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Figure 1. Cross section of the h ybrid detector. Lib erated c harges pro duced b y absorption of an x ra y are sw ept

to the electro des on the PIN dio de. Charge is transferred to the CCD b y the indium bump b onds, and transferred

do wn a column as a c harge pac k et b y con trolling the clo c king gates in the CCD.

2. PR OTOTYPE DETECTOR

The protot yp e detector is a h ybrid device whic h consists of a photo dio de arra y b onded to a CCD for c harge collection

and read-out (Figure 1). In the protot yp e, a 1.0 mm thic k Si crystalline P-I-N photo dio de arra y w as used.

Eac h photo dio de arra y elemen t is attac hed to a CCD cell b y an indium bump-b ond. The CCD is op erated in

time dela y in tegration (TDI) mo de, in whic h the device is scanned at a constan t v elo cit y in one direction, and c harge

transfer through the CCD o ccurs at an equal sp eed but in the opp osite direction.

Silicon has a v ery high con v ersion gain pro ducing ab out 5500 electron-hole pairs (EHP) for a 20 k eV x-ra y (or

3.6 eV/EHP). This pro vides excellen t signal lev els that are substan tially higher than the predicted electronic noise.

Ho w ev er, the total n um b er of EHPs required p er pixel in a mammographic image do es p ose a problem. The detector

m ust b e able to accommo date the largest signal whic h can b e 1000 mR or more in mammograph y . This corresp onds

to 1 : 38 � 10
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x ra ys, or 7 : 6 � 10
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EHPs for eac h pixel in the image. Unfortunately CCD w ell capacit y is quite limited,

with maxim um c harge storage lev els ab out an order of magnitude lo w er ( � 10
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EHPs) than required.

T o accommo date the large signals, a no v el read-out design w as dev elop ed, in whic h the TDI w as p erformed in

t w o stages (Figure 2). The CCD consists of 24 sections, with 8 TDI stages p er section. Normal \on-c hip" in tegration

is p erformed in eac h of these stages. Then the signal is transferred \o�-c hip" and the signal from eac h of the 24

sections is com bined together, with the correct timing dela y b et w een eac h section.

Since there are 24 sections com bining together to yield an image, eac h CCD w ell only needs to hold 3 : 2 � 10

7

EHPs whic h is m uc h easier to ac hiev e with existing CCD tec hnology .

3. THEORETICAL IMA GE QUALITY

The image qualit y of the detector w as compared to a theoretical predication of image qualit y based on a cascaded

linear systems analysis. In this t yp e of analysis, the imaging c hain is describ ed b y one of �v e pro cesses: gain,

sto c hastic blurring, deterministic blurring, noise addition, or aliasing. F or example, the signal sp ectrum, S ( f ), and

noise p o w er sp ectrum, N P S ( f ), transfer through a sto c hastic blurring stage, i , as follo ws:

S i ( f ) = M T F ( f ) S i� 1

( f ), (1)

N P S i ( f ) = M T F

2

( f ) ( N P S i� 1

� � i� 1

) + � i� 1

, (2)



Figure 2. Sc hematic of the no v el t w o-stage TDI pro cess. The detector is divided in to 24 sections, eac h of whic h

p erforms normal TDI o v er 8 ro ws. The c harge signal is transferred o�-c hip and in tegrated together with appropriate

dela ys b et w een eac h section. This �gure is not to scale.

where � i� 1

is the 
uence from the previous stage. The propagation of signal and noise is calculated through eac h

of these stages, and the spatial frequency dep enden t D QE ( f ) is determined b y calculating the signal to noise ratio

(SNR) at the output of the imaging c hain and comparing to the ideal input SNR (assumed to b e P oisson):

D QE ( f ) =

S2
( f )

NPS ( f ) out
S2

( f )

NPS ( f ) in
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S N R

2

out ( f )

S N R

2
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The cascaded linear systems mo del for the protot yp e scanning detector consists of eigh t stages (Figure 3). F or

simplicit y , the mo del assumes a mono energetic sp ectrum. Eac h stage is describ ed brie
y in the follo wing sections.

X-ray Absorption

The thic kness of the depletion zone in a rev ersed biased dio de determines the x-ra y absorption e�ciency . One

particular adv an tage of a PIN dio de is that nearly the en tire thic kness of the semiconductor b ecomes depleted, and

is th us sensitiv e to x-ra ys.

