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Analysis of Lead Oxide (PbO) Layers for Direct
Conversion X-Ray Detection

M. Simon, R. A. Ford, A. R. Franklin, S. P. Grabowski, B. Menser, G. Much, A. Nascetti, M. Overdick, M. J. Powell,
and D. U. Wiechert

Abstract—Lead oxide (PbO) is a candidate direct conversion ma-
terial for medical X-ray applications. We produced various sam-
ples and detectors with thick PbO layers. X-ray performance data
such as dark current, charge generation yield and temporal be-
havior were evaluated on small samples. The influence of the metal
contacts was studied in detail. We also covered large a-Si thin-film
transistor (TFT)-plates with PbO. Imaging results from a large de-
tector with an active area of 18 cm X 20 cm are presented. The
detector has 960 x 1080 pixels with a pixel pitch of 184 pm. The
modulation transfer function at the Nyquist frequency of 2.72 line-
pairs/mm is 50 %. Finally, a full size X-ray image is presented.

Index Terms—Contacts, detective quantum efficiency, direct de-
tection, lead oxide, PbO, X-ray detector.

I. INTRODUCTION

EVERAL years ago digital flat X-ray detectors based on
S amorphous silicon thin-film transistor (TFT)-plates were
introduced in the market, e.g., to replace image intensifiers for
dynamic X-ray imaging. Most of the existing products rely on
indirect conversion where a scintillator (Csl) converts X-ray
quanta into visible light, which is then detected by an array
of photodiodes [1], [2]. An alternative detection scheme is a
direct conversion [3] where X-rays absorbed in a semiconductor
directly create electron hole pairs, which are subsequently
separated by a bias field to generate a signal on the external
electrodes. The benefits inherent of direct conversion are high
spatial resolution and higher signal-to-noise ratio due to the
higher charge generation yield of some materials. In addition,
photodiodes production during plate fabrication is obviated.
Drawbacks that have prohibited the success of direct conversion
dynamic detectors so far include higher dark currents due to
the high bias voltage needed, nonperfect temporal behavior,
and the immaturity of the layer preparation procedure on an
industrial scale.

Several materials are under investigation for direct conversion
flat detectors. Best known is probably amorphous selenium,
which has already gone into industrial production [4]. As
X-ray detectors always need to cover a large area, crystalline
semiconductors like cadmium zinc telluride (CZT) are still too
expensive. Therefore, one has to concentrate on polycrystalline
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modifications of high-Z materials, the most promising candidates
being Hgl> [5], Pbly [6], poly-CZT [7] and PbO [8], [9].

First results on lead oxide from a small TFT-based detector
were presented in 1998 [8]. More recently we carried out sys-
tematic material research on the one hand and on the other hand
we developed an evaporation process, which has been scaled up
for covering large-sized TFT-plates with thick PbO layers [9].
In this paper, we present new results on lead oxide with special
focus on the influence of electrical contacts.

II. EXPERIMENTAL
A. Samples and Preparation of Layers

In our work we studied the basic physical properties of the
material and established their relevance for X-ray conversion.
We have produced detector demonstrators to evaluate the
imaging performance of PbO-layers. We therefore used two
different types of substrates during our investigations:

1) Forthemore material oriented research we designed special
glass substrates of 2.5-in size and 1 mm thickness. 192
parallel strips of 0.2 mm x 38 mm area serve as bottom
contacts. The strips were made of metal or indium-tin-oxide
(ITO). These samples, referred to as “strip samples,” were
easy to fabricate and mount, and could thus be employed in
large quantities. In addition they provide aone-dimensional
spatial resolution and allow for a quick characterization of
the material’s X-ray performance.

2) Because the imaging performance of a PbO direct con-
version detector cannot be evaluated on the one- dimen-
sional strip samples, we evaporated PbO on a larger de-
tector format. “Cardio”-sized plates, with an active area of
18 cm x 20 cm (960 x 1080 pixels, 184 pm size) were
used to show the feasibility and imaging capability of PbO
as a direct conversion material. The geometrical fill factor
of the collecting electrodes is 80%. The scaling up of the
evaporation process was a key point of our work. Our evap-
oration system can now be used for making a single large
plate or four small strip samples simultaneously.

