
**$i?Of 
This ia a preprint of a paper intended for publication in 
a journal or proceedings. Since changea may be made 
before publication, thia preprint is made available with 
the understanding that it will not be cited or reproduced 
without the permission of the author. 

PREPRINT 

m 
LAWRENCE UVERMORE LABORATORY 

University of CaBtornia/Livermore, California 

TIME-RESOLVED X-RAY DETECTION USING MOS-C DETECTORS 

R. Kalibjian 
D. Ciarlo 
K. Mayeda 
T. Boster 

February 16, 1972 

-NOTICE-
Thii report was prepared u an account cf work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability, or responsibility for the accuracy, com
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

This paper was prepared for presentation at IEEE 
13th Scintillation and Semiconductor Counter Symposium 

March 1-3, 1972, Washington, D. C. 

BiSTRIBUTOH OF THIS DOCUMENT IS UHlfflB] 



TIME-RESOLVED X-RAY DETECTION USING MOS-C DETECTORS* 
R. Kalibjian, D. Ciarlo, K. Mayeda, and T. Boster 

Lav/rence Livermore Laboratory, University of California 
Livermore, California 94550 

Summary 

To develop a fast x-ray detector with a memory, 
we have performed experiments with metal-oxide-
semiconductor capacitor (MOS-C) devices. For time-
resolved recording of the x-ray pulse, a linear array 
of detectors is uniformly irradiated while the ele
ments are sequentially biased at. At time intervals; 
significant positive charge trapping occurs in each 
element of the array only during the period At when 
the high field bias is applied across the dielectric. 
Detection of 10-ns resolution has been recorded. 
Time-resolution is presently limited by the bandwidth 
limitation of the b ias strobing method. 

Introduction 

Time-integral detectors using a linear array of 
MOS-C devices have proven to be successful in de
tecting x-rays with energy l e s s than 50 keV and dos
age in device up to lO" rads.* The MOS-C detectors 
are especially suitable in an environment of low-
energy x-ray photons of very high flux density. A 
major feature of the MOS-C detector is that the three 
functions of detection, memory, and readout are 
integrated in a single device. Because of the mem
ory feature of the device it becomes interesting to 
explore the possibilities of developing a time-
resolved detector, i.e., a detector capable of record
ing information for a controlled time duration At and 
of retaining that information for later electronic 
processing. 

A time-reaolved detector with a memory would 
have important application in minimizing the band
width requirement for fast detector systems. As an 
example, the transmission of fast-rise-time signals 
from a r Uat.ion detector over z long distance poses 
a major problem with respect to the bandwidth re
quirement of the coaxial cable. Wherever possible, 
it is desirable (1) to use an interim storage (or 
memory) at the detector site, and (2) to sample the 
information content of the signal at a low rate in 
order that the sampled information be within the 
bandwidth capabilities of the transmission system. 
In this paper we consider the application of MOS-C 
devices for use as fast detectors with memories, 
also we report on experiments where we have per
formed detection with low energy x-rays with time 
resolution less than 10 ns. 

Time Framing Recorder 

The detection scheme is based primarily on 
the trapping of charge carriers (generated by 
Compton electrons due to x-rays) in a dielectric 
layer." A 0.5-/im-thick Si02 layer is thermally 
grown on a silicon wafer (10 fi-cm p-type). An alu
minum ohmic contact is then made to the substrate 
of the silicon; also, an array of aluminum field 
plates are evaporated onto the surface of the Si02. 
Each detector element is comprised of a rectangular 
0.05 by 0.5 cm field plate. Eleven detector elements 
with 0.25-cm center-to-center spacing are fabri
cated on a 3.2-cm diameter silicon wafer. 
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Fig. 1. Time-resolved detection using a linear ar
ray of MOS-C devices. 

A time framing recorder can be fabricated by 
utilizing a linear array of detectors that is scanned 
time sequentially. Ftor time resolved detection of 
an x-ray pulse, the linear array of detectors is ir
radiated uniformly as shown in Fig. 1, while the 
elements are sequentially biased-on for a At time in
terval. Since the detector sensitivity is dependent 
upon the bias applied during irradiation (e.g., when 
the bias is switched from 0 to 100 V), significant 
positive charge can be stored in each element only 
during the period in which it is biased-on. In this 
manner we are able to measure the absorbed dosage 
for each interval of time. 

