The PBEA was wen suited for neutral energy analysis, 
since energy discrimination was performed downstream 
from the ionizer. Although dc PBEA operation worked well 
for ion detection, two problems hindered its use for detecting 
neutral particles. First, the QMS ionizer efficiency was only 
about 0.05%,17 resulting in a neutral signal per unit flux, 
which was a factor of 2000 times smaller than the ion signal. 
Second, at these low signal levels, a mass-independent back­
ground dominated the neutral signal. This background sig­
nal was present due to imperfect beam collimation in the 
PBEA, which allowed unionized fast neutrals to pass 
through the quadrupole rods and strike the particle detector. 
Since these fast neutrals were unaffected by the pole bias, the 
signal-to-noise ratio of the system was greatly increased by 
modulating the pole bias at 10 Hz and using lock-in detec­
tion. Energy analysis was obtained by fixing the maximum 
bias voltage at a level that rejected all of the ions and varying 
the modulation peak-to-valley amplitUde. The shape of the 
modulatcd polc bias curve in Fig. 3 for ions, again indicates a 
sharp cutoff. 

The QMS signal versus pole bias curves contained arti­
facts due to focusing effects in the RGEA, the small accep­
tance angle of the QMS, and the degraded response of the 
QMS to energetic particles. Thus, an energy distribution 

FIG. 4. The cut-off region of the QMS/modulated pole bias curve of Fig. 3 
and the integrated Gaussian fit. The corresponding Gaussian distribution is 
also shown. The fit indicated a peak energy of 78 eV and a characteristic 
distribution width of 2.3 cV. Experimental (--), fit (- - -l, and Gaussian 
(_. -). 
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could not be obtained by differentiating these curves. These 
effects also will present a problem if more than one distribu­
tion is present, or if a single distribution is skewed to lower 
energies. Under such conditions, information about the low­
er energy species will be lost, and only results on the high 
energy portion of the distribution can be deduced. As a con­
sequence, only the signal near the cutoff was used for curve 
fitting to obtain energy distributions. Good fits were ob­
tained to the raw Faraday-cup data using numerically inte­
grated Gaussian distributions. Based on the similar curve 
shapes shown in Fig. 3, all analysis methods were fit by this 
technique to obtain distribution information. An example of 
a fit to the QMS/modulated PBEA eurve of Fig. 3 is shown 
in Fig. 4. Also shown is the corresponding Gaussian distri­
bution which has a peak energy of 78 e V and a characteristic 
width of2.3 eV. Although the neutral species studied in this 
investigation did not necessarily have Gaussian distribu­
tions, the fits were used to identify the neutral peak energy. 

B. Energy analysis 

The ion energy was only dependent on, and was always 
slightly hIgher than, the ion beam acceleration voltage, Vh • 

As demonstrated in the potential diagram of Fig. 1, the ions 
received an added acceleration after falling through the plas­
ma potential Vp. Integrated Gaussians fits showed that the 
characteristic widths of the ion energy distributions were 
between 1 and 3 e V. 

In contrast to the ion energy distribution data, the neutral 
energy distributions were dependent on the ion gun operat­
ing parameters, and were always lower than the ion energy at 

100 

>80 
'" 
"" cr> 
ID 60 
c 
w 
x 
o 
cf 40 

20 

-40 120 

s~mb~iTZ, sP~cie;T1 vcried--'-I' 6i~f]arge~~;;!Grid -l 
, II ~. Voltage Voltage I Voltage Voltage 
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l_~~~Neutra~ Gnd _ 40 __ l ~ _ 

FIG. 5. The peak energy ofN/ ions vs the beam vol1age (0), N, neutrals vs 

the discharge voltage (l:;.), N, neutrals vs the beam voltage (0), and N, 
neutrals vs the grid voltage (0) created in a N) discharge. Pressure .-- 1 
mTorr, [d'~ha",' = 50 rnA. The lines have heen drawn as a visual aid. 

J. Vac, Sci. TechnoL A, Vol, 8, No, 3, May/Jun 1990 

a given Vh value. As shown in Fig. 5, the neutral energy 
increased with the discharge, beam, and grid voltages. Fur­
thermore, the energy was independent of both the total gas 
pressure, which was varied between 0.5 and 1.5 mTorr, and 
the discharge current, which was varied between 50 and 500 
rnA, The characteristic widths of the neutral energy distri­
butions ranged from 1.5 to 5 V, and were slightly larger than 
those of the ions. 

These results can be explained if the neutralization pro­
cess was charge-exchange occurring as the ions traverse the 
distance from the gun to the sampling orifice. Referring to 
Fig. 1, when charge transfer occurred in region A, the neu­
trals were formed with little kinetic energy and became part 
of the thermal background gas. Charge transfer in region B, 
the sheath regions of the grid, would result in energetic neu­
trals with an energy spread ranging from thermal up to 
e( Vb + Vp - Vg), an energy that can be greater than that of 
the ions. The energy of fast neutrals produced in region C 
depends on the space charge potential of the positive unneu­
tralized ion beam ( V,p ) . 

