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The factors determining the x-ray sensitivity of Hgind Pb} 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 %l12 pixels of size 100

pum. 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 Ridcreases with increasing film thickness, but
this effect is not observed in HglThe 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 Hglcan be explained by a few small and well characterized loss factors. This
material exhibits good spatial resolution, high fill factor, and high charge collection.fiths

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@2002
American Institute of Physics[DOI: 10.1063/1.1436298

I. INTRODUCTION QCZQOaxGxd;ZJFv (1)

Large area matrix-addressed image sensor arrays are a

recent technology for x-ray imaging, with medical diagnosticWNereax is the fraction of the x rays absorbed, &&dlis the
and other applications Two modes of detection are used, gain, defined as the charge detected per absorbed x ray. The

either detecting the emission from a phosphor with a photo]fIII factor has limiting values of

diode light sensofindirect detectiojy or using a thick x-ray
sensitive photoconductddirect detectionh Since these de- a2/d§$Fs1. (2)
vices are pixel arrays, the pixel size places an upper limit on

the spatial resolution that can be achieved and is one of thepe |ower value assumes that the pixel is only sensitive to
fundamental design parameters of a detector. Many imaginghe x-ray flux above the collection electrode, whife=1
applications are satisfied with a pixel size from 125 to 250yhen the pixel is sensitive to the flux over its whole area.
pm and such systems are in productioHowever, it is de-  small pixels therefore have an intrinsically reduced signal
sirable to achieve hlghel’ Spatial resolution with pixel sizes irUue to thajSF term in Eq(l) H|gh resolution arrays there-
the range 50—10@m, and higher sensitivity. fore need sensors with high sensitivity for optimum perfor-
High resolution sensors tend to have a reduced signal-tanance, and this is achieved by a combination of high x-ray
noise ratio simply because of the small pixel size and a lovabsorption, high gain, and high fill factor.
fill factor. The fill factor,F, is defined as the fraction of the There are a number of possible approaches to achieve
pixel area that is sensitive to incident radiation. A good apimprovements in sensitivity. High fill factor designs for
proximation to the real situation is a square pixel of lineara-Si:H p-i-n photodiode arrays give a substantial increase in
dimension,d,, containing a contact electrode of dimension sensitivity of indirect detection arrays, and when coupled to
a<d,, at which the charge generated by the sensor is col€sl phosphors yield high gain and high resolution. The char-
lected. Processing considerations limjj—a to 10-15um  acterization of detectors of this design, fabricated with a
for typical arrays. Assuming an x-ray flug,, onto the sur-  pixel size of 75um is reported elsewheré. Direct detection
face, the chargeQ., developed at the pixel is arrays usually give high resolution because they do not ex-
hibit the image spreading effects characteristic of phosphors.
| ) N Detectors based on selenium are successifuit still have
ectronic mail: street@parc.com

PPermanent address: Department of Physics, University of Stockholm, Swe20Me performance Iimitations, since the gain is less than
den. might be expected, with the energy loss to produce a de-
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tected electron—hole pair being about 50°Murthermore, ited onto glass substrates, and some transport properties are
even though the selenium is deposited as a continuous filmeported elsewherVariations in the deposition conditions,
charge collection only occurs over the contact pads so thatarticularly temperature, are found to give moderate changes
the signal is reduced by the fill factor according to the lowerin the sensitivity of the films.
limit in Eq. (2).% Selenium also has rather low x-ray absorp- ~ The Hg}, films are deposited by either thermal evapora-
tion so that thick films and consequently high voltages ardion or by screen printing, using a slurry of Hgirystallites
required for its operation. in a polymer®!!n either case the active matrix substrate is
This article describes measurements of high resolutioroated with a layer of Humiseal to prevent chemical reac-
image sensors using Hgand Pbj} in the direct detection tions with the underlying metals and to provide a blocking
mode of operation. We have explored these two rather similayer. Sample thickness varies from 80 to 2&®, and the
lar materials as alternative x-ray photoconductors to seleerystallite grain size is controlled by the deposition condi-
nium to determine if they can give better performance. Di-tions and varies from 20 to 6@m, estimated by visual in-
rect detector materials must have several attributes, includingpection. Early samples of Hgshowed a very large varia-
high charge collection, high x-ray absorption, low dark cur-tion in the response from pixel to pixel. Previously, we
rent, good uniformity, etc, and these are difficult to achievespeculated that this was because of the large grain size,
in a single material. The focus of these studies is on the x-raywhich was similar to the dimensions of the pix&skecent
response in terms of sensitivity, spatial resolution, and othematerial with grain size at the low end of the range gave
factors that are important to achieve a high detective quanmuch better uniformity, seeming to confirm the trend with
tum efficiency(DQE). grain size. For the detailed investigation of sensitivity in Sec.
IV B, we studied a sample of this type.
Il. THE IMAGE SENSOR AND MEASUREMENT