Either of two bias modes (Fig. 1) can be used: 
delta function strobing (DFS) or step function strobing 
(SFS). The bias voltage is derived from a photodiode 
driven into saturation by the x-ray pulse. We are able 
to obtain 20 A, saturated photocurrent with rise time 
of 5 to 20 ns dependent on the intensity of the x-ray 
signal by using a Nal scintillator in conjunction with 
an ITT, 2.5-in photodiode operated at 4 kV. If this 
photocurrent is appropriately fanned out to 7 channels 
in a 50-fi transmission line as shown in Fig. 2, 70-V 
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Fig. S. Time-resolved detector. 

bias levels in the SFS mode can be impressed on the 
M03-C elements with a minimum delay time of 15 ns 
to the first channel. Rise time can be reduced to 
S ns with a pulse shaper using a Krytron tube, but 
with a minimum delay time of 30 ns to the first chan
nel. A time-resolved detector is shown in Fig. 3. 
The cover has been removed to show the distribution 
lines and terminating resistors. The 3.6 ns rise time 
in the detector system is due primarily to the 150 pf 
capacitance of the detector rather than the distribu
tion system 

Readout of the stored charge is accomplished 
by measuring capacitance of the MOS-C detector ele
ment. If surface states at the SiOo-Sl interface are 
neglected, the equivalent circuit of the detector con
sists of the oxide capacitance Cox 1 1 1 series with the 
depletion capacitance CQ of the silicon. Because the 
trapped positive charge is related to the x-ray dosage, 
the MOS-C readout mode provides a simple method 
for determining the magnitude of the positive charge. 
Capacitance vs applied bias (C va V) is measured be
fore and after irradiation as shown in Fig. 4. The 
amount the capacitance dip has shifted in voltage, 
called the flat band voltage shift AVpg, after Irradia-

Bias voltage 

Fig. 4. MOS-C readout scheme. 

tion is a measure of the x-ray dosage. It is to be 
noted that the primary function of the silicon wafer 
(other than as a substrate for growth of the SIO2) is 
to provide CQ for the readout mode. The Cn is bias 
voltage dependent and, being in series with C™ will 
provide for the capacitance dip as shown in Fig. 4. 
Positive charges stored in the dielectric will affect a 
negative voltage shift in AVpg. A rapid, simple 
method for observing the C vs V curve is on an oscil
loscope using a negative linear sweep of submilllsec-
ond duration (obtained from the sum of a positive 
linear sweep and a negative square pulse), as. shown 
in Fig. 4. Because of an inversion layir at the sur
face of the silicon wafer, it is important that the bias 
be linearly swept from accumulation to inversion fur 
a bias having submillisecoad duration. Therefore the 
waveform of the bias should have a positive rather 
than a negative slope (i. e., the bice waveform is 
switched from 0 to -100 V and then linearly increased 
to 0 V, rather than having the waveform linearly 
decreased to -100 V and then switched to 0 V). 

Memory Writing Rate 
Memory storage in an MOS-C device occurs by 

the immobilization of holes in traps for periods 
ranging in months. For application to time-resolved 
detection, the memory writing rate is determined by 
the lifetime of the carriers. Carrier lifetime should 
be less than the sequential scanning period At of the 
detector element; otherwise, serious distortion of the 
signal could occur. For example, distortion wUl oc
cur in the recorded signal, If the ionised holes in 
time interval 1 of Fig. 1 are not trapped in the same 
time interval, but instead the holes are trapped in 
time Interval 2. Similarly, If the Ionised electrons 
are not trapped in the time Interval prior to At 
(where no bias field has been applied), these elec
trons will contribute to the perturbation In the elec
tron density in a later time window and, hence, will 
cause an error In the density of trapped holes. 

For holes and electrons,* the product of mo
bility M and the lifetime r before trapping..ln SIO2 la 
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H n Th S 1 0 " 1 0 cm"/V, and fi e r e = 10-9 cm 2/V, re
spectively. The mobility or electrons 5 in SiOjj is 
about 10 cm z /V-sec; therefore, the mean lifetime of 
the electrons before trapping is about T e = 10-1" sec, 
and for the holes Tjj £ 10-10 s e c for an assumed mo
bility for the holes of one-tenth of that of the elec
trons. Because the detector sensitivity is higher 
with applied field (~106 V/cm) it would appear that 
the sweep out-time of the electrons should be less 
than the lifetime of the electrons to minimize elec
tron trapping (or recombination with the trapped 
holeo), for an assumed hole lifetime less than the 
time required to sweop the electrons out of the S i0 2 

layer. (A saturation velocity greater than 
5 X 1 0 5 cm/sec for the electrons in the amorphous 
SiC>2 would satisfy the above criteria.) 

