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Purpose: Active matrix flat panel imagers (AMFPI) have limited performance in low dose appli-
cations due to the electronic noise of the thin film transistor (TFT) array. A uniform layer of
avalanche amorphous selenium (a-Se) called high gain avalanche rushing photoconductor (HARP)
allows for signal amplification prior to readout from the TFT array, largely eliminating the effects
of the electronic noise. The authors report preliminary avalanche gain measurements from the first
HARP structure developed for direct deposition onto a TFT array.
Methods: The HARP structure is fabricated on a glass substrate in the form of p-i-n, i.e., the electron
blocking layer (p) followed by an intrinsic (i) a-Se layer and finally the hole blocking layer (n). All
deposition procedures are scalable to large area detectors. Integrated charge is measured from pulsed
optical excitation incident on the top electrode (as would in an indirect AMFPI) under continuous high
voltage bias. Avalanche gain measurements were obtained from samples fabricated simultaneously at
different locations in the evaporator to evaluate performance uniformity across large area.
Results: An avalanche gain of up to 80 was obtained, which showed field dependence consistent with
previous measurements from n-i-p HARP structures established for vacuum tubes. Measurements
from multiple samples demonstrate the spatial uniformity of performance using large area deposition
methods. Finally, the results were highly reproducible during the time course of the entire study.
Conclusions: We present promising avalanche gain measurement results from a novel HARP
structure that can be deposited onto a TFT array. This is a crucial step toward the practical
feasibility of AMFPI with avalanche gain, enabling quantum noise limited performance down
to a single x-ray photon per pixel. C 2015 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4907971]
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1. INTRODUCTION
1.A. Importance of flat panel imager (FPI)
with avalanche gain

Active matrix flat panel imagers (AMFPI) are replacing screen
film and computed radiography because of their instantaneous
readout and superior image quality. However, at low doses,
AMFPI have limited performance due to the degradation ef-
fect of electronic noise in the thin film transistor (TFT) array
readout.1 To overcome this limitation, either the electronic
noise must be reduced or the signal amplified in the photocon-
ductor prior to storage in the pixel capacitor and subsequent
readout. We propose to use a uniform layer of amorphous
selenium (a-Se), known as high gain avalanche rushing photo-
conductor (HARP) to amplify photogenerated charge prior to
readout in the TFT array.2

Two of the proposed detectors3 which utilize solid-state
avalanche a-Se are shown in Fig. 1, to produce x-ray quantum
noise limited performance down to one x-ray photon per pixel.
The indirect detection method [Fig. 1(a)], which is called

SHARP-AMFPI, uses a thin HARP layer (e.g., 15 µm) to
detect the optical photons generated from a high resolution x-
ray scintillator and amplify the signal.2,4,5 The direct detection
method [Fig. 1(b)], which is called field shaping multi-well
avalanche detector (SWAD),6 creates a separate avalanche
region inside the wells while maintaining nonavalanche fields
in the bulk, where the majority of x-ray interactions occur.7,8

This removes the depth dependence in the avalanche gain9

and reduces the field at the electrode contacts to minimize
dark current due to injection of charge carriers. The goal of
this work is to develop large area HARP that can benefit both
AMFPI concepts.

1.B. Existing a-Se sensor technology

HARP structures consist of an intrinsic (i) layer of a-
Se sandwiched between a hole blocking (n-type) and an
electron blocking (p-type) layer to prevent charge injection
from the positive and negative bias electrodes, respectively.
These blocking layers are crucial for minimizing dark current

1223 Med. Phys. 42 (3), March 2015 0094-2405/2015/42(3)/1223/4/$30.00 © 2015 Am. Assoc. Phys. Med. 1223

http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://dx.doi.org/10.1118/1.4907971
http://crossmark.crossref.org/dialog/?doi=10.1118/1.4907971&domain=pdf&date_stamp=2015-02-18