X-ra y absorption is a form of gain stage (or binomial selection) with the gain less than one. This gain is also the

quan tum e�ciency , �

� = 1 � e

� �L
, (4)

where � is the linear absorption co e�cien t, and L is the thic kness of the PIN dio de. F or a 20 k eV x ra y , a 1 mm

thic k Si-PIN dio de pro vides a quan tum e�ciency of 64%.

Temporal Aperture Blurring



As the detector scans, the c harge is transferred do wn a ro w at discrete clo c k in terv als. Ho w ev er, the detector is

scanned at a con tin uous v elo cit y , meaning that eac h detector elemen t sw eeps out a distance equal to the detector

elemen t pitc h, p , b et w een c harge transfers. This causes an additional blur in the scan direction.

M T F scan ( f ) = sinc( pf ). (5)

Note that this blurring is in addition to the blurring caused b y the ph ysical ap erture of eac h detector elemen t

(see aperture blur, b elo w).

Figure 3. Cascaded linear sys-

tems mo del of the protot yp e de-

vice.

Conversion Gain

When the x ra y is absorb ed in the PIN dio de arra y , the energy ultimately

frees sev eral thousand electron-hole pairs (EHP). As men tioned previously , the

energy required, w , to lib erate an EHP is 3.6 eV, or a gain of 5500 EHPs p er

E = 20 k eV x ra y . This con v ersion gain is sto c hastic, and has the follo wing signal

and noise prop erties:

S i = g S i� 1

, (6)

N i = g

2

N i� 1

+

g

2

�

1 = A s � 1

. (7)

where g is the gain, and A s is the Sw ank factor.

1

Since silicon has v ery go o d noise

prop erties and since K 
uorescence is v ery lo w energy , the Sw ank factor is v ery

close to 1. Ho w ev er, to partially accoun t for the e�ects of using a p oly energetic

sp ectrum in the exp erimen t, an e�ectiv e Sw ank factor of 0.94 w as used. This

v alue determined b y calculated the sp ectrally w eigh ted v ariance in the gain stage

for the x-ra y sp ectrum used in the exp erimen ts.

Di�usion Blurring

Once the EHPs are lib erated, the applied electric �eld causes the c harge car-

riers to b e sw ept to the opp osite surfaces of the dio de arra y . As these c harges

tra v el through the detector, they can di�use laterally , in tro ducing an blur of the

form:

M T F diff ( f ) =

�
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where k B is Boltzmann's constan t, T is the temp erature, L is the thic kness of

the detector, V is the applied bias, and q is the elemen tary c harge.

Temporal Lag Blurring

Charge collection from the photo dio de arra y is not instan taneous. The tem-

p oral resp onse, or lag, of the photo dio de arra y will include c harge transit times,

the e�ect of c harge trapping, and the R C time constan t of the detector. In the

scanning detector, the lag will pro duce a blur in the image along the scan direc-

tion. If the lag resp onse, I ( t ) is assumed to b e a w eigh ted sum of exp onen tials of

the form:

I ( t ) /

NX
j =1

w j

� j

e

�

t
�j

, (9)



where w j is the relativ e w eigh t of the j th comp onen t, � j is the lifetime of the j th comp onen t, then the resultan t blur

will b e of the form:

M T F lag ( f ) =

������
NX
j =1

w j

1 + 2 � i� j v f

������
. (10)

Aperture Blurring

The resolution of a semiconductor detector is go v erned b y sensitiv e width, w , of eac h detector elemen t. If the

\�ll factor" of the detector is 100%, then the sensitiv e width is equal to the pitc h ( w = p )

M T F ap ( f ) = sinc( w f ). (11)

Sampling

Detection in a digital device is ultimately a sampling op eration. Sampling causes aliasing, in whic h high spatial

frequency information is re
ected do wn in to lo w er frequencies. Aliasing is a non-linear pro cess and linear systems

analysis cannot strictly b e used. Ho w ev er, others

2,3

ha v e sho wn that with certain assumptions, a mo di�ed linear

systems analysis can b e used. In this analysis, it is assumed that the signal is band-limited to the Nyquist frequency

(i.e. no aliasing of the signal) whic h means that the MTF after sampling is simply the pre-sampling MTF. On the

other hand, the noise is aliased:

N i ( f ) =

1X
k = �1

N i� 1

( f +

k

p

), (12)

where p is the detector elemen t pitc h, and

k
p

represen ts the harmonic m ultiple of the sampling frequency . Since the

signal is una�ected b y aliasing and the lo w frequency noise is increased due to aliasing, the DQE(f ) will drop.