SYSTEM B. Measurement techniques

The measurements are performed on$%22 pixel ar- X-ray measurements are obtained with a dental x-ray
rays with 100um pixel size, using a_fabrlcatlon process thatgenerator that operates between 50 and 100 kVp, or with a
is sca]able to' the; Iargg areas 'requwed fo.r medlgal Imagingmammography unit operating from 24 to 40 kVp. The dose
The pixel design is typical for direct detection devices, and iSs measured with a commercial dosimeter. Under normal us-
described eIse_wheFeThe_source of the amorphous silicon age, the array is readout continuously with a constant frame
thin film transistor(TFT) is connected to the contact elec- time selected by the operator that can be as small as 55 ms
trode, which is isolated from the rest of the pixel by anpyt is more typically 0.2—-0.5 s. Measurements are generally
insulation layer, and the TFT gate and drain are connected t{§,ade with a single exposurée., the radiographic modle
addre_ss lines for re_adout. The contact is almost square, Witﬁnage lag measurements are made by recording the signal at
a minimum separation to the neighboring pads o8 and 3 predetermined number of frames after the single exposure
has a geometrical fill factor of 67%note that an earlier frame. The incident photon spectrum is obtained from pub-
publication incorrectly stated a high fill facfor The pixel |ished spectra for the two types of generator, including the
also contains a-0.4 pF storage capacitor since the capaci-yqgitional filtering where appropriate, and is used to calcu-

tance of the sensor film is insufficient by itself. _ late the x-ray absorption, the photon flux, and the average
The array is addressed by an external shift register a”@nergy.
charge is transferred to external amplifitfBypical operat- To obtain the spatial resolution we use the angled slit

ing conditions turn on the TFT gate for 2038, which is  technique’? from which the line-spread functiofLSF) is
nearly 10 times th&kC time constant of the TFT resistance optained directly and the presampled modulation transfer
and pixel capacitance. Correlated double sampling is useginction (MTF) is its Fourier transform. We use a slit of 16
and the signal is digitized to 14 bits. Digital data is trans- ;m which is small enough to prevent excessive broadening
ferred to the host computer on a fiber-optic link, and thegt the | SF, while allowing a sufficient signal for the mea-
timing is performed by logic that can be programmed di-grement.

rectly from the host. Electronic noise 1000 electrons, The image of the angled slit also provides a measure-

without correction for line correlated noise which is smaller ent of the relative sensitivity across the pixel, which gives
in magnitude than the random noise from the amplifiers. Thg,formation about the effective fill factor. The two-

response of the electr.onics is measured py injecting a caldimensional slit image is representeds{s, ,n,), wheren,
bration voltage pulse into a known capacitance at the inpufq n, index the pixels in thex andy axes. The signal is

of the amplifiers. summed in the direction perpendicular to the axis to which
A. Hgl, and Pbl, photoconductors the slit is placed at the small anglé, to give

The Pb}, films are deposited by thermal evaporation at a
temperature below 200°C, as described elsewhdieese

are polycrystalline films with grain size of about 1. At each value ofn the slit is located in a different-axis

The top electrode is a thermally evaporated Pd film, which is "~ 7" . . . .
contacted by a single wire to provide the bias voltage. Sequs'.tlon on the pixel given with respect to a suitably chosen
eral arrays with PBlthickness from 60—24@&m have been origin by

studied. We have also studied companion,Riins depos- x=d, modulugn, sing), (4)

l(ny>=n2 S(ny,ny). ®3)
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so thatl (ny) is transformed intd(x), in the same way as is 10000
done to obtain the LSF(x) plots the relative sensitivity as a

function of position, and we usually plot this from the center

of one pixel to the center of the next.

|
Many of the measurements reported below are of the- 1000 | } { \ ::Dhblzk
signal as a function of bias voltage. The expected charge= 4 \ 86'° n':esst
collection as a function of the bias is given in terms of the ‘#‘; f 62 ym ¥
mobility-lifetime product (7), by the Hecht formula, ] ’y" T\
[77] |
8—“—(1 exd —d/urE])=H(d,E), (5) g t’ ‘\0
Q d rr N ¥y

el ™

whereE is the applied fieldd is the thickness, an@, is the Hﬂ
total charge. 10 ' E i

The Hecht formula applies to electrons or holes created 025 015 005 0.05 0.15 0.25
at one side of the sample, which drift to the other under a
uniform applied fieldE=V/d. The assumption of a uniform
field is discussed later, in Sec. IVB. The formula is alsoFIG. 1. The line-spread function data for two arrays with,Rayer thick-
based on the assumption that charge is created at the Comaraﬁss of 62 ﬁnd 85crrc1j showrllng thela:)dd|t|3nal broadening in thicker films.
so that only a single carrier type contributes to the signal. In © vertical lines indicate the pixel boundaries.
our case, x-ray absorption always occurs over a significant
fraction of the film thickness, and this can be analyzed by a 0 L(E,)
generalization of Eq(5). If a carrier is created at depth —~ =H(d,E)+ aay (8)
and drifts to the other side of the layer, then the charge col- Qo d

lection follows the Hecht formulaH(d—x,E), for the  where it is assumed that all of the highr carriers are col-
smaller distancel —x. The total charge collection is further |ected, and this provides a constant offset to the Charge col-
modified by a multiplying factor that depends on the magni-jection for the lowur carrier.

tude of u7E/d. The factor is d—x)/d if most of the charge The third case is for weakly absorbed x rays and single
is collected and unity if charge collection is small. The com-carrier collection, for which

bined charge collection for both electrons and holes, and for

an absorption distribution od(x), for the case when most gsw(d) 1>¢>05 (9)
charge is collected, is therefore given'by Qo ' o

Q 1 a In the limit of uniform absorption, the charge collection is
Q0 afo&[(d—X)HA(d—X,E)+XHB(X,E)]dX, (6)  just half the fraction of x-rays absorbed.