1224 Scheuermann et al.: Solid-state avalanche amorphous selenium sensor 1224

F. 1. Two concepts of AMFPI with avalanche gain: (a) Indirect detection method which incorporates a structured scintillator with avalanche gain throughout
the entire layer of a-Se. (b) Direct detection method which incorporates a thick absorption layer of a-Se and a separate avalanche region inside the wells above
pixel electrodes.

while allowing the photogenerated charge to exit the a-Se. The
existing HARP structure is fabricated in an n-i-p deposition
sequence onto a transparent substrate (for light entrance)
coated with indium tin oxide (ITO), which acts as the positive
high voltage (HV) electrode. This structure has been used
in HARP tubes,10,11 a hybrid-CMOS sensor through indium
bump-bonding of HARP (Ref. 12) and electroded HARP.13

The largest HARP used in existing devices is 1 in. in diameter.
On the other hand, large area a-Se direct conversion AMFPI
have been used routinely for medical imaging for over a
decade14–18 with well-established reliability and uniformity;
however, they operate at ∼10 V/µm,15 while avalanche gain
requires fields greater than 70 V/µm.19

1.C. Large area HARP for medical imaging

Both SHARP-AMFPI and SWAD requires a p-i-n deposi-
tion sequence of HARP. The main challenges are two-fold:
the low temperature deposition of an n-layer to prevent the
formation of polycrystalline aggregates in a-Se (which occurs
at >50 ◦C)20 and the spatial uniformity of avalanche gain for
large area medical image sensors. In addition, the n-layer
needs to be transparent for indirect type sensors. The hole

blocking layer in existing HARP requires high temperature
deposition (220 ◦C) to achieve low dark current.21 Recently,
various n-type organic polymers with low temperature depo-
sition, e.g., C60 doped polymer and perylenetetracarboxylic
bisbenzimidazole (PTCBI) have been used with direct con-
version a-Se but have not supported electric fields (ESe) greater
than 45 V/µm.22,23

In this work, we present the first avalanche-gain measure-
ments from a p-i-n HARP structure fabricated using depo-
sition methods scalable to large area. Our promising results
demonstrate the potential of combining the previous successes
in small area HARP imaging tube in avalanche mode and large
area direct AMFPI in nonavalanche mode, to develop AMFPI
with programmable avalanche gain for medical imaging.

2. METHODS
2.A. Sample structure

We developed a p-i-n HARP structure shown in Fig. 2(a).
The glass substrate is coated with ∼100 nm of chromium
(Cr), which acts as the negative bias electrode. Then, a 2 µm
thick p-layer is thermally deposited, which traps injected elec-

F. 2. (a) Cross section schematic of the p-i-n HARP structure. (b) Top view of a HARP test structure. There are four Cr HV electrodes (sensors) per test
structure.
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trons while permitting hole transport. The i-layer, for optical
sensing and avalanche multiplication, is stabilized a-Se with
a thickness of 15 µm. A 2 µm thick, wide band gap, trans-
parent organic polymer is then vacuum deposited, at room
temperature, onto the i-layer to block hole injection. The top
electrode is a semitransparent Cr layer ∼20 nm thick to allow
for transmission of optical photons. The entire structure is
encapsulated with a transparent organic insulator which was
shown to improve the reliability of the device. For a clinical
SHARP-AMFPI, a top electrode with high light transmis-
sion is required. Established room-temperature ITO sputtering
technology can be utilized.24 Figure 2(b) shows one of the
samples tested. There are four separate HV electrodes (sen-
sors) to test gain uniformity across each sample. All samples
were fabricated simultaneously in an experimental a-Se coater
that was geometrically scaled down to mimic the properties
of a commercial coater capable of producing AMFPI up to
17 in.×17 in.

