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Comparison of PbI 2 and HgI 2 for direct detection active matrix
x-ray image sensors
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The factors determining the x-ray sensitivity of HgI2 and PbI2 as direct detector materials for large
area matrix addressed x-ray image sensors are described, along with a model to explain their
different properties. The imaging studies are made on test arrays with 5123512 pixels of size 100
mm. The x-ray sensitivity and spatial resolution are reported, along with measurements of the
various mechanisms that influence the sensitivity, such as charge collection, x-ray absorption, fill
factor, and image lag. The spatial resolution of PbI2 decreases with increasing film thickness, but
this effect is not observed in HgI2. The x-ray response data are used to compare the sensitivity to
the theoretical values for the ionization energy and to identify the various loss mechanisms. We find
that the sensitivity of HgI2 can be explained by a few small and well characterized loss factors. This
material exhibits good spatial resolution, high fill factor, and high charge collection. PbI2 films
exhibit lower sensitivity, principally attributable to a very large image lag. We propose that the x-ray
response of the two materials is distinguished by their different depletion layer properties, and
present a model that accounts for the sensitivity, image lag, and spatial resolution of PbI2. © 2002
American Institute of Physics.@DOI: 10.1063/1.1436298#
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I. INTRODUCTION

Large area matrix-addressed image sensor arrays a
recent technology for x-ray imaging, with medical diagnos
and other applications.1 Two modes of detection are use
either detecting the emission from a phosphor with a pho
diode light sensor~indirect detection!, or using a thick x-ray
sensitive photoconductor~direct detection!. Since these de
vices are pixel arrays, the pixel size places an upper limit
the spatial resolution that can be achieved and is one of
fundamental design parameters of a detector. Many imag
applications are satisfied with a pixel size from 125 to 2
mm and such systems are in production.2 However, it is de-
sirable to achieve higher spatial resolution with pixel sizes
the range 50–100mm, and higher sensitivity.

High resolution sensors tend to have a reduced signa
noise ratio simply because of the small pixel size and a
fill factor. The fill factor,F, is defined as the fraction of th
pixel area that is sensitive to incident radiation. A good a
proximation to the real situation is a square pixel of line
dimension,dp , containing a contact electrode of dimensi
a,dp , at which the charge generated by the sensor is
lected. Processing considerations limitdp2a to 10–15mm
for typical arrays. Assuming an x-ray flux,q0 , onto the sur-
face, the charge,QC , developed at the pixel is

a!Electronic mail: street@parc.com
b!Permanent address: Department of Physics, University of Stockholm, S

den.
3340021-8979/2002/91(5)/3345/11/$19.00

Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
a

-

n
he
g

0

n

o-
w

-
r

l-

QC5q0axGxdp
2F, ~1!

whereax is the fraction of the x rays absorbed, andGx is the
gain, defined as the charge detected per absorbed x ray.
fill factor has limiting values of

a2/dp
2<F<1. ~2!

The lower value assumes that the pixel is only sensitive
the x-ray flux above the collection electrode, whileF51
when the pixel is sensitive to the flux over its whole are
Small pixels therefore have an intrinsically reduced sig
due to thedp

2F term in Eq.~1!. High resolution arrays there
fore need sensors with high sensitivity for optimum perfo
mance, and this is achieved by a combination of high x-
absorption, high gain, and high fill factor.

There are a number of possible approaches to ach
improvements in sensitivity. High fill factor designs fo
a-Si:H p- i -n photodiode arrays give a substantial increase
sensitivity of indirect detection arrays, and when coupled
CsI phosphors yield high gain and high resolution. The ch
acterization of detectors of this design, fabricated with
pixel size of 75mm is reported elsewhere.3,4 Direct detection
arrays usually give high resolution because they do not
hibit the image spreading effects characteristic of phosph
Detectors based on selenium are successful,5 but still have
some performance limitations, since the gain is less t
might be expected, with the energy loss to produce a

e-
5 © 2002 American Institute of Physics
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tected electron–hole pair being about 50 eV.6 Furthermore,
even though the selenium is deposited as a continuous
charge collection only occurs over the contact pads so
the signal is reduced by the fill factor according to the low
limit in Eq. ~2!.6 Selenium also has rather low x-ray absor
tion so that thick films and consequently high voltages
required for its operation.

This article describes measurements of high resolu
image sensors using HgI2 and PbI2 in the direct detection
mode of operation. We have explored these two rather s
lar materials as alternative x-ray photoconductors to s
nium to determine if they can give better performance.
rect detector materials must have several attributes, inclu
high charge collection, high x-ray absorption, low dark c
rent, good uniformity, etc, and these are difficult to achie
in a single material. The focus of these studies is on the x
response in terms of sensitivity, spatial resolution, and o
factors that are important to achieve a high detective qu
tum efficiency~DQE!.

II. THE IMAGE SENSOR AND MEASUREMENT
SYSTEM

The measurements are performed on 5123512 pixel ar-
rays with 100mm pixel size, using a fabrication process th
is scalable to the large areas required for medical imag
The pixel design is typical for direct detection devices, and
described elsewhere.7 The source of the amorphous silico
thin film transistor~TFT! is connected to the contact ele
trode, which is isolated from the rest of the pixel by
insulation layer, and the TFT gate and drain are connecte
address lines for readout. The contact is almost square,
a minimum separation to the neighboring pads of 15mm, and
has a geometrical fill factor of 67%~note that an earlier
publication incorrectly stated a high fill factor7!. The pixel
also contains a;0.4 pF storage capacitor since the capa
tance of the sensor film is insufficient by itself.