All PbO layers were prepared by direct evaporation process
onto the substrate in a high vacuum chamber. PbO powder
of 99.995% purity was heated in an especially designed
evaporation cell. Crucible temperatures were in the range of
900-950 °C. We achieved growth rates of about 2 pm/min.
Oxygen was supplied during the deposition in order to keep the
growing layer stoichiometry. Water vapor was introduced in
some cases. In general a substrate temperature of Ty,;, = 100°C
was used. The equipment was capable of producing layers of
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more than 300 pum “absorption thickness”! of 25 cm x 25
cm area. Metal top contacts were applied subsequently in a
different vacuum chamber.

B. Basic X-Ray Properties—Definitions and Protocols

For X-ray measurements of the strip samples each strip was
connected to a single channel of a low-noise charge-sensitive
amplifier with a z-conducting contact mat. The top electrode,
i.e., the homogeneous electrode opposite the strip (or pixel) side
of the sample, was usually biased negatively with respect to the
strips. All measurements were done with a standard medical
tube (Philips SRM 0511) at 70 kVp and an internal filtration
equivalent to 2.5 mm Al

As several different measurement protocols and definitions
are used in the field of detector physics, a short description of
the three quantities follows, which we used for the initial char-
acterization of our PbO layers.

1) Dark Current: For a given high voltage bias, a dark cur-
rent flows through the detector. If the dark current is propor-
tional to the bias voltage, the dark resistivity is well defined.
However, several effects such as barriers at contacts may dom-
inate the actual dark current of the layer-system rendering the
voltage dependence non linear.

2) Charge Yield: From the signal during the X-ray pulse the
dark current is subtracted, and the resulting value is divided
by the absorption rate of X-ray energy. This quantity is called
charge yield Y (unit: electrons/keV). The maximum possible
charge yield is related to the energy W to create a single elec-
tron-hole-pair, which is also used in the literature: W(eV) =
1000/Y.

3) Residual Signal: Several effects can lead to a retarded
signal rise and a residual current after the end of the X-ray pulse
[10], [11]. The residual signal current, or lag, is given as a per-
centage value of the current during the pulse. In this work we
took the lag at 1 s after the end of a 5-s X-ray pulse as a measure
for the temporal performance of the PbO layers. Other protocols
were also implemented (e.g., using a single X-ray pulse of few
milliseconds) leading to significantly smaller lag values than the
ones presented here. However, we think that the first approach
is more relevant for application purposes.

C. Imaging Performance of Detectors

Measurements of large area detectors took place in a specially
designed test-setup, which allowed an easy and fast change
of the panel under test. Detector characterization includes
linearity measurement, detailed noise analysis, and noise power
spectra (NPS). Two different approaches were used in order to
determine the detector’s spatial resolution, i.e., the modulation
transfer function (MTF). First, using a thin slit (50 gm) in a
tungsten piece [12], second, with a square wave object (“Huet-
tner phantom”) [13]. The detective quantum efficiency (DQE)
was calculated according to [13]. The acquisition parameters
for all measurements on large detector plates were: DN5 beam
quality (70 kVp, 21 mm Al filter), 7 ms X-ray pulse duration,
and a frame rate of 25 s~ 1.

I«“Absorption thickness” is the thickness of an equivalent layer of the full crys-
talline density and relevant for the X-ray absorption. The geometrical thickness
depends on porosity and is around two times higher.
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Fig. 1. Cross-section SEM-picture of a PbO-layer.

III. PHYSICAL PROPERTIES

We present first some basic physical properties of lead oxide.
It exists in two polymorphic phases: a red tetragonal (a-PbO)
and a yellow orthorhombic (3-PbO) phase. At room temperature
the red phase is thermodynamically stable, yet the yellow phase
also exists in a metastable state below the transition temperature
0of 490 °C. The two phases can be identified by X-ray diffraction
or by Raman spectroscopy. Details of the Raman analysis of our
layers can be found in a forthcoming publication [14].

Literature data as well as our own optical measurements re-
veal that PbO is a semiconductor with a bandgap of about 1.9
eV. Our layers are orange in color and consist of pure PbO but
in both polymorphic phases. One has to distinguish between
a thin seeding layer of less than 2 pm thickness and the bulk
layer growth. Spatially resolved Raman spectroscopy of a cross
section shows that the seeding layer is dominated by (3-PbO,
whereas the a-phase is the main constituent in the bulk.

