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Abstract

The electron beam induced current (EBIC) technique was used to characterize a 32 lm thick hydrogenated amorphous silicon n–i–p
diode deposited on top of an ASIC, containing several channels of active feedback pre-amplifiers (AFP) with peaking time of 5 ns. The
homogeneity of the sample together with the edge effects induced by the unevenness of the ASIC substrate were studied with low doses of
10–30 keV electron beam. The degradation of a-Si:H pixel detectors was measured with intense electron beam. Their charge collection
and transient time were characterized with a 660 nm pulsed laser before and after the thermal annealing. All the diodes show approx-
imately a full recovery of charge collection after thermal annealing.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electron beam induced current (EBIC) is a powerful
semiconductor analysis technique [1,2], which employs a
10–30 keV electron beam from a scanning electron micro-
scope (SEM) to scan the detector active area, and inducing
a signal on the pixels’ electrodes. This signal can be directly
readout or can be feedback to the SEM system in such a
way that any change in the generation, drift or recombina-
tion of the generated carriers in the detector is displayed as
variations of contrast in EBIC images. EBIC imaging is
very sensitive to electron–hole recombination, so the EBIC
analysis is very useful in finding defects such as voids,
crystallographic imperfections, dislocations and grain
boundaries.
0022-3093/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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The EBIC method has a high potential for the character-
ization of n–i–p hydrogenated amorphous silicon (a-Si:H)
diodes on application specified integrated circuit (ASIC)
[3], as it can also be used to study the electric field in the
depletion region and the degradation of a-Si:H with high
doses of electrons [4]. The EBIC signal depends primarily
on the strength of the electric field, so for a given potential
across a junction, high dopant conditions result in narrow
depletion region and higher electric field, which can be used
to study the doping homogeneity. It must be noted that in
addition to electric field strength, the relative dimension of
depletion region compared to generation volume is also an
important factor in EBIC collection efficiency. This is the
reason why it is valuable to understand the basic device
structure in order to interpret the results correctly.

In this work, we tried to study the homogeneity of the
active area and the effects of the unevenness of the ASIC
substrate, which may induce regions with high electric field.
This can also explain the high leakage currents that we
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have measured in previous works on different TFA detec-
tors [3].

2. Experimental technique

EBIC measurements and 660 nm pulsed laser tests have
been performed on a TFA detector made of a 32 lm thick
n–i–p a-Si:H diode deposited on an AFP ASIC [5,6]. The
tested sample is presented in Fig. 1, with a schematic of
the cross section, showing the ASIC passivation layer steps
that induce the unevenness of the a-Si:H detector. Four
94 lm · 68 lm pixels were readout during the measure-
ments, which were performed with the electron beam of a
scanning electron microscope (SEM) at the European syn-
chrotron radiation facility (ESRF) in Grenoble. The scan-
ning speed and also the surface of the scan are tunable
parameters. The electrons energy can be varied from
4 keV to 30 keV, but no EBIC signal was observed below
6 keV.

The electron–hole pairs generated by electron beam
exhibits a maximum at a detector depth that is an increas-
ing function of electron energy, so higher electron energy
corresponds to probing deeper points of the structure.
The detector reversed bias was also changed during the
tests from 80 V to 280 V with three different biases of
AFP, to achieve the best linearity and timing response.

In case of large beam currents and low electric fields
regions, the injected charge can contribute to building of
an additional internal electric field, which can modify the
charge collection. For checking this condition the intensity
of the electron beam was changed from 386 pA to 6189 pA,
but because of non-linear relation between the measured
EBIC current and the beam current for high intensities,
only the lower densities were selected for the study.
Fig. 1. (Left) Picture of the tested TFA detector: a 32 lm thick a-Si:H n–i–p dio
a pixel: passivation layers are deposited on top of the last metal layer of the ASI
The passivation layer induces a step of about 5 lm rendering the ASIC surfac
The number of metastable defects created depends on
electron dose, i.e. on the product of the electron intensity
and the irradiation time. By using lower intensities of elec-
tron beam (�386 pA) in a short period of time (� few sec-
onds), damaging of the sample and modification of its
electronic properties during the experiment can be
neglected. On the other hand, in order to study the degra-
dation of the sample, the TFA detector was also exposed to
high doses of electron beam and the EBIC images were
compared to non-irradiated ones.

The transient time and the charge collection of the irra-
diated and non-irradiated pixels with different bias voltages
were extracted by applying a 660 nm laser pulse (2 ns pulse
width). By the same method, the annealing behavior of dif-
ferent pixels with different irradiation dose is studied at
100 �C.

3. Experimental results

The SEM and EBIC images of two pixels of the TFA
detector under study (Fig. 1) are displayed in Fig. 2. These
images were taken using a 20 keV electron beam with an
intensity of 386 pA and using a 150 V reverse bias on the
detector. The SEM image shows a non-flatness of the
deposited a-Si:H detector on each pixel edges and some
pronounced geometrical effects at the pixels’ corners. The
EBIC image clearly shows the effect of this particular
geometry on the detector electric field: higher EBIC cur-
rents are observed at the edges and the corners. Some voids
can be observed in EBIC images, with darker color. Small
holes with black color in the SEM image are lighter in
EBIC images, because of higher electric field in these
regions. The dust on the surface of the sample also shows
itself as a dark spot in the EBIC image. By increasing the
de is deposited on top of an AFP ASIC. (Right) Schematic cross section of
C, and opened on top of the metal pad defining the pixel bottom electrode.
e uneven.