position (mm)

where the first term is the contribution from carrfemoving Il EXPERIMENTAL RESULTS
away from the absorbed x rays, and the second is from car-
rier B moving in the opposite directiofd (x,E) is defined in About ten arrays each of Hgand Pb} have been stud-
Eqg. (5) and a(x) can be calculated from the x-ray spectraied. For each material, the arrays yielded results that are
and the material properties. It is easy to see thatdfdx  qualitatively similar but quantitatively depend on the specific
only has values very close =0, then the second term sample, particularly as regards dark current and charge col-
vanishes and the first term reduces to Ej. lection. A significant source of the differences is the grain
There are some useful approximations to E@). for  size, but we do not yet have a complete understanding of the
three cases of interest. The first case assumes that only ongle of grain size. The results presented should be considered
carrier has a significantr, but that the charge collection is as representing the present state-of-the-art, rather than defini-
reduced by a finitébut smal) absorption depth. The charge tive values for the material, since further exploration of the

collection then approximates to deposition conditions and material composition might give
Q improved properties.
Qo ald E)[ dJ dx A. Spatial resolution
Figure 1 shows the line spread function obtained usin
=Ha(d,E)[1-L(E/d], (7) v b J

the angled slit technique for two Pldrrays. The array with
whereL (E,) is defined by the integral and its dependence or62 um Pbl, has about 80% of the LSF confined to the central
the x-ray energyE,, is made explicit. The term in brackets pixel. The additional broadening to the LSF decreases ap-
provides a correction factor to the measured collection.  proximately exponentially into the adjacent pixels. The sharp
The second case of interest is when the bias polarity islrop in the LSF occurs near the boundary of the pixel rather
chosen to collect the carrier with the smallet, but the than at the edge of the contact pad, thus indicating that
finite absorption depth provides some contribution of thecharge is collected from almost the entire pixel and not
larger w7 carrier moving in the reverse direction. The chargemerely over the contact pads, further data about the effective
collection then approximates to fill factor is given below. The LSF for the thicker §an Pbb,
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FIG. 2. Plot of the broadening of the LSF as a function of the film thickness
for Pbl, and Hgb. The broadening is the exponential slope of the LSF tails. 0
0 5 10 15

. -1
layer is significantly broader, extending further into the Spatial frequency (mm™)

neighboring pixel. The LSF for a 24Am thick film is ob-  FIG. 4. Modulation transfer function data for Blaind Hgh, and a compari-

served to be much broader still. Further LSF data for 50 andon with the sinc function. Note that the first minimum for Pisl beyond

100 um Iayers are published elsewhé?eind these compare the spatia_l frequency of_ the pixel arréindicated b;_/ thg vertical line The
. Pbl, data is shifted vertically by 0.3 for ease of viewing.

measurements at high and low exposure en€3gy-35 kVp

versus 80 kVp. Virtually no dependence on the x-ray energy

is observed. F_igure 2 plots the s}ope of the LSF tail versus  \yhen the LSE exhibits only small broadening, the MTF
the sample thickness for the various samples measured and,imates to the form expected for an ideally abrupt LSF,
shows.that there is an approximately linear increase in thg . is sincgrud), whereu is the spatial frequency. Figure
LSF \.N'dth' 4 shows a comparison of the MTF of Bgand a thin Phi
Figure 3 shows the LSF for a 130m Hgl, array mea- g The differences in the shape reflect the broadening of
sured at 50 and 50 kVp exposure. The I_‘SF dro_ps sharply 3he LSF and the degree of sensitivity in the gap between
the edge of the pixel and the tail is consistent with the W'dthpixels as discussed in Sec. Il C. Thicker Phlms have a

of the measurement slit, so that there is virtually no imagereduced MTF because of the increasing width of the LSF.
spreading. The residual signal at the 1% level is probably In a previous publication we suggested that the spread of
due to effects arising from the readout electronics. An LSRhe LSF in Pbj may be due to x-ray fluorescence at the
measurement for a 250m thick film also showed little im- iodine K-edge located at 33 ke\/The supposition was that
age spreading, alf[hough the nonuniformity of the sensitivityy | jrescent x-rays would travel laterally and be reabsorbed,
reduced the quality of the da%é'H_QIZ and Pbj therefore s hroadening the LSF. The LSF data now shows that this
exhibit quite different LSF behavior with increasing film o, 1anation cannot be the major effect, although fluorescence
thickness, as shown by the comparison in Fig. 2. broadening presumably exists at some smaller level. The evi-
dence thak-fluorescence plays no major role is thét) the

LSF is virtually identical for exposure above or below the 33

10000 | keV iodine edgé? and (2) the broadening effect with in-
: 50kV creasing thickness is not seen in Kglvhich should be es-
sentially identical to Pblas regards x-ray fluorescence. The
1000 | ‘ additional broadening of the LSF in Blihat is not observed
.§ | % v in Hgl, indicates that some fundamentally different mecha-
‘g’ \ w nisms are occurring in the two materials. The origin of the
S §J 60KV Pbl, broadening is discussed in Sec. IV C.
3 10 o :%
g | ? 3% 88 i i
g- | . EM B. Charge collection and bias dependence
QE’ ' ¥ 4 23 Figure 5 shows the signal versus bias for the 130
= 108 O & } Wwol 3 ¢ : e bi -
° 8% 7 l‘Io 2 3§ 9 Hgl, array, applying negative bias to the array and showing
%o o w &% measurements at 80 and 24 kVp exposure. The form of the
%o ¢ i ’_ wpl o <§8>%> data for other arrays is the same, with the signal increasing
1 _& o0 ;i | oo with bias and eventually approaching saturation. The lines in
025 015 005 005 0415 0.25 Fig. 5 show fits to Eq(5) and give essentially the samer

value of ~1.5x 10 ° cn?/V for the two measurements. We
have studied several Hglilms and find thajur for electrons