The array is addressed by an external shift register
charge is transferred to external amplifiers.1 Typical operat-
ing conditions turn on the TFT gate for 20–30ms, which is
nearly 10 times theRC time constant of the TFT resistanc
and pixel capacitance. Correlated double sampling is u
and the signal is digitized to 14 bits. Digital data is tran
ferred to the host computer on a fiber-optic link, and t
timing is performed by logic that can be programmed
rectly from the host. Electronic noise is,1000 electrons,
without correction for line correlated noise which is smal
in magnitude than the random noise from the amplifiers. T
response of the electronics is measured by injecting a c
bration voltage pulse into a known capacitance at the in
of the amplifiers.

A. HgI2 and PbI 2 photoconductors

The PbI2 films are deposited by thermal evaporation a
temperature below 200 °C, as described elsewhere.8 These
are polycrystalline films with grain size of about 1–3mm.
The top electrode is a thermally evaporated Pd film, which
contacted by a single wire to provide the bias voltage. S
eral arrays with PbI2 thickness from 60–240mm have been
studied. We have also studied companion PbI2 films depos-
Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
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ited onto glass substrates, and some transport propertie
reported elsewhere.9 Variations in the deposition conditions
particularly temperature, are found to give moderate chan
in the sensitivity of the films.

The HgI2 films are deposited by either thermal evapo
tion or by screen printing, using a slurry of HgI2 crystallites
in a polymer.10,11 In either case the active matrix substrate
coated with a layer of Humiseal to prevent chemical re
tions with the underlying metals and to provide a blocki
layer. Sample thickness varies from 80 to 250mm, and the
crystallite grain size is controlled by the deposition con
tions and varies from 20 to 60mm, estimated by visual in-
spection. Early samples of HgI2 showed a very large varia
tion in the response from pixel to pixel. Previously, w
speculated that this was because of the large grain s
which was similar to the dimensions of the pixels.12 Recent
material with grain size at the low end of the range ga
much better uniformity, seeming to confirm the trend w
grain size. For the detailed investigation of sensitivity in S
IV B, we studied a sample of this type.

B. Measurement techniques

X-ray measurements are obtained with a dental x-
generator that operates between 50 and 100 kVp, or wi
mammography unit operating from 24 to 40 kVp. The do
is measured with a commercial dosimeter. Under normal
age, the array is readout continuously with a constant fra
time selected by the operator that can be as small as 55
but is more typically 0.2–0.5 s. Measurements are gener
made with a single exposure~i.e., the radiographic mode!.
Image lag measurements are made by recording the sign
a predetermined number of frames after the single expo
frame. The incident photon spectrum is obtained from p
lished spectra for the two types of generator, including
additional filtering where appropriate, and is used to cal
late the x-ray absorption, the photon flux, and the aver
energy.

To obtain the spatial resolution we use the angled
technique,13 from which the line-spread function~LSF! is
obtained directly and the presampled modulation trans
function ~MTF! is its Fourier transform. We use a slit of 1
mm, which is small enough to prevent excessive broaden
of the LSF, while allowing a sufficient signal for the me
surement.

The image of the angled slit also provides a measu
ment of the relative sensitivity across the pixel, which giv
information about the effective fill factor. The two
dimensional slit image is represented asS(nx ,ny), wherenx

and ny index the pixels in thex and y axes. The signal is
summed in the direction perpendicular to the axis to wh
the slit is placed at the small angle,u, to give

I ~ny!5(
nx

S~nx ,ny!. ~3!

At each value ofny the slit is located in a differentx-axis
position on the pixel given with respect to a suitably chos
origin by

x5dp modulus~ny sinu!, ~4!
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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so thatI (ny) is transformed intoI (x), in the same way as is
done to obtain the LSF.I (x) plots the relative sensitivity as
function of position, and we usually plot this from the cen
of one pixel to the center of the next.

Many of the measurements reported below are of
signal as a function of bias voltage. The expected cha
collection as a function of the bias is given in terms of t
mobility-lifetime product (mt), by the Hecht formula,

Q

Q0
5

mtE

d
~12exp@2d/mtE# ![H~d,E!, ~5!

whereE is the applied field,d is the thickness, andQ0 is the
total charge.

The Hecht formula applies to electrons or holes crea
at one side of the sample, which drift to the other unde
uniform applied field,E5V/d. The assumption of a uniform
field is discussed later, in Sec. IV B. The formula is al
based on the assumption that charge is created at the co
so that only a single carrier type contributes to the signal
our case, x-ray absorption always occurs over a signific
fraction of the film thickness, and this can be analyzed b
generalization of Eq.~5!. If a carrier is created at depthx,
and drifts to the other side of the layer, then the charge
lection follows the Hecht formula,H(d2x,E), for the
smaller distanced2x. The total charge collection is furthe
modified by a multiplying factor that depends on the mag
tude ofmtE/d. The factor is (d2x)/d if most of the charge
is collected and unity if charge collection is small. The co
bined charge collection for both electrons and holes, and
an absorption distribution ofa(x), for the case when mos
charge is collected, is therefore given by14

Q

Q0
5

1

dE0

dda

dx
@~d2x!HA~d2x,E!1xHB~x,E!#dx, ~6!

where the first term is the contribution from carrierA moving
away from the absorbed x rays, and the second is from
rier B moving in the opposite direction.H(x,E) is defined in
Eq. ~5! and a(x) can be calculated from the x-ray spect
and the material properties. It is easy to see that ifda/dx
only has values very close tox50, then the second term
vanishes and the first term reduces to Eq.~5!.