It would be useful to confirm by direct experi
ment that the carrier lifetime is l e ss than a nanosec
ond. The basic experiment for carrier lifetime has 
been the measurement of detector sensitivity vs the 
time duration T of the bias field applied to the detec
tor J or an x-ray pulse width muck less than T. The 
bias pulse is triggered coincidently with the x-ray 
pulse. Device sensitivity vs T should be constant 
until T approaches the carrier lifetime at which time 
device sensitivity should begin to decrease. Initially, 
experiments were performed with a Blumlein x-ray 
source having 40-ns FWHM (10 ns jitter). Detector 
sensitivity remained constant as the bias pulse width 
was decreased to the base width (100 ns) of the 
x-ray pulse. With the Blumlein source, the carrier 
lifetime was determined to be less than 100 ns. 
Experiments are in progress to extend the meas
urements to the 1 to 10 ns range. An electron 
beam source with a pulse width of 1 ns is used. 
The electron pulse is generated by sweeping the 
beam across an aperture in the collection system. 
A small diameter (0.075 cm) MOS-C is mounted 
in a 50-Q coaxial collector structure. The band
width of the collector system (basically determined 
by capacitance of the MOS-C) restricts to 5 ns the 
rise and fall time of the applied bias pulse to the 
MOS-C. Preliminary results indicate a drop-off 
in the detector sensitivity when the bias pulse is 
delayed approximately 5 ns with respect to the 
electron beam pulse. Thus, confirming the carrier 
lifetime to be less than S ns. 

Detector Calibration 

If x-rays irradiate a MOS-C device, the flat-
band voltage shift is given by 

AV FB = fgdD. 

1 ' i <~ 

. = 1.5x10 rod 

Fig. 5. Flat band voltage vs dosage. 
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Fig. 6. g-factor vs dosage. 

from Pigs. 5 and 6, g is re-plotted against v D with 
AVpg as a parameter. (See Fig. 7.) This curve is 
utilized in determining the g-factor, as discussed in 
Appendix A. 

For strobe pulses having a very short rise and 
fall time with respect to the time interval At, the 
average intensity expressions as derived in Appendix B 
simplify with a = b = 0. For the SFS bias mode, the 
intensity from Eq. (12) becomes 

V 
A V F B n S " A V F B ( n + 1)S 

A t ( < - g 0 ) n 

(4) 

(1) and for the DFS bias mode, the intensity from Eq. (IB) 
becomes 

where g is the rate the flat-band voltage is integrated 
with respect to the dosage D at a given bias voltage 
Vh. The incremental dosage can be written in terms 
of the intensity I and the incremental time dt 

dD = I dt. (2) 

hence, the flat-band voltage shift with respect to the 
intensity is 

AV FB • / , dt . (3) 

Initially, the detectors are calibrated using a Picker 
x-ray machine with either a molybdenum or a tung
sten target tube. The resulting calibration curve is 
the A V F B vs D curve, as shown in Fig. 5. The g 
factor is obtained from Fig. 5 by graphical differen
tiation and is plotted in Fig. 6 as g vs D. Finally, 

* V F B n D - A V o 
* t ( 8 ; - i 0 > n 

(5) 

wheve the subscript n identifies the channel number, 
the subscripts S and D in AV identify the SFS and the 
DFS bias modes, respectively. 