H — 6 —5 12
FIG. 3. The line-spread function data for an array with 8@ of Hgl,, are in the range 810 ° to 6X :!-0 _ cne/V. _ These
showing little broadening. The vertical lines indicate the pixel boundaries. samples cover a range of crystallite size and include both

position (mm)
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8000
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7000 } 25kVp, 6mR
x 6000 80 kVp 4500 150um .
5— 5000 - A }LT=1-4X10'5 = 4000 { screen print . megative V
£ /' cm?/V £ 3500 |
@ 4000 | 3 3000
= 3000 | 24 kVp (data x10) Q 2500 | pr(e)= 6x10° eV
c =1.6x10° cm¥%V g pr(h)= 4x107 c?V
D 2000 | ur=1.6x10" cm 5 2000 |
@ / B 1500 |
| n
0 | ‘ 500 | /m positive V
0 10 20 30 40 50 o |
Bias voltage (V) 0 20 40 60 80
FIG. 5. Electron charge collection for Hgmeasured at 24 and 80 kVp bias voltage (V)

exposure. The lines indicate the fit to Ef) with the w7 values as indicated. FIG. 7. Electron(negative  and hole(positive V) charge collection for a

screen-printed Hglarray measured at 25 kVp exposure. The lines indicate

. . . the fit to Eq.(5) for electrons and Eq®8) for holes, with theur values as
evaporated and screen printed material. Figure 6 shows howdicated.

the measured electropr values vary with crystallite size.
Although there are substantial variations, it seems that large
crystals give high values ofi, at least for the evaporated (8) for the hole response, with the electron collection
material. The dependence on crystal size is less clear for themounting to~0.04. This implies an average absorption
screen printed material, but since tpe values are lower, depth,L(E,) of 10 um, and calculations show that 40% of
another mechanism might mask the crystal size dependendée x rays are absorbed within 36m, which is reasonably
The initial distribution of carriers depends on the x-ray consistent. The fit to the data shows that phveproduct for
energy. Only for the low energigg.e., 24 kVp is the ab- holes is about 15 times less than for electrons which implies
sorption very close to the top contact and in this case we cathat holes contribute little to the signal. Ther value for
be sure that the carriers being collected are electrons, artbles is measured to b@ to 5)x 10 7 cn?/V for all the
that holes contribute little to the signal. For high energy ex-samples measured, so the ratio of electron and hate
posure, the absorption is more uniform through the sampleeaches~100 in the evaporated samples with large grain
and there may be contributions from both signs of carriers.size. Hence for the Hglfilms measured, the electron charge
Figure 7 shows the charge collection under both biasollection is always larger than the hole collection. The hole
polarities for a screen printed sample of Kgind at low w7 shows no obvious correlation with the material structure,
energy exposure. The sample of Fig. 5 did not sustain a largleut this is a difficult value to obtain accurately because the
enough positive bias to get good data, but the low field recharge collection is so small.
sults are generally similar, and the same behavior is also Similar measurements of charge collection have been
found in the other samples. The charge collection of holes isnade for Pbj films, and one example is shown in Fig. 8 for
evidently much smaller than that of electrons. The hole25 kVp excitation, and others are reported elsewhéfdn
charge collection increases slowly with bias after an initialthis case the hole collection exceeds the electron collection,
jump at the lowest bias voltage. We interpret this as a mixed
contribution from both electrons and holes, due to the finite

absorption depth of the x rays. Figure 7 includes the fit to Eq. 1800
1600 | Pbl2 83 pm

8 ® 1400 holes

7 ‘€ 1200 |
S =1
€ 61 - Q 1000 |
S 5 | < goo | ,,1;:(H)1.8X1O'6 cm?V
o 4t S 600 | N pt(e) 7x10® cm?/vV
X 3 >
w @ 400 |
= ) I 200 | electrons

—1
0 0
0 20 40 60 0 20 40 60
Grain size (micron) Bias voltage (V)

FIG. 6. Plot of the dependence of the electgonvalues on crystallite size  FIG. 8. Hole and electron charge collection for a Riaray showing the fits
for both evaporated and screen printed samples. to Egs.(5) and(8) and the deducegr values for holes and electrons.
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from the measured response. While a precise deconvolution
is not possible with the present data, it is evident that the
average response from within the slit region~i50% of the

160%
140%

I Hgl,
E 130pum

' is estimated to be about 85%-(0.67+ 0.5X0.33). The drop
0% - in sensitivity in the gap for Pblis also evident in the MTF

0 0.02 0.04 006 008 01 dataof Fig. 4. The first minimum in the MTF occurs at the

position in pixel (mm) iqver;e of the effective sensitivg ;ize of the pixel. The pixel

size is 0.1 mm, so that the minimum should occur at 10
FIG. 9. Position dependence of the Phhd Hg} charge collection in the m_m_ if the plxel IS fu”y sensmve_.lF(_)r ":he _Ppldata_l’ the
region between two contact pads on adjacent pixels, obtained from thENinimum actually occurs at11 mm ~, indicating a slightly

angled slit data. The gap between pixels is indicated by the dashed line. Tremaller effective pixel size, while for Hglthe MTF mini-
Hgl, data are shifted vertically by 20% for ease of viewing. mum is at 10 mm.