There are some useful approximations to Eq.~6! for
three cases of interest. The first case assumes that only
carrier has a significantmt, but that the charge collection i
reduced by a finite~but small! absorption depth. The charg
collection then approximates to

Q

Q0
>HA~d,E!F12

1

dE0

dda

dx
xdxG

5HA~d,E!@12L~Ex!/d#, ~7!

whereL(Ex) is defined by the integral and its dependence
the x-ray energy,Ex , is made explicit. The term in bracke
provides a correction factor to the measured collection.

The second case of interest is when the bias polarit
chosen to collect the carrier with the smallermt, but the
finite absorption depth provides some contribution of
largermt carrier moving in the reverse direction. The char
collection then approximates to
Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
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Q0
5HA~d,E!1

L~Ex!

d
, ~8!

where it is assumed that all of the highmt carriers are col-
lected, and this provides a constant offset to the charge
lection for the lowmt carrier.

The third case is for weakly absorbed x rays and sin
carrier collection, for which

Q

Q0
>ca~d!, 1.c.0.5. ~9!

In the limit of uniform absorption, the charge collection
just half the fraction of x-rays absorbed.

III. EXPERIMENTAL RESULTS

About ten arrays each of HgI2 and PbI2 have been stud-
ied. For each material, the arrays yielded results that
qualitatively similar but quantitatively depend on the spec
sample, particularly as regards dark current and charge
lection. A significant source of the differences is the gra
size, but we do not yet have a complete understanding of
role of grain size. The results presented should be consid
as representing the present state-of-the-art, rather than de
tive values for the material, since further exploration of t
deposition conditions and material composition might g
improved properties.

A. Spatial resolution

Figure 1 shows the line spread function obtained us
the angled slit technique for two PbI2 arrays. The array with
62 mm PbI2 has about 80% of the LSF confined to the cent
pixel. The additional broadening to the LSF decreases
proximately exponentially into the adjacent pixels. The sh
drop in the LSF occurs near the boundary of the pixel rat
than at the edge of the contact pad, thus indicating t
charge is collected from almost the entire pixel and n
merely over the contact pads, further data about the effec
fill factor is given below. The LSF for the thicker 86mm PbI2

FIG. 1. The line-spread function data for two arrays with PbI2 layer thick-
ness of 62 and 85mm, showing the additional broadening in thicker film
The vertical lines indicate the pixel boundaries.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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layer is significantly broader, extending further into t
neighboring pixel. The LSF for a 240mm thick film is ob-
served to be much broader still. Further LSF data for 50
100mm layers are published elsewhere,12 and these compar
measurements at high and low exposure energy~30–35 kVp
versus 80 kVp!. Virtually no dependence on the x-ray ener
is observed. Figure 2 plots the slope of the LSF tail ver
the sample thickness for the various samples measured
shows that there is an approximately linear increase in
LSF width.

Figure 3 shows the LSF for a 130mm HgI2 array mea-
sured at 50 and 60 kVp exposure. The LSF drops sharp
the edge of the pixel and the tail is consistent with the wi
of the measurement slit, so that there is virtually no ima
spreading. The residual signal at the 1% level is proba
due to effects arising from the readout electronics. An L
measurement for a 250mm thick film also showed little im-
age spreading, although the nonuniformity of the sensitiv
reduced the quality of the data.12 HgI2 and PbI2 therefore
exhibit quite different LSF behavior with increasing film
thickness, as shown by the comparison in Fig. 2.

FIG. 2. Plot of the broadening of the LSF as a function of the film thickn
for PbI2 and HgI2. The broadening is the exponential slope of the LSF ta

FIG. 3. The line-spread function data for an array with 130mm of HgI2,
showing little broadening. The vertical lines indicate the pixel boundari
Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
d

s
nd
e

at
h
e
ly
F

y

When the LSF exhibits only small broadening, the MT
approximates to the form expected for an ideally abrupt L
which is sinc(pud), whereu is the spatial frequency. Figur
4 shows a comparison of the MTF of HgI2 and a thin PbI2
film. The differences in the shape reflect the broadening
the LSF and the degree of sensitivity in the gap betwe
pixels, as discussed in Sec. III C. Thicker PbI2 films have a
reduced MTF because of the increasing width of the LSF

In a previous publication we suggested that the sprea
the LSF in PbI2 may be due to x-ray fluorescence at t
iodine K-edge located at 33 keV.7 The supposition was tha
fluorescent x-rays would travel laterally and be reabsorb
thus broadening the LSF. The LSF data now shows that
explanation cannot be the major effect, although fluoresce
broadening presumably exists at some smaller level. The
dence thatk-fluorescence plays no major role is that,~1! the
LSF is virtually identical for exposure above or below the
keV iodine edge,12 and ~2! the broadening effect with in-
creasing thickness is not seen in HgI2, which should be es-
sentially identical to PbI2 as regards x-ray fluorescence. Th
additional broadening of the LSF in PbI2 that is not observed
in HgI2 indicates that some fundamentally different mech
nisms are occurring in the two materials. The origin of t
PbI2 broadening is discussed in Sec. IV C.