Test Results 

Test results of time-resolved detection at 20-, 
10-, and 5-ns intervals are given for x-ray detection 
using the sequentially scanned MOS-C detector. The 
x-ray source was a dense plasma focus (DPF) de
vice. The x-ray pulse provides about 5 mcal/cm* " 

Operated for Kirtland Air Force Base, New 
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for a 10-cm source distance in less than 100 ns pulse 
width for the total x-ray spectrum (predominantly 
l ess than 50 keV). Several examples are given in 
Fig. 8 for time resolved detection using the MOS-C 
detectors for both bias modes and for different rise 
times of the bias pulse. The detectors were placed 
20 cm from the source except that for the 5 ns test 
the detectors were placed 10 cm from the source. It 
i s of major importance that finite differences occur 
for AVjrg vs the channel number. The correspond
ing bar graphs for the x-ray intensity vs tims using 
the app-o-iimation given in Eqs. (4) and (5) are also 
shown in Fig. 8 (first-order correction is shown by 
the dotted line, the corrections required in the other 
two cases are within the cross-hatched, experimen
tal error). Shown below the intensity bar graph is 
the real time signal of the total x-ray spectrum as 
measured with a photodiode-scintillator detector. 
The intensity bar graph for the 5-ns window is not 
shown because of the requirement of a second-order 
correction. Finite differences in AVpg of approxi
mately 1 V are still recorded using the poor quality 
strobe, bias pulse shown in Fig. 8(d), Further de
velopment in the strobe system is in progress. By 
the use of one avalanche transistor per channel, the 
rise time and the delay time can be improved to a 
few nanoseconds, f he required fast rise time trig
ger signal to the avalanche transistor will be provided 
from a saturated photodiode-scintillator operated at 
a lower voltage than that described under Time 
Framing Recorder. 

In the DPF machine there is not necessarily a 
time correlation between the various portions of the 
x-ray spectrum. Therefore, it is not possible to 
compare the test results from the time-resolved 
MOS-C detectors to test results of the real time 
photodiode signal because the MOS-C detectors re
spond primarily to the lower end of the x-ray spec
trum whereas the photodiode-scintillator detector re
sponds to the total spectrum. Further experiments 
are in preparation to compare the time-resolved 
MOS-C test data to the real time signals. The 

Fig. 8. Test results. 

Fig. 7. g-factor vs bias voltage. 

photomultiplier-scintillator detector, which provides 
the real time signal, will be used in conjunction with 
a bent crystal spectrometer.* A shielded cut-out 
form will be used in the spectrometer-scintillator 
interface to simulate the low energy portion of the 
spectrum that the MOS-C devices detect. 

Conclusion 

Time resolved detection of low-energy x-ray 
pulses can be performed using MOS-C detectors. 
The sensitivity of the detectors as a function of the 
applied bias makes the detection possible. X-ray 
pulses of energy less than 50 keV and approximately 
100 ns long have been time resolved at 20-, 10-, and 
5-ns intervals. The minimum usable time interval 
is governed not only by the carrier lifetime but also 
the time required to sweep electrons from the SiOo. 
Corrections must be applied to the output signal when 
the rise time of the strobe bias pulse is comparable 
to the time resolved interval. 
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Appendix A 
Estimates for the Average g-Factor 

Examples are given to demonstrate the method 
for estimating the average g-factor in connection 
with Fig. 7 for a strobe pulse having a peak ampli
tude of 100 V. 

• Consider an infinites imally short strobe 
pulse rise and fall time, (a) In the SFS bias 
mode assume &Vpai = 25 V, AVjr^ = 2 0 V * 
and the change in the flat-band voltage in the 
first time window {^ - t 2 ) is A V J B J 

• - AVpRo = 5 V. Assume that the intensily 
varies linearly in a given time window: 
hence, the average g from. Fig. 7 is 
g v = 49 D^l V/rad for an fiverage AVpg 
= 2.5 V since AVpg varies between 0 and 5 V 
in the time window, (b) In the DFS bias 
mode assume AVpgj = 5.5 V.AVjroQ = 0.5V, 
and the change in the flat-band voltage in the 
first time window (tj - t%) is A V F B I 
- AVpjj2 * S V. The average g„ is the same 
as that estimated for the case of the SFS 
bias mode. 

• Consider a strobe pulse with a linear rise ia 
the window time of At as shown in Fig. 9 
for AVpg = 5V. A dynamic g-eurve 
(labeled'A) is superimposed on the g-curves 
of Fig. 7, since the bias changes linearly 
with respret to time from 0 to 100 V and the 
change in the flat-band voltage also changes 
linearly from 0 to 5 V. The average value 
is determined by g^ 

=/j, g A

d V 1 0 0 a n d 

has an average value of gA = 38 D5 1 V/rad. 
• Consider a strobe pulse in the DFS bias 

mode having a linear ramp for both the rise 
and fall portion of the pulse, as shown in 
Fig. 10. Assuming a 5-V, flat-band voltage 
shift to be contributed equally from the first 
and second time interval, then AV jigj 
varies from 0 to 2.5 V in the first time in
terval and from 2.5 to 5 V in the second 
time interval. The dynamic g curve for the 
rise (g R ) and fall portion (g F ) of the pulse is 
shown in Fig. 10._ From tiiese curves the 
average value is g R = 40 D^ 1 V/rad and (Eg. 
= 36 D" 1 V/rad, the average g-factor being 
sl'.ghfly1 greater on the rise portion than the 
fall portion. 

