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Abstract

IBIC and EBEL techniques with proton microbeams of diameter of the order of 1 jim and of energy in the interval
2 MeV-6 MeV have been used in different configurations and geometries in order to characterize frontier
semiconducting or insulating materials like GaAs and CVD diamond, or more traditional materials like Si, by
looking at space distribution of important transport parameters like drift and diffusion lengths. By applying
lateral IBIC in GaAs Schottky diodes it had been possible to follow directly the widening of depletion region as
a function of bias voltage, while for Si drift/diffusion structures a particular code has been developed in order to
measure directly the diffusion length and lifetime of minority carriers. In CVD diamond both IBIC and IBIL
measurements have been performed in frontal and lateral geometries. The main results are represented by the
correlation between EBIC maps and morphology of the grains, with the conclusion that collection length is
limited by the grain dimensions, by the proof of the validity of the linear model, by the clarification of the spatial
behaviour of the "primed" or irradiated state in terms of homogeneization and improvement of charge collection
length and, finally, by the observation of a quasi-complementarity in space between IBIC and EBIL maps, with
the conclusion that in CVD diamond the recombination is mainly radiative. Moreover, concerning nitrogen
content, a method has been proposed in order to forecast the detector quality of CVD diamond from IBIL
spectra.

1. Introduction

IBIC (Ion Beam Induced Current or Charge) seems to be the only method by which it is
possible to obtain two-dimensional maps of important transport parameters in semiconductor devices,
like drift and diffusion length, mobility and lifetime, etc. By the same method and under particular
conditions, also electrical field profiles in the active regions of the devices are obtained. IBIC in the
past was generally used to investigate structures and devices, which were characterized by thin
depletion layers and thick diffusion substrates. In this version, IBIC is very similar to EBIC, apart
from longer penetration depth of light ions.

IBIL (Ion Beam Induced Luminescence) is another important technique, which can supply
spatial informations on specific radiative recombination centers in optoelectronic materials and
devices. IBIL, until now, has been particularly used for rare earth detection in minerals in connection
with PIXE (Particle Induced X ray Emission) or in order to follow radiation damage in semiconductor
materials.

A quite different approach is presented in this report, in which IBIC is used for imaging totally
depleted regions of insulators and semiconductors, relying only in carriers drift in order to measure
and to map the drift length or charge collection length. Diffusion is neglected and narrow collected
energy peaks are displayed for homogeneous materials, in which either the collection length or the
electrical field profile can be measured, emphasizing effects close to contacts or to diffusion regions.
In the case of non-homogeneous materials, like polycrystalline Si or CVD diamond, collection
efficiency and collection length maps can be obtained, enlightening the electrical or transport
inhomogeneity of the material. This is particularly true for what we called " lateral IBIC " (see Fig. 1),
in which the charge collection efficiency is directly measured on a cross-section of the sample. A big
advantage of this method is to avoid plasma recombination of carriers because the direction of the
electrical field is perpendicular to the axis of the ionized charge drop produced by the ion. Because of
the presence of a strong Bragg peak in the energy loss distribution as a function of depth, the relevant
data can be attributed to a specific depth region, and they are not particularly influenced by the
surface, even if it not natural or as-grown (i. e. lapped, polished or cleaved).
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Fig. 1. Schematic of IBIC sample geometry. The B region is in general the highly doped dead layer in
front of the structure, the A region is the depletion layer in which electrical field is present, while the
last one is the diffusion region.

2. Experimental

IBIC measurements in Si, GaAs and in natural and CVD diamond have been generally carried
out in this work by using the 6 MeV proton microbeam of the Ruder Boskovic Institute (Zagreb,
Croatia), with ion beam focused to about 2-3 u.m in diameter and with extremely low currents, in
order to get no more than 100-1000 c/s. IBIL mesurements have been performed with the 2.5 MeV
microbeam facility at the INFN Legnaro Laboratories, Italy, which displays approximately the same
characteristics. In the case of many IBIL measurements, larger intensities have been used, because of
the small solid angle seen by the two phototubes, put in coincidence in order to lower the noise as
much as possible. The low counting rate both in IBIC and in IBIL, together with the necessity of
avoiding long counting times particularly in the case of materials with short collection lengths (CVD
diamond, GaAs), has the important and obvious drawback of statistical fluctuations in the obtained
maps. For the characterization of materials, however, and in contrast with the requirements for
microdevices investigations, a high spatial resolution is not needed, and merging of nearby pixels'
contents helps in order to keep statistical fluctuations in a reasonable range.