Electronic Noise

The �nal stage is a noise addition stage, whic h originates from a v ariet y of sources. These sources include CCD

transfer noise, thermal generation of carriers, and ampli�er noise. This noise is assumed to b e white and is measured

exp erimen tally , b y taking a \dark" image with no x ra ys, and determining the v ariance in the image.

Other E�ects

There are sev eral other phenomena that con tribute to blurring and noise. These include scanning v elo cit y

mismatc h and c harge transfer ine�ciency in the scanning direction, and K 
uorescence blurring, and Compton

scatter blurring a�ecting b oth directions. Their o v erall e�ect is small and they are neglected in the calculation.

4. EXPERIMENT

The exp erimen tal imaging system is sho wn in Figure 4. In this setup, the detector c hip is held stationary , while the

ob ject to b e imaged is scanned across it. This particular geometry w as c hosen for relativ e simplicit y , ho w ev er, b y

scanning the ob ject, the scanning v elo cit y m ust b e adjusted for magni�cation, and thic k ob jects cannot b e scanned

without signi�can t v elo cit y mismatc h blurring.

The tungsten ano de tub e w as op erated at 30 kVp and 38 mA, with 0.4 mm Al �ltration (mean energy 20.3 k eV).

The x-ra y �eld w as pre- and p ost- collimated to reduce scatter radiation e�ects. The detector op erated at transfer

rate of 1167 lines/s. This corresp onds to a scanning v elo cit y of 58.35 mm/s (to accomo date of the small amoun t of

magni�cation, the ob ject w as actually scanned at 56.1 mm/s). The detector w as rev ersed biased to 160-180 V.

The MTF w as determined b y using a slan ted edge tec hnique
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in b oth the scan and slot (non-scanned) directions.

Eac h MTF w as determined from 4 rep eated images of a uniform PMMA blo c k (0.64 mm thic k) and a tan talum edge.

The edge w as placed on the PMMA blo c k nearest the detector. The noise p o w er sp ectra (NPS) w ere measured using



Figure 4. Sk etc h of the exp erimen tal geometry used in the image qualit y measuremen ts

a sim ulated slit metho d
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from 40 images of the uniform PMMA blo c k. Standard error in the NPS measuremen t w as

also determined. The corresp onding exp osure for eac h NPS w as measured using an ion c ham b er.

F rom these measuremen ts, the D QE ( f ) w as determined:

D QE ( f ) =

S

2

M T F

2

( f )

N P S ( f ) � �

, (13)

where S is the mean image signal (in ADU), and � is the inciden t x-ra y 
uence, determined from the exp osure.

The temp oral lag of the PIN dio de arra y , w as determined in a separate exp erimen t. The lag measuremen t is

similar to phosphor luminescence measuremen ts made b y Mainprize and Y a�e

6

in whic h an x-ra y tub e is pulsed,

and the resp onse of the PIN dio de is measured. Using an \iterativ e decon v olution tec hnique", the lag resp onse is

corrected for the arbitrary shap e of the original x-ra y pulse.

5. RESUL TS

The lag time resp onse of the PIN dio de arra y app eared to b e b est appro ximated b y a three term sum of exp onen tials.

As sho wn in T able 1, the longest comp onen t had a lifetime, � , of 368 � s whic h is on the order of the line transfer

rate of the CCD, and exp ected to induce a small amoun t of blurring in the scan direction.

Lifetime, � ( � s) 368 50 6

Relativ e w eigh t, w 20% 42% 38%

T able 1. Lag resp onse co e�cien ts for Equation 10

The �rst detector tested had an un usually large dark curren t whic h p ermitted using only lo w bias v oltage ( < 160

V), and only functioned for a short time b efore failure. Ho w ev er, its resp onse w as v ery go o d while it functioned.