The layers exhibit a very special microstructure, which is vis-
ible with a scanning electron microscope (SEM): the layers con-
sist of very thin platelets of a few micrometer lateral dimensions
and have a porosity of around 50% (Fig. 1). The full crystalline
density would be 9.53 g/cm?®.

IV. X-RAY PROPERTIES

In this section we present the basic properties of PbO as X-ray
conversion material, based on strip sample measurements.

A. Charge Yield

As one can see in Fig. 2 the charge yield increased with
the bias voltage. This is the expected behavior, because the
schubweg s = u7FE of the traveling charges increases with
higher field. Saturation should be reached at high fields, which
is not yet the case for the fields in Fig. 2. The theoretical elec-
tron—hole pair creation energy W in PbO can be calculated from
Klein’s rule [3] to be in the order of 6 eV. The theoretical limit
for the charge yield Y is then 170 e~ /keV. A fit of the Hecht
formula [15], although not fully applicable in the case of X-ray
excitation, leads to effective pu7-values of 4.4 - 1077 c¢cm? /v
when irradiating the negatively biased electrode. Values of the
same order of magnitude were found in a separate experiment



SIMON et al.: ANALYSIS OF LEAD OXIDE (PbO) LAYERS FOR DIRECT CONVERSION X-RAY DETECTION

140 - T - T : T

120 [ A measured value ]
i fit of 'Hecht'-curve ]

pt = 4.4x107 cm’V

-

o

o
T

80 |
60

40 F

Charge yield (e'/keV)

20

0A R 1 . 1 A 1 A
0 1 2 3 4

Bias field (V/um)

Fig. 2. Charge yield versus bias field with “Hecht”-fit curve.
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Fig. 3. Dark current density versus bias field for Al and ITO strip electrodes.

with blue light excitation for electrons and holes. The p7 values
are not very high, but due to the very high resistivity of PbO,
operating the device at elevated bias fields does not lead to
unacceptably high dark currents.

B. Dark Current

In Fig. 3 the dark current density is plotted versus the bias
field. For the aluminum strip contact, the dark current density is
not strictly proportional to the bias field, the curve having some
offset and a sublinear slope. The latter indicates the existence of
blocking contacts in addition to a high bulk resistivity [16]. For
the ITO strip contact, only one point has been measured, which
exhibits twice the dark current at 0.5 V/pm bias field.

C. Temporal Behavior

Again comparing samples with aluminum and ITO strip elec-
trodes, a strong influence of the contact material on the temporal
behavior is observed. In Fig. 4 the response to an X-ray illu-
mination of 5 s duration is shown. The sample with ITO strip
electrode has a very slow signal rise and a high residual signal.
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Fig. 4. Temporal behavior of signal current with Al and ITO strip electrodes.
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Fig.5. Temporal behavior of signal current with Al strip contacts and negative

bias of 2 V/um at the top contact.

To analyze this effect further, all combinations of gold and alu-
minum as strip or top electrode and under both bias polarities
were measured (Figs. 5-8). Figs. 5 and 6 show the response
curves for the negatively biased top electrode. The response
during the X-ray pulse and the residual signal are better for the
aluminum strip electrode than for the gold electrode. The mate-
rial of the top electrode appears to have only little influence. This
is different under a positive top electrode bias (Figs. 6 and 7),
where the role of the top electrode material becomes dominant,
again with the aluminum clearly giving the better temporal re-
sponse. The difference between aluminum and gold in this case
is even larger than for the positively biased strip electrodes.
Summarizing these and other experiments with different elec-
trode materials, the temporal behavior of the PbO detector is
strongly influenced by the electrode material on the positively
biased side of the PbO. For positive electrodes made from less
noble metals a better temporal response was consistently ob-
served, while the material on the negative contact side had no
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Fig. 6. Temporal behavior of signal current with gold strip contacts and
negative bias of 2 V/um at the top contact.
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significant influence. A possible explanation is the generation
of electron accumulation layers induced in the PbO near a noble
positive electrode by the X-ray signal, that leads to hole injec-
tion from this electrode. After the X-ray pulse ends, this charge
injection continues until the charge accumulation layer eventu-
ally dissolves.