© 120% response from directly over a Bldontact. On the other hand
- ° ! ! * the data for Hgl shows no drop in sensitivity in the gap
2 100% —%\h : i - w between pixels, with a detection uncertainty of about 5%.
g 80% | “, i“[‘ f o Similar measurements using a selenium photoconductor find
@ 0% M : a larger loss (_)f charge between the pads, consistent with the
3 A gap i Pbl; LSF observations made by othérs.
® 40% | Ebetw eed  50pm When the two dimensions of the contact are considered,

20% | 'pixels E the effective fill factor for charge collection in the Rlairray

]

which is opposite to Hgl The fit of Egs.(5) and (8) to the D. Image lag

data gives values of 12810 ® cm?V for holes and 8 Image lag also provides a mechanism for loss of sensi-
x 10~ 8cn?/V for electrons, which are smaller by a factor of tivity which needs to be quantified. Figure 10 compares the
3 or more compared to the pairs of values obtained forbHgl image lag of Py and Hgh under comparable excitation con-
Since the crystallite size for Phls smaller than for Hgl ditions and with the bias polarity that favors high charge
perhaps the charge collection data are described by the sarmellection. The lag is very different for the two materials.
trend as shown in Fig. 6. However, as discussed in Sec. IV BThe Hgl, data are typical of other materials with a lag after
there is reason to doubt the validity of the simple chargahe first frame of~10%, and while the subsequent frames
collection fit to the data, so these values should be treated akecrease less slowly, the lag quickly drops to below 1%. The

tentative. integrated total signal in the lag frames is estimated to be
~20% of the signal in the first frame. In contrast, the image
C. Charge collection in the pixel gap lag of Pb}, decreases much more slowly, with about 30% in

the first frame and still>10% after ten frames. In this case

The evaluation of the sensitivity also requires a knowl-y,q ¢4ta) signal in the lag frames exceeds the signal in the
edge of the effective fill factor, as described in Ef). The 5t frame by a wide margin, which is about a factor of 5.
angled slit image data is used to find the sensitivity as a

function of position within the pixel, and this data is shown
for both Pby and Hgb in Fig. 9 using the technique de-
scribed in Sec. 11 B. The measurements find a decrease in the Both Hgl, and Pb} have significant dark leakage cur-
sensitivity of the Pkl array for illumination above the gap. rent, which varies widely for different arrays. Dark current
The decrease is to about 60% of the signal over the contactan limit the utility of the material for x-ray detection, since
pad, and on a different sample the reduction was to 80%.t prevents application of a sufficiently high field to optimize
Since the slit width is as wide as the gap, the actual respongbe charge collection. The typical leakage current of,Pbl
of the array would require a deconvolution of the slit width arrays studied so far is in the range 10-50 pAl@na bias

E. Dark current and dark noise

80 kVp and 1 Z oy
26 kV -
_ P z x
E oot X S X X
a X é X ¥ ¥ FIG. 10. Image lag data for Hgand
H X = 01}t Pbl,, showing the much larger lag for
s X g Pbl. The lag shows little dependence
s 001 | X & . L .
@ ] Pbl, 100 micron on excitation energy or bias voltage.
Hgl, 130 um 7 30V
» 60V
0.001 - : 0.01
0 2 4 6 8 ] 2 4 6 8 10
frame number Frame number
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(2) The fit to the system calibration provides an indepen-

=0 dent verification that the calibration of the system response is

45 * accurate. This is a valuable result since the calibration de-

40 | pends on the capacitor used to inject charge into the amplifier

35 which is calculated from the chip design, rather than mea-
e sured.
§ 30 (3) The additive noise of the electronic system is the
o 25 ¢ extrapolation of the noise data to zero bias, and gives an rms
8 20 value of 800—900 electrons, which is consistent with the ex-
' pected performance of the readout amplifier. No correction is
€ 15 made for line noise in these measurements.

10 | The distribution of leakage current across the array has

been measured for the same Pfilm. Over most of the area,
‘ the dark current is uniform within a standard deviation of

— ‘ ‘ ~5% of the dark signal, as measured by a histogram of pixel
O 2000 4000 6000 8000 10000 12000 values. The uniformity decreases slightly as the bias is in-
signal (ADC) creased. There are, in addition, some areas of the array, usu-
ally roughly circular with diameter-0.5 mm, that have a

FIG. 11. The mean square dark noise plotted vs dark signal in ADC units fog ,ch higher leakage current, due to some unknown defect in
a 62 um thick Pbl, layer. The solid line is the predicted fit assuming shot the ijz film ’

noise.

IV. DISCUSSION

of 1 V/um, which is within the range of currents measured  The discussion focuses on three main issues resulting

on test samples of PpIThe range for Hglis 8-10 pA/mmM  from the comparison of Hgland Pbj data. First is to estab-

at 1 V/um for screen printed and 10-50 pA/rrat 0.2  Jish whether the sensitivity can be explained in terms of the

V/um for evaporated films. expected ionization and charge collection processes. Second
In the presence of a significant dark current, it is impor-is to identify what are the material differences that cause Pbl

tant to understand its noise contribution. An example of theand Hg, to response differently. Third is to understand why

dark signal noise for a 62m thick film of Pbl is shown in  the LSF of Pbj broadens in thick films, but does not in Hgl
Fig. 11. The rms values are obtained from successive image

frames and are obtained as an average over at least 3000 The x-ray sensitivity of Hgl , and Pbl,
pixels. The total dark signal charg®p, is The main issue from the sensitivity data is whether we
—15(V)te 10 can fully account for the measured signal. The Htase is
Qo=lo(V)te (19 less complicated than Bband this is considered first. It is

wheret is the imager frame time arig(V) is the voltage-  helpful to calculate an effective ionization energi.,
dependent dark current. The measurements varied the biggich is defined from the measured gain described in

from 0 to 40 V and¢ from 0.055 to 3 s. After changing the Eq. (1), by

bias, the current drifts significantly, as observed eafland

was allowed to settle for some minutes before the measure- Wett=BExad Gx (€V) (13

ment started. whereE,,, is the average x-ray photon energy apd<1) is
Ideal shot noise from the detector leakage current woulch product of factors representing corrections to the signal

result in a measured noise given by from various loss mechanisms that reduce the gain. Provided