If it is assumed that the beam is composed of a long cylin­
der of positive charge, 2 cm in diameter, with 50eV of kinetic 
energy, and a charge density of2.6X 1011 C/em3 (deter­
mined with the current probe), then Gauss's law shows the 
potential is 72 V between the outside and the center of the 
beam, Furthermore, the corresponding electric field will be 
1.4 X 102 V / em, causing an ion from the beam edge to move 
only 1.4 cm in the transverse beam direction after the trav­
eling 20 cm. Such space charge potentials can account 
for the observed neutral energies, which are given by 
e( Vb + Vp - V,p)' Changes in the discharge, grid, and 
beam voltages not only change the total beam current, but 
also affect how the beam is focused, both resulting in a 
change in charge density and correspondingly in Vsp. It was 
observed that increasing the discharge voltage increased the 
ion beam charge density. The effect of the beam and grid 
voltages on the charge density were not investigated, 

The large energy spread associated with charge exchange 
in region B was not observed. Even though the pressure ncar 
the sheath region of the grid may be up to an order of magni­
tude higher than the background pressure, the sheath dis­
tance, and thus the length over which charge-exchange takes 
place, is only on the order of 1 mm. I If scattering of both the 
energetic ion and neutral species out the beam is ignored, it 
can be shown that the fast neutral flux from region C will be 
at least 13 times greater than from region B if the beam tra­
vels 20 em before striking the grounded wall. Scattering wiII 
tend to make this difference even larger. 

C. Neutral flux calibration 

For the neutral flux calibration, the QMS signal height 
(So), for a given thermal background pressure (pQMS), was 

used to determine the response ((3) of the QMS. This re­
sponse was given by 

(3 = 2*S()/(PQMS*3.5 X 1016
) V cm3/atom, (1) 

where pQMS, measured in Torr, was monitored by an ion 
gauge whose signal had been corrected for the ionization 
efficiency ofthe gas used. The factor of2 is an estimate which 
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which accounts for molecules with velocities in the correct 
direction to be accelerated into the QMS mass filter, since 
the background gas has a random velocity distribution. It 
was assumed that (J also held for energetic particles, since 
thermal and energetic neutrals both had velocities much 
smaller than the ionizing electrons. As seen in Fig. 3, as the 
pole bias on the QMS was increased, the signal actually falls 
slightly. When the pole bias is within approximately 10-20 
eV of the cut-off edge, a fast neutral will pass through thc 
QMS rods at the same velocity as a thermal neutral that has 
been accelerated by the QMS extraction potential. The fast 
neutral signal heights in these experiments were obtained by 
modulating the pole bias between 0 V and a potential large 
enough to obtain complete signal cutolf. Therefore, /3 for the 
fast neutrals may be slightly larger than for the thermals. 

With (J determined and the pole bias modulated so that 
thermal neutrals were rejected, the energetic neutral flux 
was determined using the relationship 

r = SuA /(J, (2) 

where Swas the energetic neutral signal, lJ was the velocity of 
the neutrals at their peak energy, and A was the ratio of the 
collimated beam volume to the total sensitive volume in the 
QMS ionizer. Using Eg. (2), it was estimated that the small­
est detectable neutral flux using the PBEA was 5 X 10,1 
em - 2 S - 1 with the ionization emission current at 10 mAo 

The ion flux was calibrated with the current probe located 
in the main chamber midway between the gun and sampling 
orifice. If more than on type of ion species was detected, their 
charge state and the ratio of their QMS signals was uscd to 
determine the percentage of each present. Finally, the pro­
portionality constant between the QMS and current probe 
signals was calculated. The measured energetic flux ranged 
from 1 % to 8% of the ion flux at 0.5 mTorr. Losses in the ion 
flux due to charge exchange and scattering were not ac­
counted for. These processes would increase the measured 
neutral to ion flux ratio. 

IV. CONCLUSIONS 

A QMS was shown to have energy analysis capabilities for 
both neutrals and ions when the quadrupole rods were bi-

J. Vac. Sci. Techno!. A, Vol. 8, No.3, May/Jun 1990 

ased with respect to ground. Modulation of the QMS pole 
bias greatly enhanced the signal-to-noise ratio of the system. 
This system was designed to evaluate in situ a wide range of 
deposition and etching techniques. For this study, the ana­
lyzer was used to characterize the species and energies of 
particles emitted from a single-grid, low-energy, Kaufman 
ion source. The ion energy was found to be equal to the sum 
of the beam and plasma potentials. The variation of the neu­
tral energy distribution with the beam, discharge, and grid 
voltages was explained by a charge-exchange neutralization 
process. 
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