B. Charge collection and bias dependence

Figure 5 shows the signal versus bias for the 130mm
HgI2 array, applying negative bias to the array and show
measurements at 80 and 24 kVp exposure. The form of
data for other arrays is the same, with the signal increas
with bias and eventually approaching saturation. The line
Fig. 5 show fits to Eq.~5! and give essentially the samemt
value of;1.531025 cm2/V for the two measurements. W
have studied several HgI2 films and find thatmt for electrons
are in the range 631026 to 631025 cm2/V.12 These
samples cover a range of crystallite size and include b

s
.

.

FIG. 4. Modulation transfer function data for PbI2 and HgI2, and a compari-
son with the sinc function. Note that the first minimum for PbI2 is beyond
the spatial frequency of the pixel array~indicated by the vertical line!. The
PbI2 data is shifted vertically by 0.3 for ease of viewing.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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evaporated and screen printed material. Figure 6 shows
the measured electronmt values vary with crystallite size
Although there are substantial variations, it seems that la
crystals give high values ofmt, at least for the evaporate
material. The dependence on crystal size is less clear fo
screen printed material, but since themt values are lower,
another mechanism might mask the crystal size depende

The initial distribution of carriers depends on the x-r
energy. Only for the low energies~i.e., 24 kVp! is the ab-
sorption very close to the top contact and in this case we
be sure that the carriers being collected are electrons,
that holes contribute little to the signal. For high energy e
posure, the absorption is more uniform through the sam
and there may be contributions from both signs of carrie

Figure 7 shows the charge collection under both b
polarities for a screen printed sample of HgI2 and at low
energy exposure. The sample of Fig. 5 did not sustain a la
enough positive bias to get good data, but the low field
sults are generally similar, and the same behavior is a
found in the other samples. The charge collection of hole
evidently much smaller than that of electrons. The h
charge collection increases slowly with bias after an ini
jump at the lowest bias voltage. We interpret this as a mi
contribution from both electrons and holes, due to the fin
absorption depth of the x rays. Figure 7 includes the fit to

FIG. 5. Electron charge collection for HgI2 measured at 24 and 80 kVp
exposure. The lines indicate the fit to Eq.~5! with themt values as indicated

FIG. 6. Plot of the dependence of the electronmt values on crystallite size
for both evaporated and screen printed samples.
Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
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~8! for the hole response, with the electron collecti
amounting to;0.04. This implies an average absorptio
depth,L(Ex) of 10 mm, and calculations show that 40% o
the x rays are absorbed within 10mm, which is reasonably
consistent. The fit to the data shows that themt product for
holes is about 15 times less than for electrons which imp
that holes contribute little to the signal. Themt value for
holes is measured to be~4 to 5)31027 cm2/V for all the
samples measured, so the ratio of electron and holemt
reaches;100 in the evaporated samples with large gra
size. Hence for the HgI2 films measured, the electron charg
collection is always larger than the hole collection. The h
mt shows no obvious correlation with the material structu
but this is a difficult value to obtain accurately because
charge collection is so small.

Similar measurements of charge collection have b
made for PbI2 films, and one example is shown in Fig. 8 fo
25 kVp excitation, and others are reported elsewhere.7,12 In
this case the hole collection exceeds the electron collect

FIG. 7. Electron~negative V! and hole~positive V! charge collection for a
screen-printed HgI2 array measured at 25 kVp exposure. The lines indic
the fit to Eq.~5! for electrons and Eq.~8! for holes, with themt values as
indicated.

FIG. 8. Hole and electron charge collection for a PbI2 array showing the fits
to Eqs.~5! and ~8! and the deducedmt values for holes and electrons.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3350 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Street et al.
which is opposite to HgI2. The fit of Eqs.~5! and ~8! to the
data gives values of 1.831026 cm2/V for holes and 8
31028cm2/V for electrons, which are smaller by a factor
3 or more compared to the pairs of values obtained for H2.
Since the crystallite size for PbI2 is smaller than for HgI2,
perhaps the charge collection data are described by the s
trend as shown in Fig. 6. However, as discussed in Sec. IV
there is reason to doubt the validity of the simple cha
collection fit to the data, so these values should be treate
tentative.

C. Charge collection in the pixel gap

The evaluation of the sensitivity also requires a know
edge of the effective fill factor, as described in Eq.~1!. The
angled slit image data is used to find the sensitivity a
function of position within the pixel, and this data is show
for both PbI2 and HgI2 in Fig. 9 using the technique de
scribed in Sec. II B. The measurements find a decrease in
sensitivity of the PbI2 array for illumination above the gap
The decrease is to about 60% of the signal over the con
pad, and on a different sample the reduction was to 807

Since the slit width is as wide as the gap, the actual respo
of the array would require a deconvolution of the slit wid

FIG. 9. Position dependence of the PbI2 and HgI2 charge collection in the
region between two contact pads on adjacent pixels, obtained from
angled slit data. The gap between pixels is indicated by the dashed line
HgI2 data are shifted vertically by 20% for ease of viewing.
Downloaded 31 May 2002 to 132.64.1.37. Redistribution subject to AIP
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from the measured response. While a precise deconvolu
is not possible with the present data, it is evident that
average response from within the slit region is;50% of the
response from directly over a PbI2 contact. On the other han
the data for HgI2 shows no drop in sensitivity in the ga
between pixels, with a detection uncertainty of about 5
Similar measurements using a selenium photoconductor
a larger loss of charge between the pads, consistent with
LSF observations made by others.6

When the two dimensions of the contact are consider
the effective fill factor for charge collection in the PbI2 array
is estimated to be about 85% ('0.6710.530.33). The drop
in sensitivity in the gap for PbI2 is also evident in the MTF
data of Fig. 4. The first minimum in the MTF occurs at th
inverse of the effective sensitive size of the pixel. The pix
size is 0.1 mm, so that the minimum should occur at
mm21 if the pixel is fully sensitive. For the PbI2 data, the
minimum actually occurs at;11 mm21, indicating a slightly
smaller effective pixel size, while for HgI2 the MTF mini-
mum is at 10 mm21.