2 _ 2 all the losses are understodl should equal the internal

Nm=Qp/e+ Nz (electrons, (D ionization energyW, which for both Hg} and Pbyj is about

wherenyq is the additive rms noise from the readout elec-5 eV2° A comparison oW, with W is therefore a conve-

tronics ande is the electronic charge. When the signals arenient metric to compare the x-ray sensitivity with the theo-

measured in ADC units, the relation includes the system caliretical value. The correction factor can be written as a prod-

bration constantysys (electrons/ADG, uct of the terms,

N&=Qp/egystNiyq (ADC units). (12 B= BavBoBgapBiag: (149

The solid line in Fig. 11 corresponds to the measured caliwhere the loss factors are from incomplete x-ray absorption
bration of the syster(in this case 372/ADC), and provides (849, incomplete charge collection i), incomplete

a good fit to most of the noise data. We can infer the follow-charge collection in the gap between pixe{), and im-

ing from the measurements. age lag Biag),

(1) For most measurement conditions, the dark current  We first consider measurements at low energy exposures.
noise is explained by the theoretically predicted shot noise. Ahe raw data for the 13@m Hgl, array in Fig. 5 gives a
small amount of excess noise seems to be present at higiensitivity of 566 ke/mR/pixel at 25 kVp and a bias of 28 V.
bias and with long integration times. Its origin is unclear butWe calculate the photon flu@298 ph/mR/pixel and the av-
is probably due to drift in the leakage current. erage energyl5.2 eVj to obtainW,¢ (with 8=1) of 7.8 eV,
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TABLE |. Measured sensitivity of Hgland Pbj and the various correction factors used to obtain the corrected

value of Wy .

Hgl, Hal, Pbl, Pbl,

25 kVp 80 kVp 30 kvp 80 kVp

measuredV g 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
correctedW,g 4.9 5.1 5 6

as indicated in Table I. For these low energy x-rays, the As aresult of this analysis, the measukfg; is ~5.0 eV
absorption is essentially complete. The charge collection corafter all losses have been corrected, and agrees with the
rection contains three components. One is the incompletenown internal ionization energy within the measurement
collection of electrons at the specific bias voltage, and waincertainty. Hence we conclude that all the losses have been
use the Hecht formula fit to obtain the correction factor ofidentified and estimated with reasonable accuracy.
0.81. The second correction is the absorption depth that im- There are, however, some unresolved questions that
plies that full collection of electrons does not yield the full could affect the calculations. The losses attributed to charge
charge[see Eq(7)], and this factor is calculated to be 0.83. collection and image lag might be double-counting the same
Third is the small collection of holes, which partially offsets effects, since charge that is trapped and undetected in the first
the second factor. Taken together we estingae=0.77. The  frame might be released later and contribute to image lag. In
losses in the gap between pixels are negligible from Fig. 9particular, it would be valuable to understand better the
and the lag factor is measured to be 0.82. Combining theseansport of the holes, which we know are collected very
factors gives a correctéd/.; of ~5 eV (see Table)l inefficiently. The hole contribution to the lag signal should
The calculation is repeated for exposure to high energy e much larger for high energy exposure because of the
rays, for which the corrections for absorption and the chargeleeper absorption depth. However, the image lag is observed
collection of a single carrier are more significant, so that theo be independent of exposure energy suggesting that holes
uncorrected value dlVy; is 19.6 eV at an exposure energy of do not contribute to the lag. If holes are not detected in the
80 kVp. The individual correction estimates are again shownmage lag data, then an unresolved question remains whether
in Table | obtained in the same way as for the low energythey are swept out more slowly, remain trapped, or recom-
exposure and result in a slightly higher value Wgs but  bine with electrons.
consistent within the uncertainty in the estimates. The mea- The equivalent values & for Pbl, are also shown in
sured W, is shown in Fig. 12 as a function of exposure Table | for an 83um thick sample, using the same proce-
energy, and th&/. values calculated after the correction for dure. The initial measured values are far higher than fop Hgl
x-ray absorption are also shown to illustrate that they aréy factors of 4—8, and in other sampM&y; is even larget?
almost independent of energy. Part of the difference can be attributed to the loss factors
associated with the absorption and charge collection, but by
far the dominant correction factor is the image lag. This cor-
rection is by a factor of 5, compared to about 20% for Hgl

30 , Once the large image lag is included, however, the corrected
Hgl; W, approaches the theoretical valueWf although the un-
25 | Bias 30V certainty in the lag correction is large.
This comparison shows that the two striking differences
20 | ‘ between the x-ray response of Pbbmpared to Hglare the
15 large image lag and the extra width of the LSF. The next

sections discuss material properties and a proposal for the

10| .—_—.—_.’_‘___.__. origin of these differences.

corrected for x-ray

effect. ionization energy (eV)

