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Abstract
IBIC (Ion Beam Induced Charge) imaging of deep structures of semiconductor
devices with a focused MeV light ion
beam has been shown to offer significant advantages over the established EBIC (Electron Beam Induced Current) technique, because the large range and the small lateral straggling of the ion beam allows direct imaging of buried device
structures. The technique is limited by the accumulation of radiation damage that reduces the charge collection efficiency. We report on measurements
of the beam fluence dependence on IBIC collection efficiency for proton and alpha particle beams at 2000 keV energy. A HCF4007 CMOS transistor array was used in these measurements.
The influence of
surface passivation layers on charge collection efficiency and its evolution with ion dose is discussed.
0 1998 Elsevier
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1. Introduction
As the number of multi-level designs in the production of microelectronic
circuits increases, Ion
Beam Induced Charge (IBIC) microscopy promises to be a powerful tool for the analysis of buried
structures
in semiconductor
devices [l]. Most of
the work done in the field has dealt with the analysis of microelectronics
devices [2-51 and charac-
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terization of materials, e.g.. diamond-like
carbon
thin films [6].
For applications
in microelectronics
the accumulation
of radiation
damage presents a serious
limitation
of the IBIC technique.
It has been
shown that IBIC charge collection efficiencies decrease steeply as the ion beam dose increases, depending on the device geometry and beam type
and energy. Breese et al. [7] have reported calculations where the evolution of IBIC pulse height is
treated in terms of a one-dimensional
model that
incorporates
diffusion of charge to the collection
junction and the creation of defects that act as recombination
and trapping centers along the path
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of the incident ion. This paper presents laterally resolved IBIC pulse height spectra for 2 MeV H+
and He ’ ions as a function of the ion dose for a
CMOS device.

2. Experimental
The measurements
were carried out at the National University of Singapore Nuclear Microscopy facility [S]. The ion beam from the van de
Graaff accelerator
is focused to produce a beam
spot of around 1 urn size. The object and collimator aperture settings are then suitably adjusted to
reduce the beam intensity to N 1000 ions/s, the current being determined from the count rate of a surface barrier STIM detector.
The device to be
imaged is connected to an OMDAQ nuclear electronics data acquisition
system with a charge sensitive ORTEC 142A preamplifier
[S]. Calibration
of the pulse height spectra is achieved by the accumulation of an RBS spectrum of a calibrated sample with the same electronic setup. Event by event
data acquisition
is employed, allowing for off-line
data analysis. The IBIC images are constructed
on-line in map-mode,
displaying
the intensity of
the pulses from windows in the charge collection
spectra. However, better contrast is found to be
present in off-line generated images that represent
the mean value of the charge collection spectrum
for each pixel. All images presented here were generated using the latter procedure.
The OMDAQ
software package also allows spectra for predefined areas to be sorted, thereby extracting collection efficiency spectra for specific regions of a
device. The events are stored sequentially,
therefore it is possible to restrict the sorting procedure
to sequential intervals. This feature allows deduction of the dose dependence
of the charge collection efficiency.

3. CMOS IBIC damage
The dose dependence of the IBIC collection efficiency was measured for a CMOS transistor array. An optical
micrograph
and a schematic
cross section of one of the transistors in the p-well

Fig. 1, Optical micrograph
of the n-channel
agram represents the available contacts.

transistor.