The charge (IBIC) signal (see Fig. 2) was recorded by a standard charge-sensitive electronic
ORTEC chain as a function of the hit position and the collection efficiency was calculated with respect
to a standard surface barrier Si detector (efficiency 100%). The panchromatic IBIL spectra were
recorded by two Hamamatsu R647-01 phototubes mounted 1 cm apart from the sample and at an angle
of 135° and 225° with respect the beam axis. The resolving time of the coincidence system was less
than 10 ns. IBIL signals, proportional to the number of emitted photons weighted over the spectral
response of the photocathodes (350-600 nm) were also mapped as a function of the proton hit position
onto the sample. IBIL was recorded at zero bias, but in the same regions as IBIC. Shaping times from
0.5 us to 4 ms were used both for IBIC and IBIL.
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Fig. 2. Lay out of the electronics used in combined IB1C/IBIL measurements in the case of
panchromatic IBIL.
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Fig. 3. Schematic of IBIL set up for the monochromatic version of the system.

Recently, a completely new version of the apparatus has been set up, as shown in Fig. 3, which
allows for an almost 2n solid angle for light collection, with a light transport outside of the scattering
chamber by a vacuum light pipe which does not introduce absorption even at the highest or at the
lowest wavelengths and a standard 0.25 m Jobin-Yvon monochromator and a wide spectral range
phototube. The proton or ion beam hits the sample after crossing a hole in the metal mirror (1 mm of
diameter). The signal from the phototube is recorded using a standard amplification chain. When the
microbeam is in a certain position, a gate is open (about 70 (is duration) to allow to collect pulses
through the amplification chain until the beam moves to the next position. The (x, y) coordinates of
the beam are recorded together with the number of pulses. Scan area in the present case is 0.5 x 0.5
mm2 and the scan time, for a map of 512 x 512 pixels, is of the order of 18 s. Several minutes are
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needed in order to get a god map, depending on the radiative efficiency of the sample. Maps at a
certain wavelength can be earned out also by using interference filters instead of the monochromator.
When an IBIL map is not needed, by defocusing the microbeam it is possible to work with a relatively
wide beam of dimensions comparable with the scan area, in order to get simply average IBIL spectra
as a function of wavelength by the automatic scan of the monochromator and by collecting and
amplifying the output current from the phototube. Beam current intensities are generally of the order
of 700-800 pA in order to have a good signal. Together with IBIL, it is possible to get PIXE by
collecting X ray pulses due to protons with a Si(Li) detector placed in the same scattering chamber as
in ED AX (Energy Dispersive Analysis by X ray) in standard SEM microscopes, with the advantage of
a much better sensitivity because of absence of bremsstrahlung background.

3. Results and discussion

3.1. Spatial evolution of electrical field in GaAs Schottky diodes

GaAs is a good candidate material for particle and X ray detection. Due to its relatively low
resistivity, Schottky barriers are generally needed in order to get low dark currents. Some complains
were due in the past to the non-excellent energy resolution of some available material in alpha
particles spectra. In fact, by using 2 MeV protons hitting the front (Schottky) electrode, two peaks are
visible in the multichannel spectrum carried out on a region of a fraction of mm2 in surface area (Fig.
4). The reason for this " subtle " broadening of the full energy peak was soon understood: the
collection efficiency maps showed that the sample was " electrically " inhomogeneous and it was
characterized by two complementary regions of slightly different collection efficiency (see Fig. 5).
Similar results were obtained by hitting the bottom electrode. Explanations for this astonishing result
were not clear at that time.