D. Image lag

Image lag also provides a mechanism for loss of se
tivity which needs to be quantified. Figure 10 compares
image lag of PbI2 and HgI2 under comparable excitation con
ditions and with the bias polarity that favors high char
collection. The lag is very different for the two material
The HgI2 data are typical of other materials with a lag aft
the first frame of;10%, and while the subsequent fram
decrease less slowly, the lag quickly drops to below 1%. T
integrated total signal in the lag frames is estimated to
;20% of the signal in the first frame. In contrast, the ima
lag of PbI2 decreases much more slowly, with about 30%
the first frame and still.10% after ten frames. In this cas
the total signal in the lag frames exceeds the signal in
first frame by a wide margin, which is about a factor of 5

E. Dark current and dark noise

Both HgI2 and PbI2 have significant dark leakage cu
rent, which varies widely for different arrays. Dark curre
can limit the utility of the material for x-ray detection, sinc
it prevents application of a sufficiently high field to optimiz
the charge collection. The typical leakage current of P2

arrays studied so far is in the range 10–50 pA/cm2 at a bias

he
he
r
e

FIG. 10. Image lag data for HgI2 and
PbI2, showing the much larger lag fo
PbI2. The lag shows little dependenc
on excitation energy or bias voltage.
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of 1 V/mm, which is within the range of currents measur
on test samples of PbI2. The range for HgI2 is 8–10 pA/mm2

at 1 V/mm for screen printed and 10–50 pA/mm2 at 0.2
V/mm for evaporated films.

In the presence of a significant dark current, it is imp
tant to understand its noise contribution. An example of
dark signal noise for a 62mm thick film of PbI2 is shown in
Fig. 11. The rms values are obtained from successive im
frames and are obtained as an average over at least
pixels. The total dark signal charge,QD , is

QD5I D~V!tF , ~10!

wheretF is the imager frame time andI D(V) is the voltage-
dependent dark current. The measurements varied the
from 0 to 40 V andtF from 0.055 to 3 s. After changing th
bias, the current drifts significantly, as observed earlier,9 and
was allowed to settle for some minutes before the meas
ment started.

Ideal shot noise from the detector leakage current wo
result in a measured noise given by

nm
2 5QD /e1nadd

2 ~electrons!, ~11!

wherenadd
2 is the additive rms noise from the readout ele

tronics ande is the electronic charge. When the signals a
measured in ADC units, the relation includes the system c
bration constant,gsys ~electrons/ADC!,

nm
2 5QD /egsys1nadd

2 ~ADC units!. ~12!

The solid line in Fig. 11 corresponds to the measured c
bration of the system~in this case 372e/ADC), and provides
a good fit to most of the noise data. We can infer the follo
ing from the measurements.

~1! For most measurement conditions, the dark curr
noise is explained by the theoretically predicted shot nois
small amount of excess noise seems to be present at
bias and with long integration times. Its origin is unclear b
is probably due to drift in the leakage current.

FIG. 11. The mean square dark noise plotted vs dark signal in ADC units
a 62mm thick PbI2 layer. The solid line is the predicted fit assuming sh
noise.
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~2! The fit to the system calibration provides an indepe
dent verification that the calibration of the system respons
accurate. This is a valuable result since the calibration
pends on the capacitor used to inject charge into the ampl
which is calculated from the chip design, rather than m
sured.

~3! The additive noise of the electronic system is t
extrapolation of the noise data to zero bias, and gives an
value of 800–900 electrons, which is consistent with the
pected performance of the readout amplifier. No correctio
made for line noise in these measurements.

The distribution of leakage current across the array
been measured for the same PbI2 film. Over most of the area
the dark current is uniform within a standard deviation
;5% of the dark signal, as measured by a histogram of p
values. The uniformity decreases slightly as the bias is
creased. There are, in addition, some areas of the array,
ally roughly circular with diameter;0.5 mm, that have a
much higher leakage current, due to some unknown defe
the PbI2 film.

IV. DISCUSSION

The discussion focuses on three main issues resu
from the comparison of HgI2 and PbI2 data. First is to estab
lish whether the sensitivity can be explained in terms of
expected ionization and charge collection processes. Se
is to identify what are the material differences that cause P2

and HgI2 to response differently. Third is to understand w
the LSF of PbI2 broadens in thick films, but does not in HgI2.

A. The x-ray sensitivity of HgI 2 and PbI 2

The main issue from the sensitivity data is whether
can fully account for the measured signal. The Hgl2 case is
less complicated than Pbl2 and this is considered first. It is
helpful to calculate an effective ionization energy,Weff,
which is defined from the measured gain described
Eq. ~1!, by

Weff5bExav/Gx ~eV! ~13!

whereExav is the average x-ray photon energy andb(,1) is
a product of factors representing corrections to the sig
from various loss mechanisms that reduce the gain. Prov
all the losses are understood,Weff should equal the interna
ionization energy,W, which for both HgI2 and PbI2 is about
5 eV.8,10 A comparison ofWeff with W is therefore a conve-
nient metric to compare the x-ray sensitivity with the the
retical value. The correction factor can be written as a pr
uct of the terms,

b5babsbQbgapb lag, ~14!

where the loss factors are from incomplete x-ray absorp
(babs), incomplete charge collection (bQ), incomplete
charge collection in the gap between pixels (bgap), and im-
age lag (b lag),

We first consider measurements at low energy exposu
The raw data for the 130mm HgI2 array in Fig. 5 gives a
sensitivity of 566 ke/mR/pixel at 25 kVp and a bias of 28
We calculate the photon flux~298 ph/mR/pixel! and the av-
erage energy~15.2 eV! to obtainWeff ~with b51) of 7.8 eV,
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 license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ted

3352 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Street et al.