The di-

is shown in Fig. 1. The p-well has a depth of 10
urn, and the source and drain regions are 1.2 urn
deep. A 3.3 urn SiOl passivation
layer covers the
surface except for the contact regions The n-substrate/p-well junction is connected to the preamplifier in the measurements
presented here.
Fig. 2 shows the initial IBIC image generated
with a 2 MeV proton beam. The boxed region contains a CMOS transistor in the p-well. as shown in
Fig. 1. The image contrast stems mainly from the
p-well/n-substrate
junction, the collecting junction.
Some contrast is generated at the transistors
via
the unconnected
junction
contrast mechanism
as
described
in [9]. The surface topology,
e.g. the
presence of metal lines or changing oxide thicknesses is not visible due to the relatively low rate
of energy loss (29 keV/um in Si02 [lo]) of the proton beam at the surface. Fig. 2 also shows the
IBIC pulse height as a function of the ion dose.
for the boxed region in Fig. 2 which covers one
of the transistors.
A dose dependence
consistent
with previous results [2] is measured.
Fig. 3 displays an IBIC image of the p-well
transistor
shown in Fig. 1. A 2 MeV He’ beam
was used to generate the image. The relatively
large energy loss of the He ions (275 keV/um in
SiOz [lo]) at the surface renders the surface structures visible. Aluminum
metal lines are visible, as
well as the boundary
of the collecting junction.
The transistor
junctions
are also faintly visible.
Fig. 4 shows the dose dependence
of the IBIC
pulse height for the five regions indicated. The initial IBIC collection efficiency varies between 757
and 392 keV, mainly due to different surface layer
thicknesses. The largest collection is seen in region
1, where only the oxide passivation layer is present

1400

1200
1000
>

s

800
600
400
200
10

Fig. 2. Low dose (5 p/pm’) IBIC image of an n-channel
of the boxed region is shown in the graph

transistor.

above the collecting junction.
The ion range is
shorter than the p-well/n-substrate
junction.
and
peak of the radiation damage is in the field-free region above the junction,
resulting in the observed
rapid decrease in charge collection.
In region 5,
an additional SiO, surface layer is present between
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the Al interconnect
lines and the silicon, reducing
the ion range in Silicon and hence the initial IBIC
efficiency. The steep decrease in IBIC efficiency is
again due to beam damage. However, at the regions 224 nearly constant IBIC efficiencies are observed. The essential difference between regions 1,
5 and 24 is the presence of an additional
source/
drain junction
in regions 24. It is assumed that
the slow efficiency decrease here is associated with
these junctions.
This negligible decay of the IBIC
efficiency enables significantly
higher beam exposures, and hence better IBIC images. Presently
we are investigating
these effects, which are probably related to funneling
[2] or unconnected
junction effects [9].
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Fig. 3. IBIC image of an n-channel
MeV He. beam.
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Fig. 4. IBIC image of an n-channel transistor, generated with a
2 MeV He’ beam. The IBIC efficiency evolution of the indicated regions is shown in the graph.
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the bulk minority carrier lifetime in a IO urn deep
pn-junction for 2 MeV proton and 2 MeV He’
striking the diode. In both cases the pulse height
decreases with decreasing lifetime, however the
He’ induced pulse height starts to decrease at a
lower lifetime than the proton induced pulse
height.
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Fig. 5. MEDICI simulated normalized
IBIC pulse height as a
function of bulk minority carrier lifetime for I? MeV H and
He ions.

4. Device simulation

for IBIC

Numerical device simulation can improve our
understanding of charge collection processes taking place when an ion strikes the semiconductor
devices. We are currently investigating the use of
the commercially available 2-D device simulation
software MEDIC1 for the simulation of IBIC
events. This approach allows a quantitative understanding of IBIC data from devices with complex
structures. The depth distribution of electron-hole
pair generation can be obtained from the Monte
Carlo ion transport code TRIM [lo] and incorporated into the MEDIC1 simulation. The charge
transport and diffusion equations are then solved
numerically to yield time dependent excess carrier
concentrations in the device. The resultant current
transient is then integrated to obtain a simulated
IBIC pulse height. This approach will also help
to clarify the degradation-related effects in CMOS
devices because degradation results in depth dependent carrier lifetime changes that can be incorporated in MEDICI. Fig. 5 shows the normalized
variation of the simulated IBIC pulse height with

Laterally resolved IBIC collection efficiencies
from CMOS transistors were measured as a function of ion dose for 2 MeV He+ and H+ ions. No
strong effect from the surface topology was seen in
the H.’ irradiations, but for He+ irradiation surface structures (e.g. metal lines, passivation layers)
were strongly affecting the IBIC images. The influence of surface passivation layers on charge collection efficiency and its evolution with ion dose is
discussed, and changes in the dose dependence,
tentatively attributed to funneling, are shown.
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