Similarly, other dynamic curves can be drawn 
corresponding to various pulse waveforms for the 
determination of the average g-factors. 

Appendix B 
Relationship for Intensity 

Consider an x-ray pulse in which time-
resolved detection is performed using the SFS bias 
mode as shown in Fig. 11(a). If the strobe pulse has 
a finite rise time, the g-factor will be different for 
each time interval of the bias pulse. The flat-band 
voltage shift in the first time interval (or in the first 
channel of the array of detectors) becomes 

AV FBI 
Jo J t , 

J t o J t , 

Fig. 9. Dynamic g-curve for liaear ramp. 

and for the second time interval (or the second 
channel) 

AV FB2 « A « + / So1!* 
\ 

+ i e » d t + J B*V t" ( 7 ) 

Since g„ (at 0 V bias) is almost constant with respect 
to the dosage level (see Fig. 6), the difference be
tween the flat-band voltage shift for adjacent channels 
is 

A V F B 1 - * V F B 2 = [ 2 < - S 0 ) \ * 
h 

\ 

since 

J t , %, 

(8) 

(9) 

(6) 
'3 *3 

if At < < total pulse width. 



av 

Fig. 10. Dynamic g-curve for triangular strobe. 

In terms of the average intensity I j and I2 and 
the average g (g) in their respective time intervals, 

* V F B l - * V F B 2 = ( i v - e o > l i l A t 

+ < e v - i ; , 2 i 2 A t ' a o > 

where the subscript 1 and 2 for the g-factor differ
ences identify them for the given time windows of 
(t2 - t^) and (t3 - to), respectively. From Eq. (10) 
the intensify Ij canoe written as 

T . A V F B 1 ' A V F B 2 [<gv - gp>2 J - (11) 

where (g v - g£) 2 =_(gv - go>2_- <i£ - 10)2

 a ^ with the 
assumption that ig'y - gp^Ag? - g 0)x » 1. Generally 

t v " In>2 > <iv ' 8o'l s o t n a t t h e s e c o n d t e r m i n 

Eq. ( i f ) Becomes negative. Hence for the SFS bias 
mode. 

L 
A V F B 1 - A V F B 2 

At«iv-Io>l 
where 

. % - ?«>• o'2 

<iv-8o>l 
1 . 

(12) 

(13) 

A similar analysis can be performed with the 
DFS bias mode for time resolved detection for an 
x-ray pulse as sho'sn in Fig. 1Kb). The flat-band 
voltage shift in the first time interval (or the first 
channel) becomes 

FBI 
ft ft . 

Jo J t 1 

+ / 3 < I 2 d t + / f e o I f d t - ( 1 4 > 

*2 *3 

In the SFS Man mode the flat-band voltage shift of 
adjacent channels was subtracted to obtain the inten
sity, as in Eq. (10); however, in the DFS bias mode 
the intensity is obtained by subtracting the flat-band 
voltage at 0 V bias from Eq. (14): 

A V FB1-* V FB0= / K-e0>hdt 

\ 

+ / 3 < - e o ) ¥ t - ( 1 5 ) 

Fig. 11. Bias modes. 
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where 

* V F B O 

where 

/
*1 fh 

\ 

Jr*3 r*f 

' * A * + / g cijdt. (16) 
As in the SFS bias mode case, g 0 i s considered to be 
constant with respect to dosage. In terms of the av
erage parameters, Eq. (15) is rewritten 

A V FBi-* v FBo = <ev-eo>iA^ 
+ ( 4 ' - S 0 > 2 t s A t . (17) 

For the DFS bias mode, the intensity L is 

A V O T , - AV X , FBI F B O . b I 

1 *K-e0h 
(18) 

K - eny a'2 

K-Vi 
(19) 
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