5 absorption B. Materials differences between Hgl , and Pbl,
0 ‘ ! Given that the two materials are so similar, it is notable
40 60 80 100 that the primary charge detected is opposite, electrons in
Hgl, and holes in Pl However, we also know that the
energy (kVp) transport type is opposite, with Hgbeing n type and Phj

e etfective ionizat f e beingp type'°In either case the Fermi energy is quite deep
FIG. 12. The effective ionization energiey for 130 um thick Hgl, mea- (0.7 to 0.8 eV to account for the low conductivity, compared
sured as a function of the exposure energy and with the array biased fo . o
electron collection. Also shown ¥V, after the calculated correction for L0 the band gap of 2.0-2.5 eV. |t_|3 not d|ff|C_U|t to understand
x-ray absorption, which is the major loss factor in this energy range. how the observed charge collection properties can occur. The
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urvalue reflects the trapping of carriers by deep states in the 50
band gap. We suppose that there is some distribution of lo-
calized trapping states within the gap that is generically simi- 40 |
lar in the two materials. Am-type material(i.e., Hgh) has S

its Fermi energy largely above the defect states, so that mos 30
defects are fully occupied by electrons and will therefore trap §’
holes more efficiently than electrons. The opposite applies to§
a p-type material, for which the same defects will primarily

act as electron traps. Neither material is deliberately doped,
so the different conduction type is presumably the result of 0
madverten.t.dopants introduced in the starting material or by 0 20 40 60 80
the deposition process.

In the absence of specific knowledge about the defects in
these ma,t_e”als we Cfan only give broad eStlmateS,Of the d(_T\:_IG. 13. Calculated potential profiles for the depletion layer model, for an
fect densities. Assuming typical capture cross sectionsf  assumed depletion layer width of 3am, a leakage current of %10~°
10 1° cn?, a thermal velocityp, of 10' cm/s, and an esti- Alcm?, and bulk conductivity values of 102 2.5<10° 2 and 10
mated carrier mobility of 10 cAV s,'° the usual formula for @ *em™
the carrier lifetime ¢=1/Nov) allows us to relate theur

. 5 . .
value to a trap density. A7 value of 10°° ¢V, as in high tivity varies by a factor of 10 and illustrates that this is suf-

; ; -3
quality Hl, films, corresponds to about Foem * electron ficient to determine whether the field is roughly uniform or

traps. There should be about 50 times more hole traps in . : )

: L . whether there is region of low field. For an assumed leakage
Pbl,, and in each case the minority carrier apparently SEeR ant of 5 10-° Alem? the corresponding bulk conduc-
10-100 times more defects than the majority carrier. With 1 i 9

Nty -12 —12 11 )—1lam-1
. ] .BX

these values, it only takes a*@o 10'® cm™2 concentration tivity is 10 ™, 2.5¢10 %, and 10 = " “cm = for the

: : three calculations in Fig. 13. Both the leakage and the con-
of inadvertent dopants to move the Fermi energy. The results .. . . .
B S . o uctivity are of the correct order of magnitude observed in
in Fig. 5 indicate a correlation betwegir and the grain size,
suggesting that the traps are grain boundary defects, which is 2

bl tation f | talline fi Th q The point of this discussion is to propose that the differ-
a reasonabie expectation for polycrystafine fiims. e goog,,, properties of the two materials relate to the internal field
quality Hgl, has a grain size of 30—60m, for which we

! . _ . distribution. The HgJ sensitivity can be readily explained by

8 3
estimate a density of surface ato_mlsﬂio_ls cm = Thatthis o measured charge collection and some small loss correc-
density of surface atoms results intt@m™2 minority carrier

defect bl d h indicates that ions, and the Hecht model seems to give a good fit to the
elects seems reasonable, and pernaps indicates tha gta, indicative of a more or less uniform internal field. We

grain bo_undary surfaces are rather inactive. _The grain size iﬁropose that the different properties of pP&an be explained
smaller in Pbj than Hgb, and perhaps explains the smaller by a nonuniform internal field, as described next.
values ofur. '

The charge collection is modeled in terms of EF), _ .
which assumes a uniform electric field in the sample. GivenC' Depletion layer model for Pbl , charge collection
the estimates of the defect density we can ask whether this The extremely large image lag is the key observation
basic assumption is realistic. A conventional doped semiconthat supports the idea of an internal depletion layer in,.Pbl
ductor with a blocking contact forms a depletion layer, be-Charge collection in the depletion layer model consists of
yond which is a field-free region. The depletion layer widthtwo processes. Carriers generated within the high field of the
is given by[2se,V/eN]¥2, for which a depletion layer of depletion layer are rapidly transported to the edge of the
100 um at a bias of 50 V requires a defect density of aboutdepletion layer. The charge is then transported more slowly
102 cm3. It seems marginally plausible that Hghight be by the bulk conductivity of the low field region. The effect
fully depleted but not Ph) with a higher defect density. on the charge collection can be described by a model in

However, the physical situation is more complicated inwhich the depletion layer is a capacitan®,,, and the
low conductivity materials because the bulk conductivity canfield-free region is a series resistané®,,,, which is the
blur the distinction between the depletion layer and the unstandard description of a semiconductor depletion layer. This
depleted part of the film. Any leakage current must passituation provides a model for the fast and slow charge col-
through the undepleted region, which requires an electritection process. The fast process corresponds to transport
field of J, /og, where]J, is the leakage current anrtk is the  across the depletion layer and the fraction of the charge that
bulk conductivity. Wherog is small enough, the field in the is detected is roughlizp/d, whereLy is the depletion layer
undepleted region may be comparable to the depletion layewidth. The slow process occurs as the charge passes through
field. This situation is illustrated in Fig. 13, where we calcu-the low field region, and takes the RC time constant of the
late the potential profile based on some simple assumptiondepleted device.