Downloaded 31 
TABLE I. Measured sensitivity of HgI2 and PbI2 and the various correction factors used to obtain the correc
value ofWeff .

HgI2
25 kVp

HgI2
80 kVp

PbI2
30 kVp

PbI2
80 kVp

measuredWeff 7.8 19.6 36 180
correction for absorption 1.0 0.49 0.98 0.51
correction for charge collection 0.77 0.65 0.78 0.4
correction for pixel gap 1.0 1.0 0.85 0.85
correction for lag 0.82 0.82 ;0.2 ;0.2
correctedWeff 4.9 5.1 5 6
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as indicated in Table I. For these low energy x-rays,
absorption is essentially complete. The charge collection
rection contains three components. One is the incomp
collection of electrons at the specific bias voltage, and
use the Hecht formula fit to obtain the correction factor
0.81. The second correction is the absorption depth that
plies that full collection of electrons does not yield the fu
charge@see Eq.~7!#, and this factor is calculated to be 0.8
Third is the small collection of holes, which partially offse
the second factor. Taken together we estimatebQ50.77. The
losses in the gap between pixels are negligible from Fig
and the lag factor is measured to be 0.82. Combining th
factors gives a correctedWeff of ;5 eV ~see Table I!.

The calculation is repeated for exposure to high energ
rays, for which the corrections for absorption and the cha
collection of a single carrier are more significant, so that
uncorrected value ofWeff is 19.6 eV at an exposure energy
80 kVp. The individual correction estimates are again sho
in Table I obtained in the same way as for the low ene
exposure and result in a slightly higher value ofWeff but
consistent within the uncertainty in the estimates. The m
suredWeff is shown in Fig. 12 as a function of exposu
energy, and theWeff values calculated after the correction f
x-ray absorption are also shown to illustrate that they
almost independent of energy.

FIG. 12. The effective ionization energy,Weff for 130 mm thick HgI2 mea-
sured as a function of the exposure energy and with the array biase
electron collection. Also shown isWeff after the calculated correction fo
x-ray absorption, which is the major loss factor in this energy range.
May 2002 to 132.64.1.37. Redistribution subject to AIP
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As a result of this analysis, the measuredWeff is ;5.0 eV
after all losses have been corrected, and agrees with
known internal ionization energy within the measureme
uncertainty. Hence we conclude that all the losses have b
identified and estimated with reasonable accuracy.

There are, however, some unresolved questions
could affect the calculations. The losses attributed to cha
collection and image lag might be double-counting the sa
effects, since charge that is trapped and undetected in the
frame might be released later and contribute to image lag
particular, it would be valuable to understand better
transport of the holes, which we know are collected ve
inefficiently. The hole contribution to the lag signal shou
be much larger for high energy exposure because of
deeper absorption depth. However, the image lag is obse
to be independent of exposure energy suggesting that h
do not contribute to the lag. If holes are not detected in
image lag data, then an unresolved question remains whe
they are swept out more slowly, remain trapped, or reco
bine with electrons.

The equivalent values ofWeff for PbI2 are also shown in
Table I for an 83mm thick sample, using the same proc
dure. The initial measured values are far higher than for H2

by factors of 4–8, and in other samplesWeff is even larger.12

Part of the difference can be attributed to the loss fact
associated with the absorption and charge collection, bu
far the dominant correction factor is the image lag. This c
rection is by a factor of 5, compared to about 20% for Hg2.
Once the large image lag is included, however, the correc
Weff approaches the theoretical value ofW, although the un-
certainty in the lag correction is large.

This comparison shows that the two striking differenc
between the x-ray response of PbI2 compared to HgI2 are the
large image lag and the extra width of the LSF. The n
sections discuss material properties and a proposal for
origin of these differences.

B. Materials differences between HgI 2 and PbI 2

Given that the two materials are so similar, it is notab
that the primary charge detected is opposite, electrons
HgI2 and holes in PbI2. However, we also know that th
transport type is opposite, with HgI2 being n type and PbI2
beingp type.9,10 In either case the Fermi energy is quite de
~0.7 to 0.8 eV! to account for the low conductivity, compare
to the band gap of 2.0–2.5 eV. It is not difficult to understa
how the observed charge collection properties can occur.
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mt value reflects the trapping of carriers by deep states in
band gap. We suppose that there is some distribution o
calized trapping states within the gap that is generically si
lar in the two materials. Ann-type material~i.e., HgI2) has
its Fermi energy largely above the defect states, so that m
defects are fully occupied by electrons and will therefore t
holes more efficiently than electrons. The opposite applie
a p-type material, for which the same defects will primari
act as electron traps. Neither material is deliberately dop
so the different conduction type is presumably the resul
inadvertent dopants introduced in the starting material or
the deposition process.