Lateral IBIC measurements were also performed on specially cleaved and passivated cross-
section of a GaAs device. Fig. 6 shows the enlargement of the depletion region from Schottky
electrode towards the back one at increasing bias voltages for a sample 250 u.m thick. These profiles,
reported as collection efficiency values, are in good agreement with the profiles of the electrical field
as obtained by a Kelvin probe, since in the most parts of the curves the collection efficiency is
proportional to the drift length and, therefore, also to the electrical field. We were able, by this way, to
measure directly and " visibly " the depletion layer width as a function of bias, as shown in Fig. 7. It
has to be noted that, while Kelvin probe measures only the surface potential, IBIC supplies, trough the
collection efficiency, a measure of the electrical field in the bulk.

Maps of lateral IBIC indicated that the sample was almost uniform, that it did not show any
"two phase" behaviour and that, as a consequence, the inhomogeneity could be attributed to some
"electrode" effect.
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Fig. 4. Alpha (Am-241) multichannel spectrum as obtained by frontal IBIC on a Schottky side of a
GaAs diode.
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Fig. 5. Frontal IBIC map on a Schottky side of the same GaAs diode quoted in Fig. 4, showing
zones of different charge collection efficiency.
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Fig. 6. Profiles of the charge collection efficiency at different bias voltages as obtained by lateral
IBIC on a cleaved cross section of a GaAs Schottky diode. The Schottky contact is at the right hand
side.
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derived from the profiles shown in Fig. 6.
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3.2. Unidimensional Si drift/diffusion structures

For obvious reasons, the structures investigated by the lateral IBIC were the thick ones, wery
common to power Si devices. An example is given in Fig. 8, where a doping profile of a typical p+-n-
n+ structure is reported, as measured by spreading resistance. On structures like this one, on which
maps and profiles of the collection efficiency from one electrode to the other one have been measured
by lateral IBIC using a 5 MeV proton beam with a penetration depth of 215 jam, several attempts have
been made in order to set up a complete code for data interpretation. The first one was based on a
Monte Carlo approach extended to the diffusion and the drift regions, both included in the region n of
Fig. 8 and corresponding to the zones (w2-d) and (wi-w2) of Fig. 1 respectively. The electrical field
profile was derived by GEMINI code and in each slab in which the drift-diffusion zone was divided,
electrons and holes were allowed to move according to their mobilities (drift) and diffusion coefficient
(diffusion) in subsequent time steps, taking their trapping time as a parameter and asking in each slab
for the probability to be trapped. Mobilities were calculated with standard equations. The depletion
region was defined as limited by the coordinate in which diffusion and drift got the same probability.
Assuming reasonable starting values for electrons and holes trapping time, it was possible to
deconvolute the collection efficiency profile in the contributions of electrons and holes which gave the
best fit to the experimental curve. By this method, which was time consuming because there were no
hints concerning the search for the best trapping time values, it was possible to determine trapping
times in Au doped and undoped n regions.
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Fig. 8. Doping profile ofap+- n-rf Si structure used in power devices.

The second approach was based on the extended Ramo theorem and it was mainly centered
towards the fit of the exponential decay of the collection efficiency in the diffusion region in order to
obtain the diffusion length and the lifetime of minority carriers diffusing towards the drift region
(holes in this case). The fits in the selected cases were good and the lifetimes derived by this way were
in good agreement with data obtained with other methods or with values expected from the material
under consideration. Some problems however arised concerning the exact determination of the
depletion zone width (defined here as the limit at which the exponential fit stopped to work),
particularly in cases in which doping was not uniform, and concerning the relationship between the
experimental shaping time and the lifetime, since when the last one was longer a ballistic deficit
appeared suddenly. Moreover, the fluctuations of collection efficiency in the steepest decays of
collection efficiency needed some consideration. All these topics were taken under examination and a
more general theory was obtained which was valid under any relationship between shaping time and
lifetime. Since, however, computing procedures were too long (a fit was needed also in this case), a
quite different approach was adopted which used Green function method in order to obtain a
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"conjugate" or "adjoint " of the standard continuity equation for semiconductors in cases when both
drift and diffusion were present. The beauty of this approach was that the solution of this equation was
exactly the collection efficiency profiles. Mobility profiles were calculated by PISCES code. An
example of the results obtained by this approach is shown in Fig. 9 where the contributions of
electrons and holes to the collection efficiency are obtained quite easily both in the drift region, where
the collection efficiency is almost 100% and in the diffusion region. In the same time, by both
methods (Ramo theorem and Green function) a new and rigorous treatment of the behaviour of
diffusion/drift regions in fontal IBIC geometry has been also obtained. Of course, lateral IBIC is the
unique solution for the exact determination of diffusion length because it is based on a profile and not
on the deconvolution of two integrals connected with diffusion and drift separately. Moreover, the
assessment of the validity of Ramo theorem, which states that the collection efficiency is dependent
only on the external electrical fields, is of paramount importance in order to correctly interpret IBIC
data.