The depletion layer is defined by a single trap and chosen to It is known from studies of other sensor arrays that a
be 30um wide, and the applied voltage is split between theseries resistance does cause very large image lag, because the
depletion layer and the voltage drop of the bulk resistancecharge is collected with a lonBC time constant. A recent

The figure compares three conditions where the bulk conducstudy of color sensors found exactly this effect and a detailed

20

Position (um)
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TABLE II. Calculation of W, based on the depletion layer model. The llluminated
depletion layer width is assumed to be @m. pixel
Exposure Response Calculated Weg Depletion
conditions ke/mR/pixel correction factor (eV) layer
100 kVp; +ve 560 0.0229 63 TTTTTTTTTITTTTTTTTTS 77 7 N~ TT T
100 kvp; — 360 0.0164 7.2 .
pve Field
free
region
analysis of the relation between the series resistance and the /
image lag is givert® Furthermore, other measurements have :
shown the nonuniform internal field that indicates the pres- Pixels 1 2 3 4 5

ence of a depletion layer in the BHhyers. Time-of-flight

transport studies of simple films found that the response i§!G. 14. lllustration of the lateral charge flow in the field-free region for the
different if the measurement is performed promptly or aProposed depletion layer model.

longer time after the voltage is appliédhe electric field is

uniform immediately after the voltage is applied, and thegjacrode by the field, they will tend to spread out laterally,
subsequent change in the transient current clearly showed a4 jystrated in Fig. 14. Partly this lateral current flow is due
redistribution of the internal field. Related measurements, yhe natural spreading resistance of the field-free layer, but
also found a slow decay of the dark current over a long timey 4, 4150 be increased by the repulsive field of the charge
which is consistent with the emission of charge during thepa pag accumulated at the illuminated pixel. The resulting

formation of a depletion layér. image spread is expected to scale with the thickness of the
The Pb} image lag data in Fig. 10 show that after thefield-free region. Hence no broadening of the LSF is ex-

first few fram_es, the signgl decays with a time cpnstant oﬁaected for films up to the depletion layer width, and the
about 2s, which we assomatgd Wmﬂu'kcdiap" An est|mateq broadening should increase as the films become thicker. Fig-
depletion layer width of 3um in the Pbj film has a capaci- ;.6 5 shows that the increasing slope of the LSF wings in
tance of~10 fF per pixel, and so a series resistance of orde( 5o 5 ppy films is consistent with this model and suggests

2% 10" Q gives the observed time constant. The correspondmat the depletion layer width is indeed roughly an, as
ing resistivity is ~3x 10 Q cm, which is consistent with we have assumed.

previous measurements of the bulk conductiVity.

The x-ray sensitivity of PBlwas recalculated based on
charge collection from a depletion layer width of aénh, and
the results are shown in Table Il comparing positive and The detective quantum efficiendfpQE) provides the
negative bias. The model assumes that the measurement orggnerally accepted measure of image sensor performance. A
detects the fast collection across the depletion layer and thaetailed analysis of the DQE for the general type of large
only holes contribute to the transport. The correction factor isarea pixel arrays has been given by Cunningletral. and
based on the calculated x-ray absorption profile across thSiewedseret al!%'’ An approximation to the zero frequency
depletion layer for the specific measurement conditions. Th®QE, under conditions of negligible image spreading is
correction is large but gives reasonable values , >
which are also c%nsister?t for measurements mad\:b(iﬁfl either DQE(0) = anF/[ 1+ v+ 0754d GxQcl, (15)
bias polarity. The same analysis was repeated for other x-rawhere y is the additional noise arising from the x-ray con-
conditions and gave similar results. These data show that theersion process an®@: is the signal charge, given by
depletion layer model is in reasonable quantitative agreemeitiq. (1).
with the data. Measurements of x-ray sensitivity are key inputs to the

According to this model for the Ppresponse, the gen- DQE, but by no means the only factors. It is evident from the
eration of electron—hole pairs by ionization is efficient, with angGXQC term in Eq.(15) that the effect of high sensitivity
ionization energy close to the single crystal value~& eV.  on the DQE depends on the magnitude of the additive noise
The sensitivity is reduced by two primary factors. First, onlyand the exposure. It is well understood that in these flat panel
holes are collected and electrons are trapped, and this reystems, the DQE drops at low dose because of the additive
duced the signal by 20%—-70% depending on the bias polanroise, and that high sensitivity can extend the performance to
ity and the x-ray energy. Second, when the sample is ndbwer doses’®
fully depleted, only part of the signal is recorded in the first Particularly in direct detection arrays, the fill factbr
measurement frame and the remainder is detected vemay influence the DQE independently of its effect on the
slowly. The second factor depends on the sample thicknessignal, Q¢ [see Eq(1)]. There is a more direct effect on the

The other interesting aspect of the proposed depletioDQE since the information contained in the undetected
layer model for Ph is that it offers an explanation for the x-rays is lost, just as it is for nonabsorbed x-rays. The factor
width of the LSF. When the carriers reach the field-free re-a,F in the numerator of Eq(15) reflects the loss of image
gion, they move under the action of a low electric field.information irrespective of the size of the signal and the ad-
Rather than being directed vertically towards the contactlitive noise. When interactions in the conversion layer cause

D. The effect of material parameters on the DQE
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