In the absence of specific knowledge about the defect
these materials we can only give broad estimates of the
fect densities. Assuming typical capture cross sections,s, of
10215 cm2, a thermal velocity,v, of 107 cm/s, and an esti-
mated carrier mobility of 10 cm2/V s,10 the usual formula for
the carrier lifetime (t51/Nsv) allows us to relate themt
value to a trap density. Amt value of 1025 cm2/V, as in high
quality HgI2 films, corresponds to about 1013 cm23 electron
traps. There should be about 50 times more hole trap
PbI2, and in each case the minority carrier apparently s
10–100 times more defects than the majority carrier. W
these values, it only takes a 1015 to 1016 cm23 concentration
of inadvertent dopants to move the Fermi energy. The res
in Fig. 5 indicate a correlation betweenmt and the grain size
suggesting that the traps are grain boundary defects, whi
a reasonable expectation for polycrystalline films. The go
quality HgI2 has a grain size of 30–60mm, for which we
estimate a density of surface atoms of;1018 cm23. That this
density of surface atoms results in 1015 cm23 minority carrier
defects seems reasonable, and perhaps indicates tha
grain boundary surfaces are rather inactive. The grain siz
smaller in PbI2 than HgI2, and perhaps explains the small
values ofmt.

The charge collection is modeled in terms of Eq.~5!,
which assumes a uniform electric field in the sample. Giv
the estimates of the defect density we can ask whether
basic assumption is realistic. A conventional doped semic
ductor with a blocking contact forms a depletion layer, b
yond which is a field-free region. The depletion layer wid
is given by @2««0V/eN#1/2, for which a depletion layer of
100 mm at a bias of 50 V requires a defect density of ab
1013 cm23. It seems marginally plausible that HgI2 might be
fully depleted but not PbI2, with a higher defect density.

However, the physical situation is more complicated
low conductivity materials because the bulk conductivity c
blur the distinction between the depletion layer and the
depleted part of the film. Any leakage current must p
through the undepleted region, which requires an elec
field of JL /sB , whereJL is the leakage current andsB is the
bulk conductivity. WhensB is small enough, the field in the
undepleted region may be comparable to the depletion la
field. This situation is illustrated in Fig. 13, where we calc
late the potential profile based on some simple assumpti
The depletion layer is defined by a single trap and chose
be 30mm wide, and the applied voltage is split between t
depletion layer and the voltage drop of the bulk resistan
The figure compares three conditions where the bulk cond
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tivity varies by a factor of 10 and illustrates that this is su
ficient to determine whether the field is roughly uniform
whether there is region of low field. For an assumed leak
current of 531029 A/cm2, the corresponding bulk conduc
tivity is 10212, 2.5310212, and 10211 V21 cm21 for the
three calculations in Fig. 13. Both the leakage and the c
ductivity are of the correct order of magnitude observed
PbI2.

The point of this discussion is to propose that the diff
ent properties of the two materials relate to the internal fi
distribution. The HgI2 sensitivity can be readily explained b
the measured charge collection and some small loss co
tions, and the Hecht model seems to give a good fit to
data, indicative of a more or less uniform internal field. W
propose that the different properties of PbI2 can be explained
by a nonuniform internal field, as described next.

C. Depletion layer model for PbI 2 charge collection

The extremely large image lag is the key observat
that supports the idea of an internal depletion layer in Pb2.
Charge collection in the depletion layer model consists
two processes. Carriers generated within the high field of
depletion layer are rapidly transported to the edge of
depletion layer. The charge is then transported more slo
by the bulk conductivity of the low field region. The effec
on the charge collection can be described by a mode
which the depletion layer is a capacitance,Cdepl, and the
field-free region is a series resistance,Rbulk , which is the
standard description of a semiconductor depletion layer. T
situation provides a model for the fast and slow charge c
lection process. The fast process corresponds to trans
across the depletion layer and the fraction of the charge
is detected is roughlyLD /d, whereLD is the depletion layer
width. The slow process occurs as the charge passes thr
the low field region, and takes the RC time constant of
depleted device.

It is known from studies of other sensor arrays tha
series resistance does cause very large image lag, becau
charge is collected with a longRC time constant. A recen
study of color sensors found exactly this effect and a deta

FIG. 13. Calculated potential profiles for the depletion layer model, for
assumed depletion layer width of 30mm, a leakage current of 531029

A/cm2, and bulk conductivity values of 10212, 2.5310212, and 10211

V21 cm21.
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analysis of the relation between the series resistance an
image lag is given.15 Furthermore, other measurements ha
shown the nonuniform internal field that indicates the pr
ence of a depletion layer in the PbI2 layers. Time-of-flight
transport studies of simple films found that the respons
different if the measurement is performed promptly or
longer time after the voltage is applied.9 The electric field is
uniform immediately after the voltage is applied, and t
subsequent change in the transient current clearly show
redistribution of the internal field. Related measureme
also found a slow decay of the dark current over a long tim
which is consistent with the emission of charge during
formation of a depletion layer.9

The PbI2 image lag data in Fig. 10 show that after th
first few frames, the signal decays with a time constant
about 2 s, which we associated withRbulkCdepl. An estimated
depletion layer width of 30mm in the PbI2 film has a capaci-
tance of;10 fF per pixel, and so a series resistance of or
231014 V gives the observed time constant. The correspo
ing resistivity is;331012 V cm, which is consistent with
previous measurements of the bulk conductivity.9

The x-ray sensitivity of PbI2 was recalculated based o
charge collection from a depletion layer width of 30mm, and
the results are shown in Table II comparing positive a
negative bias. The model assumes that the measuremen
detects the fast collection across the depletion layer and
only holes contribute to the transport. The correction facto
based on the calculated x-ray absorption profile across
depletion layer for the specific measurement conditions.
correction is large but gives reasonable values forWeff ,
which are also consistent for measurements made in e
bias polarity. The same analysis was repeated for other x
conditions and gave similar results. These data show tha
depletion layer model is in reasonable quantitative agreem
with the data.