1.0-

100

Depth Qam)

150 200

Fig. 9. Experimental charge collection efficiency profile as obtained by lateral IBIC on a structure
similar to that reported in Fig. 8 and its deconvolution in terms of contributions of electrons and
holes as derived from a calculation method based on the solution of the adjoint of the continuity
equation for minority carriers.

3.3. CVD diamond nuclear detectors

CVD diamond is often related to natural diamond as far as the electronic properties are
concerned. Even in the case of Ha natural diamonds, the charge collection efficiency is not large, and
the best collection lengths are around 100 |0.m. What has been noticed is a slow increase of collection
length with the total proton dose delivered to the sample. This sort of " dose sensitivity " can be used
in order to " write " into a natural diamond sample with a microbeam. A visual effect is reported in
Fig. 10, which shows some profiles of charge collection efficiency along a cross section of a natural
diamond sample as obtained by averaging a map over a width of about 25 p.m. The total zone length is
about 250 Jim. The left zone was irradiated by a proton dose of 12 Gy, and the right one by 3 Gy. The
profiles increase with the dose, which was delivered in steps of 1 Gy. In fact it was possible to follow
the increase in collection efficiency with dose up to a value of 11%, which corresponds to a collection
length of about 110 mm for a sample 1 mm thick as in this case. The fluctuations in collection
efficiency are of the order of 5-10%. As a matter of fact, by looking at maps obtained both in lateral
and in frontal geometry, the uniformity of natural diamond with respect to collection efficiency is
noticeable, even at the contacts.
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FIG. 10. Lateral IBIC profiles on a natural Ha diamond sample cross section. Proton energy is5 MeV.
Left zone was irradiated up to a dose of 12 Gy and the right one up to 3 Gy. The incremental dose
between profiles is 1 Gy.

From 1992 to nowadays, CVD diamond has made remarkable progress that place it as the
frontier material that has recorded the best improvements in electrical quality in the recent years.
However, as our group has pointed it out several times, CVD diamond, being a polycrystalline
material, still displays homogeneity problems, at least for the topmost performances as nuclear
detection is assumed to display. The inhomogeneity of collection efficiency was evidenced both in
standard " frontal IBIC " experiments and even better in " lateral IBIC ", in which the sample is hit on
a cleaved cross-section and the electrodes are placed as close as possible to the borders in order to
avoid fringing field effects. The range of a 6 MeV proton in diamond is however so long (150 urn) to
be almost comparable with sample tickness (about 400 um in all the cases) and to make sure that real
bulk transport properties are measured. An important advantage of lateral IBIC lies in the fact that the
electrical field quickly separates electrons and holes in the plasma created by the proton track
ionization and by this way plasma recombination is avoided, making IBIC quantitative. In the standard
" frontal " IBIC, on the contrary, holes and electrons drift in the plasma, and direct recombination
through a center is much more likely.

Lateral IBIC collection efficiency maps clearly show a columnar or "stripe" structure which is
tightly related to the morphological columnar structure as evidenced by SEM.