2.B. Experimental procedures

Measurements were performed in a grounded, light tight
metal box. The samples were exposed to 440 nm blue laser
excitation pulses with a full width at half maximum (FWHM)
of 40 ps. The common bottom electrode on the glass substrate
was used to collect signal charge. The signal was read through
a 1 GHz oscilloscope with a 1 MΩ input resistance to produce
a charge integrating circuit with a sensitivity of 13 mV/pC. The
top electrode was biased with positive high voltage, which was
varied from 10 to 2260 V in 10 V increments. This corresponds
to ESe of 0.5–105 V/µm. Each bias voltage was held for ∼5 s.
Dark current remains low and is subtracted as an offset to
obtain the signal due to photogenerated charge and avalanche
gain. Between repeated measurements, the high voltage was
removed and the sample was exposed to light pulses to remove
any space charge at layer interfaces. The samples were tested
over the course of one week.

3. RESULTS
3.A. Avalanche gain fitted to theory

Figure 3 shows the average integrated signal charge from
the four sensors on one HARP structure as a function of ESe.
A two-part empirical fitting has been performed using Origin
9.1 (OriginLab, Nothampton, MA). The measurement at ESe
< 70 V/µm was fitted to the Onsager theory of photogenerated
charge recombination.25 At ESe > 70 V/µm, the avalanche gain
is fitted to the impact ionization model by Juška19

gav= eδIIC
∗D
, (1)

where D is the thickness of the a-Se and δIIC is the impact
ionization parameter given by

δIIC= β1e−β2/ESe, (2)

where β1 and β2 are fitting parameters. The fitted values for β1
and β2 are 4101±400 µm−1 and 990±100 V/µm, respectively.
Published values for β1 range from 949 to 1700 µm−1 and
values for β2 range from 849 to 930 V/µm.26,27 Variations in

F. 3. Average gain measurements from one sample fitted to theory: mea-
surements at ESe < 70 V/µm are fitted to the Onsager theory and the mea-
surements at ESe > 70 V/µm are fitted to avalanche gain theory [Eq. (1)].

these fitting parameters often arise due to uncertainties in ESe,
which are typically a result of variations in the a-Se thicknesses
and blocking layers.28

3.B. Gain uniformity

Three samples with four sensors each were tested individ-
ually for gain. Figure 4 shows the gain measured from one
sensor of each sample. The variation in gain between samples
was under 10% at all applied fields. Eleven out of twelve sen-
sors produced avalanche gain. Inspection of the failed sensor
showed delamination of the encapsulation layer due to exces-
sive tension to the HV cable and not a result of fabrication
imperfections. There was no measurable degradation of the
samples over the entire course of our study.

4. DISCUSSION
4.A. Improvements to the HARP structure

Due to poor electron transport in the hole blocking layer, a
buildup of negative charge occurs at the interface between the

F. 4. Uniformity of gain across the sensors from three different samples.
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hole-blocking layer and a-Se. While the low mobility could
be used as a protection mechanism against permanent mate-
rial breakdown,3,25 it needs to be optimized against memory
effects. A large body of work in organic semiconductors has
shown that doping polymer with electron transporting material
can vary the electron mobility by several orders of magnitude
and may help future efforts in optimizing the n-layer.29,30 The
correct choice of polymers can also protect a-Se from recrys-
tallization.31

4.B. Integration with a TFT array

While the hole blocking layer can be further optimized, our
immediate plan is to deposit the new HARP structure onto a
large area TFT array to better understand the spatial uniformity
of gain and the additional challenges imposed by the TFT ar-
rays. The TFT arrays used for AMFPI have surface variations
on the micron scale from the lithography processes used in
fabrication. We have previously developed planarization tech-
niques to prepare it for HARP deposition.32 The most crucial
step in future development of AMFPI with avalanche gain is
the elimination of electric field hot spot (ESe > 120 V/µm) in
HARP.6

5. CONCLUSION

We presented the first HARP structure with the potential
to be placed on a TFT array for future development of large
area AMFPI with avalanche gain. We have shown gain of 80
with good spatial uniformity and temporal repeatability. Our
future work will continue to optimize the charge transport in
the blocking layers and deposit the new HARP structure onto
a TFT array to investigate avalanche gain with a pixelated
readout.
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