Fig. 2. (Left) Picture of two pixels taken with the SEM. On the pixel edges the passivation falling edge can be observed, a zoom in a pixel corner shows a
fissure at the three different edges gathering. (Right) EBIC image of the two pixels. High field regions can be seen at the pixel edges and corners.
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energy of electron beam in EBIC mode it is also possible to
study the sub-surface damages that are not visible with any
other technique. In Fig. 2, there is a gray spot visible in the
EBIC image, which is not seen in SEM. This spot can be
related to voids inside the structure.

To study the EBIC induced current, a line scan has been
performed using 20 keV electron beam with an intensity of
386 pA and for 80 V, 160 V and 240 V detector reverse
biases (Fig. 3). Four different regions are recognized in
the output voltage of Fig. 3:

(1) A flat signal above the metal pad, which is propor-
tional to the reverse bias voltage. This behavior is
reasonable because the EBIC signal is proportional
to electric field.

(2) A large peak at the beginning of the rising slope on
top of the structure (p+ a-Si:H) and above the metal
pad, which corresponds to higher electric field at the
edges.

(3) In the rising slope above the metal pad, the signal is
decreased very fast. In this region, the electric field
is perpendicular to the rising slope, so the transverse
Fig. 3. (Left) EBIC image of a pixel’s corner and line scan representation. (Rig
detector biases (80 V, 160 V and 240 V). A model with four different ‘zones’ i
field will push the generated electrons inside the
depletion region toward the rear metal pad, while
the lateral one pushes them toward the region with
5 lm passivation. In this region, most of the electrons
are reabsorbed through recombination processes.

(4) By passing from the end of rising slope, the electric
field will push the electrons toward the rear metal
contact, which increases the amplitude of the EBIC
signal. Finally, in the regions far enough, for which
the lateral electric field is decreased and recombina-
tion is more important, the EBIC signal completely
disappeared. So it must be mentioned that because
of the complex profile of the electric field, it is possi-
ble that EBIC signals are detected in the regions that
are not expected.

Fig. 4 shows the EBIC images of a partly degraded pixel
diode with electron beam. Two different areas of the pixel
have been exposed to 386 pA and 1307 pA electron beam
for �10 min. The electron beam was then scanning back
the whole pixel area, creating the EBIC image of Fig. 4.
The zone irradiated with a low intensity beam shows a dar-
ht) Signal shape for a line scan of 20 keV electron beam, for three different
s extracted.



Fig. 4. EBIC Image of a pixel. The e� beam was first focused on a specified area of the pixel with low intensity, leading to a slight degradation. The beam
was then focused on a second area but with high intensity, leading to a high degradation of the diode.
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Fig. 5. Current transient response of irradiated (ch15, ch17 and ch19) and
non-irradiated pixels (ch14) tested with 660 nm pulsed laser.
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ker contrast compared to the non-irradiated part of the
pixel, while the area irradiated with high intensity beam
appears totally black, indicating a strong degradation of
the diode performance. To study the charge collection of
the degraded pixels, three irradiated pixels and a non-radi-
ated one, which is taken as a reference, were tested with
660 nm pulsed laser (Fig. 5). This technique was also used
before EBIC measurements to characterize the detector
charge collection speed for steady state detector biases
[7]. Two of the degraded pixels (ch17, ch19) had a charge
collection equal to 10% of the reference pixel (ch14). The
pixel ch15 was less degraded during the test. Finally, the
pixel ch18, which was exposed to 26 keV electrons at an
intensity of �5 · 1016 electrons/cm2, had an estimated
charge collection of about 1% of the charge collected in
ch14 (Since no signal was observed for the test condition
of Fig. 5, this measurement has been done with higher
intensity of laser beam). After 15 h of annealing at
100 �C and under 150 V reverse bias, ch17, ch19 returned
back to a charge collection corresponding to 90% of ch14
and for the ch18 after 21 h annealing at the same tempera-
ture and the same bias voltage, the charge collection is
recovered to 85% of the ch14.

By comparing the current transient response of the irra-
diated and non-irradiated pixels, it is clear that the more
degraded pixels have the lower charge collection but the
charge transit time for most of the carriers is smaller. This
can be explained by the fact that the irradiated pixels have
a higher dangling bond density, so the depletion region is
smaller for the same bias voltage and we have higher elec-
tric field in that region. On the other hand, the induced
defects can trap the generated carriers and decrease the
amplitude of the signal, but more detail calculation will
show that even for ch17 the mean free path of the electrons
is about 9 times of depletion thickness, so the trapping can
be neglected [8].
4. Conclusion

Our experimental results show that EBIC technique is a
powerful tool for studying the surface and sub-surface
defects, electric field profile and also the homogeneity of
the TFA detectors. Even by simulation the EBIC current,
it is possible to extract internal collection efficiency with
accuracy depending on the accuracy of the EBIC gain mea-
surements. High field regions have been observed at the
pixel edges and corners, which explain the higher leakage
currents measured on a-Si:H diodes deposited on ASIC
compared to diodes deposited on a glass substrate.

Metastable defects can be formed in hydrogenated
amorphous silicon detector by ionizing particles, such as
low energy electrons, but the experimental results show
the possibility of almost full recovery of charge collection
after thermal annealing. This radiation hardness can make
these detectors a good candidate for future high-energy
physics experiments.
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