What can we learn from IBIC maps in CVD diamond, apart from the discovery of these
"stripes"? First of all that " stripes " show better collection efficiencies toward the growth side, while
the substrate side (CVD diamond films grow on nucleation sites on a silicon surface) collection
efficiency is much lower. This is in agreement with the "linear model" which claims for a collection
length linearly increasing with sample thickness. Secondly, "counts maps" in which only the number
of charge pulses (and not the pulse height) is recorded per each pixel, are more uniform. This explains
why " tracking " is really possible with CVD diamond, since in this case only pulses above a certain
threshold are important. As a consequence, nuclear spectroscopy is very difficult with CVD diamond,
even if a peak in the total pulse height distribution is seen in some cases, particularly for thinner
samples. Viceversa, single grains may show a good spectroscopic behaviour, and also relatively large
collection efficiencies.

In order to improve the homogeneity of the response of CVD diamond and also to increase the
collection efficiency, the detectors are generally "pumped" or "primed" with X ray or electron doses
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of the order of 20-100 Gy. We have investigated the spatial effect of priming by looking at samples
before and after irradiation, by lateral IBIC and typical results are shown in Fig. 11, which displays
plots of the collection efficiency on a region 1 x 1 mm" wide for a not irradiated sample (top) and an
irradiated one (bottom). It is evident that after irradiation the regions of higher collection efficiency
widen out or, more properly, lengthen towards the two electrodes, which are placed vertically at both
ends of the figure (growth side is at the right end side). The difference in efficiency scale indicates that
also the top values of efficiency are increasing. Therefore it can be concluded that the spatial increase
of collection efficiency is due to the drift of carriers towards the electrodes and to their subsequent
trapping in regions extending towards the electrodes. The fact that the sample becomes more uniform
in detector response is proved in Fig. 12, which reports multichannel spectra of 4 MeV protons over a
200 x 200 u,m2 surface area in the not irradiated (continuous line) and irradiated (dashed line) case.
The proton dose in this case is 46 Gy.
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Fig. 11. Lateral IBIC plots over a region 1mm x 1mm surface area of a CVD diamond sample, before
(top figure) and after an irradiation up to a dose of 0.3 Gy. Proton energy is 2 MeV and a bias voltage
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IBIL light emission efficiency may be considered as the "external quantum efficiency" for ion
excitation, i.e. the ratio between the total number of photons (at a certain wavelength) emitted during
the electronic shaping time and the number of the e-h created pairs. Assuming this definition and
neglecting, as a first approximation, both the absorption and the reflection of light in the sample, it is
easy to prove that T|IBIL (x,y) is proportional to the ratio between xt (total trapping or recombination
time) and xr (radiative recombination time) for the optical emission of interest. As a consequence, IBIL
maps are certainly more uniform, since it is more likely that the ratio between the above quoted times
is more homogeneously distributed than each of them taken separately. According to these
considerations, IBIL and IBIC maps, which in principle could be imagined as complementary if
radiative recombination dominates, in general are not or not completely: it is sufficient to observe, for
instance, that there are regions in which both are absent and which are clearly characterized by a
strong non-radiative recombination.

In another case light may come also from regions in which, for different reasons (space charge,
dead zones, fringing field), the electrical field is zero and collection length too. In any case, we have
gathered different cases of complementarity, such as those reported in Figs. 13 and 14, which show
respectively a panchromatic IBIL count grey-scale map and an IBIC map carried out on the same
region 400 Jim high (the thickness of the sample) and 800 (J.m wide. Growth side is on the top. The
bottom region, towards the substrate, is characterized by smaller grain dimensions and by shorter
collection lengths, and, by looking at the figure, by higher luminescence and by lower collection
efficiencies. As a consequence, it is almost obvious to conclude that in CVD diamond the
recombination is almost completely radiative and that, if the grain boundaries effectively determine
the maximum collection length, the radiative recombination should come also — even not completely,
of course — from disordered regions close to the grain boundaries. As a matter of fact,
monochromatic maps carried out in the blue region (the so called A band) are much less uniform and
show a low coverage of the map area.

3.4. Nitrogen in CVD diamond

Nitrogen is difficult to detect: in effect, since PIXE is totally inefficient, we tried some NRA
reactions such as (d,alpha) and (d, p-gamma) and also with thermal neutrons but, for different and
essentially experimental and background reasons, with no success. Nitrogen is however relatively easy
to investigate by EPR. In what follows, a qualitative correlation is presented between the nitrogen
concentration in CVD diamond, as detected by EPR and therefore only partial, and the results obtained
by IBIL measurements in the same samples as a function of the dose delivered by protons.