Tw o other detectors (#2, and #3) ha v e b een tested. Most of the testing w as p erformed on detector #3, whic h has

b een in op eration for the longest time. Both detectors had b etter dark curren ts and could b e biased to sligh tly higher

lev els (170-180 V).

All of the relev an t parameters for the linear systems mo del are pro vided in T able 2.

The MTFs for detector #3 are sho wn in Figure 5 and are compared to the theoretical MTF based on the cascaded

linear systems mo del. As predicted b y the mo del, the MTF in the scan direction is lo w er than the slot direction.

Ho w ev er, the exp erimen tal MTFs are lo w er than predicted.



P arameter V alue

Detector elemen t width, w 50 � m

Detector elemen t pitc h, p 50 � m

Detector thic kness, L 1 mm

Dark Noise � 7 ADU (or � 60000 electrons/pixel)

Mean X-ra y Energy , E 20.1

Quan tum E�ciency , � 0.64

Op erating T emp erature, T 300 K

Bias V oltage, V #1: 160 V, #2: 170 V, #3: 180 V

T able 2. P arameters used in image qualit y mo del

Figure 5. Comparison of theoretical and exp erimen tal MTF

The DQE curv es of detector #1 and #2 are sho wn in Figure 6, and app ears to agree reasonably w ell with theory .

The D QE ( f ) for the third detector w as measured at 3 di�eren t exp osure lev els: 126 , 58, and 10 mR (at the

detector). Results for the slot and scan directions are sho wn in Figure 7.

6. DISCUSSION

The exp erimen tal D QE ( f ) app ears to b e ab out 25% (at 0 mm

� 1

) lo w er than predicted. Since the D QE ( f ) v aries

little with exp osure, the reduction is not due to electronic noise. A p ossible source of this loss ma y b e due to p o or

c harge collection. Bias v oltages ha v e b een limited to less than 200 V b y excessiv e dark curren t lev els, whic h ma y

b e a�ecting c harge collection e�ciency . F uture detector designs ha v e mo di�ed guard ring structures to help reduce

dark curren t and higher biases should b e p ossible. Charge collection can also b e reduced b y incomplete depletion

in the photo dio de, or b y p o or electronic coupling b et w een the dio de arra y and the CCD. The detector elemen t \�ll

factor" ma y also b e causing the DQE reduction.

There is a similar discrepancy in the theoretical and exp erimen tal M T F ( f ). There app ears to b e an additional

blurring mec hanism a�ecting b oth the scan and slot directions. This mec hanism ma y b e related to p o or c harge

collection, or to surface curren t e�ects on the photo dio de arra y .

It is imp ortan t to note that while early results are lo w er than exp ected, the resp onse is still sup erior to screen-�lm.

Screen-�lm DQEs

7

are at b est 0.3 at 0 mm

� 1

and drops to less than 0.01 at spatial frequencies higher than 6 mm

� 1

.

F uture w ork will in v olv e dev eloping high quan tum e�ciency h ybrid detectors whic h will p oten tially impro v e DQE(0)

to greater than 0.9. Thic k er PIN dio des (1.5 mm) and alternativ e photo conductors suc h as CdZnT e, and PbI

2

will

b e in v estigated.
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Figure 6. DQE results for detector #1 and #2 in the slot (a) and scan (b) directions. High dark curren ts ultimately

caused the �rst detector to fail. The second detector is still in op eration.
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Figure 7. DQE in the slot (a) and scan (b) directions for detector #3. Exp erimen tal results at three detector

exp osures are sho wn, and the theoretical prediction based on the cascaded mo del presen ted in Section 3. Error bars

are sho wn on a single curv e for clarit y .



7. CONCLUSION

A protot yp e direct con v ersion detector has b een dev elop ed. Early results ha v e demonstrated DQEs higher than

screen �lm o v er o v er an exp osure range of 10 to 120 mR to the detector. Comparison of the exp erimen tal image

qualit y results to a cascaded linear systems mo del sho ws similar trends in resolution and DQE. Ho w ev er, the measured

results are lo w er than predicted. F uture w ork will attempt to determine the source of image qualit y degradation and

the detector design will b e mo di�ed to correct the loss. This protot yp e has demonstrated the feasibilit y of a direct

con v ersion slot scanned mammograph y detector.
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