It should be noted, that the strip samples are not symmetric
with respect to the electrodes. On one hand the microscopic in-
terface between metal and PbO is different because the PbO
growth takes place on the strips’ smooth metal surface whereas
the top metal contact is evaporated on the rather rough PbO sur-
face. On the other hand the geometry of the electrodes differ
a lot. The top electrode is not structured whereas the strips are
separated by 10-20-pum-wide gaps. For these reasons the local
electric field and electronic trap levels are supposed to be dif-
ferent for the strip and top contacts leading to a nonsymmetrical
behavior.
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Fig. 9. Residual signal versus bias field for aluminum strip contacts.

The residual signal after the X-ray pulse also depends on the
applied bias field. As shown in Fig. 9 for aluminum strips, the
residual signals decrease from 9% at 0.5 V/um to about 4%
at 3.5 V/um. The measurement conditions were a 5-s X-ray
illumination at a dose rate of 680 uGy/s. For lower dose rates,
higher residual signal values were found [9].

V. LARGE PLATES: IMAGING PERFORMANCE

In the following an analysis of the imaging performance of
one of the large TFT-plates covered with PbO is presented.
The absorption thickness (i.e., the thickness if the PbO was not
porous) of this layer was 160 pm, the geometrical thickness was
340 pm. More details of this analysis can be found in an earlier
publication [9].

Linearity of detector response for X-ray dose values from 180
nGy up to 4.2 ;1Gy/frame was verified for different bias values.
Noise analysis of dark frames performed at 1 V/um lead to
noise values as low as 1800 electrons/pixel. Due to the high
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Fig. 10. Modulation transfer function (MTF) measured with two methods. The
spatial frequency is given in linepairs (Ip) per mm.

resistivity of PbO, the dark current shot noise contributes only
300 electrons/pixel to the pixel noise. All noise power spectra
were corrected for lag effects [17].

Results of both methods used for the MTF-measurement are
shown in Fig. 10 together with the sinc-function corresponding
to the pixel pitch. A good agreement between the results of the
two methods is achieved. The fact that the measured detector
MTF is close to the theoretical sinc-function, even beyond the
sampling frequency at 5.4 Ip/mm, indicates a very high spatial
resolution, i.e., the MTF of the PbO conversion layer itself is
close to unity. This makes PbO a very attractive material for
smaller pixel sizes, where the indirect conversion approach is
limited due to light spread in the scintillator layer. It can also
be observed that the position of the zero of the measured MTF
coincides with the inverse of the pixel pitch, indicating an effec-
tive fill-factor of 1.

Finally, we calculated the DQE of the detector. The results
are shown in Fig. 11 where DQE values for different bias fields
are plotted. The DQE(0) expected from the thickness of the PbO
layer (160 pm) is 0.65: the discrepancy of the measured DQE
at low spatial frequency to the theoretical value could be related
to NPS deterioration due to depth-dependent charge collection
[18]. The DQE improvement with the increasing bias field can
then be ascribed to the increase of the schubweg, which leads to
a reduced depth dependency of the signal.

A full resolution image (960 x 960 pixels) showing a ‘Huet-
tner’ phantom and a human hand phantom is reported in Fig. 12.
The image is an average over 10 offset, gain and defect corrected
frames acquired at 25 Hz frame rate with an X-ray dose of about
4 nGy/frame. High contrast objects as well as fine bone struc-
tures can be clearly distinguished.

VI. CONCLUSION

PbO is a promising candidate as direct X-ray converter for
static as well as for dynamic applications. Strip samples were
used to evaluate basic properties such as dark current, charge
yield and temporal behavior. PbO exhibited a low dark current
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Fig. 12. X-ray image from a large detector.

density even at high bias fields. The measured charge yield
was sufficient for low dose imaging but still lower than the
theoretical value of about 170 e~ keV. We found that the
temporal behavior of the PbO detector depends strongly on
the contact material, especially at the positive electrode. This
topic needs to be studied further also to decrease the amount
of residual signals.

The imaging performance of PbO-based X-ray detectors was
analyzed using large area 18 cm x 20 cm TFT arrays. MTF
measurements reveal that the PbO detector exhibits an effective
fill-factor close to unity. Furthermore, the same measurements
demonstrate the very high spatial resolution that can be achieved
with PbO, making it very attractive for high-resolution detec-
tors. The lower than expected DQE is attributed to incomplete
charge collection at the bias fields used in the experiments.
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