120

0 40 80 120 160 200
Fig. 13. Panchromatic IBIL counts grey-scale map along a cross section of a CVD diamond sample.
Black regions register the highest counting rates. Growth side is at the top, substrate side at the
bottom. Sample thickness and length are 400 jMn and 800 jjm respectively.
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Fig. 14. IBIC collection efficienncy map carried out in the same region as in Fig. 13. Black regions
correspond to efficiences larger than 20%. White regions correspond to charge pulses below a fixed
threshold.

Fig. 15 shows several IBIL spectra carried out over the diamond sample CM1 in subsequent
time intervals. The blue A band at 430 nm progressively disappears with time and proton dose, while
the green A band at 510 nm is almost constant as a function of proton dose. IBIL maps, not shown in
this work, indicate that A band is not homogeneously distributed in CVD diamond, but also that the
different wavelengths included in the A band, from 400 to 460 nm, display exactly the same spatial
distribution, with the conclusion that the blue A-band could be attributed to the same radiative center
which can have different configurations or to the same cluster of correlated or compensated defects.

Fig. 16 shows IBIL spectra as in the previous figure, carried out in a different CVD diamond
sample, Rl 17: spectra are very similar, except for the appearance of a large band (which we can call
B) in 580-630 nm interval. The sample R117 is characterized by a larger content of N and by very
poor detector performances and very short charge collection lengths.

The decay curve of IBIL intensity of A band, as simply evaluated from the area of the peak, as a
function of proton dose, is exponential. This observation could be explained only by an enhancement
of the process of centers destruction or removal produced directly by the centers destruction or
removal itself.

An evident general observation on the global results is that the B band present only in three of
the six CVD diamond samples. The possible explanation is obtained by noticing that the larger
N content (or at least the content detected by EPR) is correlated both to the smaller area (or height) of
the 432 peak and, moreover, to the exclusive presence of the 600-630 band. It has to be considered
that samples with larger N (EPR sensitive) content display shorter charge collection lengths or poorer
electronic properties in terms of lifetime and mobility of carriers.

An explanation could be given according the following lines. If one attributes the blue A band
to a N-N defect, it is clear that these defects should segregate preferentially in the highly damaged
regions close to the grain boundaries, where the creation of defects, like vacancies, is relatively more
probable with respect to the crystal regions. It should be mentioned that A band luminescence
distribution is concentrated only in some regions which in the IBIL maps correspond to much less than
50% of the total area. These N-related defects are not so important in determining the electronic
performances, since it has been demonstrated that charge collection length, in its maximum values, is
mainly related to grain dimensions and these defects, present only at the grain boundaries, cannot
modify the collection length. Protons, which create vacancies in concentration of at least 1019 cm'3

according to our estimates, can produce vacancies also (and more likely) in the damaged regions and
close to these N-related defects, giving rise to the green A band at 510 nm, which finally once created
is not sensitive to damage, since the damage-created N-V-N defect could be continuously created and
removed, being transformed in another defect, at a different position in the optical gap.
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Fig. 15. IBIL spectra obtained by the monochromatic IBIL set up on a CVD sample of detector-
grade quality. The spectra are strongly decreasing with the dose. The irradiated area has a diameter
of 0.5 mm and the protons have an energy of 2 MeV.
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Fig. 16. IBIL spectra obtained in the same conditions of Fig. 16 on a CVD sample of bad quality as
a detector.

3.5. Conclusions

It has been demonstrated, in several cases, that IBIC and IBIL with proton microbeams can be
profitably used in order to "visualize" and to follow in real time the behaviour of the electronic
transport properties of frontier materials. These observations are very useful not only for verifying the
possible applications of these materials in fields like nuclear detection, but also in order to understand
better the origins of the limitations in the detection performances. By using an ad hoc developed code
and lateral IBIC data, it is also possible to measure the diffusion length of minority carriers in Si
structures directly and with an unprecedented precision.
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