According to this model for the PbI2 response, the gen
eration of electron–hole pairs by ionization is efficient, w
ionization energy close to the single crystal value of;5 eV.
The sensitivity is reduced by two primary factors. First, on
holes are collected and electrons are trapped, and this
duced the signal by 20%–70% depending on the bias po
ity and the x-ray energy. Second, when the sample is
fully depleted, only part of the signal is recorded in the fi
measurement frame and the remainder is detected
slowly. The second factor depends on the sample thickn

The other interesting aspect of the proposed deple
layer model for PbI2 is that it offers an explanation for th
width of the LSF. When the carriers reach the field-free
gion, they move under the action of a low electric fie
Rather than being directed vertically towards the cont

TABLE II. Calculation of Weff based on the depletion layer model. Th
depletion layer width is assumed to be 30mm.

Exposure
conditions

Response
ke/mR/pixel

Calculated
correction factor

Weff

~eV!

100 kVp; 1ve 560 0.0229 6.3
100 kVp; 2ve 360 0.0164 7.2
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electrode by the field, they will tend to spread out latera
as illustrated in Fig. 14. Partly this lateral current flow is d
to the natural spreading resistance of the field-free layer,
it may also be increased by the repulsive field of the cha
that has accumulated at the illuminated pixel. The result
image spread is expected to scale with the thickness of
field-free region. Hence no broadening of the LSF is e
pected for films up to the depletion layer width, and t
broadening should increase as the films become thicker.
ure 2 shows that the increasing slope of the LSF wings
various PbI2 films is consistent with this model and sugges
that the depletion layer width is indeed roughly 30mm, as
we have assumed.

D. The effect of material parameters on the DQE

The detective quantum efficiency~DQE! provides the
generally accepted measure of image sensor performanc
detailed analysis of the DQE for the general type of lar
area pixel arrays has been given by Cunninghamet al. and
Siewedsenet al.16,17An approximation to the zero frequenc
DQE, under conditions of negligible image spreading is

DQE~0!5axF/@11g1sadd
2 /GxQC#, ~15!

whereg is the additional noise arising from the x-ray co
version process andQC is the signal charge, given b
Eq. ~1!.

Measurements of x-ray sensitivity are key inputs to t
DQE, but by no means the only factors. It is evident from t
sadd

2 /GxQC term in Eq.~15! that the effect of high sensitivity
on the DQE depends on the magnitude of the additive no
and the exposure. It is well understood that in these flat pa
systems, the DQE drops at low dose because of the add
noise, and that high sensitivity can extend the performanc
lower doses.17,18

Particularly in direct detection arrays, the fill factorF
may influence the DQE independently of its effect on t
signal,QC @see Eq.~1!#. There is a more direct effect on th
DQE since the information contained in the undetec
x-rays is lost, just as it is for nonabsorbed x-rays. The fac
axF in the numerator of Eq.~15! reflects the loss of image
information irrespective of the size of the signal and the
ditive noise. When interactions in the conversion layer ca

FIG. 14. Illustration of the lateral charge flow in the field-free region for t
proposed depletion layer model.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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significant image spreading, then the factorF is not present
in the numerator of Eq.~15!, as is the situation for indirec
detection with a phosphor. Thus HgI2 shows a high fill factor
and sharp LSF, while Se is reported to have a lower fill fac
and also a sharp LSF, so that some loss of DQE results.2

has a lower fill factor than HgI2 but also a broader LSF fo
the thicker films. Further studies are needed to determ
how the proposed mechanism for the PbI2 broadening affects
the DQE.

The collection of charge in the gap between pixels
therefore significant for the performance of the image sen
For our specific design parameters (F50.67), the collection
of charge created in the gap potentially enhances the DQE
50%~i.e., by the factor 1/F). The spatial resolution measure
ments show that a large fraction of this charge is inde
collected. It is interesting to note an apparent correlation
tween themt values and the collection in gap. The increa
in effective fill factor going from Se to PbI2 and to HgI2
tracks the corresponding increase inmt values for these three
materials. It is easy to see that highmt promotes charge
collection by the smaller lateral collection fields in the g
between pixels.

V. SUMMARY

Polycrystalline PbI2 and HgI2 have been evaluated a
new direct detection x-ray sensor materials, based on m
surements with a completea-Si:H matrix addressed imag
sensor system. The high sensitivity of HgI2 films can be ex-
plained in terms of the theoretical ionization energy of ab
5 eV, coupled with a set of mostly small correction term
arising from incomplete x-ray absorption, incomplete cha
collection, and image lag. On the other hand, it is less eas
explain the sensitivity of PbI2 films primarily because of the
very large image lag that is observed. We propose a mod
explain the difference in the response of the two mater
based on the internal electric fields. While HgI2 films have an
approximately uniform internal field, PbI2 films are more
closely described by a depletion layer model. This mo
also accounts for the increase in the width of the line-spr
function with thickness and is consistent with previous tra
port measurements.
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