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DISCLAIMER

This report wa'._prepared as an account of work six)nsored by an agency of the United States
Government: Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responst-
hility for the accuracy, completeness, or usefulness Of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, (n service by trade name, trademark,
manufacturer, or otherwise d(_s not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States (;overnmet_t or any ttgency thereof. The vw, ws

and opinions of authors expressed he,,'ein do not necessarily state or reflect those of the
United States Government or any agency theleof.

1, ABSTRACT

MAXI (MPI/AIT X-ray Imager) is part of a proposal subnxitted to the European Space

Agency (ESA) as focM plane instrumentation of the X-ray Multi Mirror Mission (XMM).

Within a collaboration of 13 european institutes we have proposed a fully depleted (sensitive)

pn CCD of 280/zm thickness with a homogeneous sensitive area of 36 cm 2 and a pixel size
of 150 x 150 pm 2 which is well matched wit,h the telescope's angular resolution of 30 arcsec,
translating to a position resolution of approxim_tely 1 mm in the focal plane.

The X-ray sensitivity is higher than 90% from 250 eV up to 10 keV, the readout time in the
full frame mode of the complete focal plane will be 2 ms with a readout noise of better than 5

e- (rms). Prototypes of all individual components of the camera system have been fabricated
' and tested. The camera concept will be presented. The measured transfer properties of l,t_c

_- CCD and the on-chip electronics will be treated. Taking into account the coupling of the

on-chip amplifier to the following front-end electronics the expected performance will be
derived.

2. INTRODUCTION

The X-ray Multi Mirror Mission (XMM) of the European Space Agency (ESA) is one

of four cornerstone projects in the long term programme for space science. XMM is due to
-'_ be launched in 1998 as an astronomical facility with X-ray focussing optics of unprecedented
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throughput in the energy domain of 0.1 to 10 keV. The three telescopes are supposed to be

operated with three different CCD cameras in the focal plane of the Welter-type telescope,

two with conventional MOS type devices (GEC, THOMSON) and one fully depleted pn

type CCD. We are going to describe the pn-CCD, its on-chip electronics and their coupling

to a 64 channel multiplexing CMOS amplifier array (CAMEX64). This chip was originally

developed for the readout of the mini-vertex detector with 56.000 individual signal channels

• for the ALEPH experiment at CERN. All components have already been tested individually:

the CCD, the JFET electronics on high resistivity n-type silicon and the CAMEX64 \"LSI

chip, Based on these measured performances the system parameters _nd possible operating
modes will be calculated. ,

i

3. FULLY DEPLETED PN CCD'_.

= In 1983 Gatti and Rehak [1] proposed a new detector scheme based on the idea that. a

large semiconductor wafer 0f e.g. highresistivity n - type silicon can be depleted fro m a

small n+ ohmic contact positively, biased with respect to the planar p+ contacts coverin_

-, both surfaces of the wafer. The depletion' zone will expand from:both rectifying junctions

simultaneously as long as the ohmic access from'the n + anode _,oJthe entire bulk i,'_not '

interrupted. At a given voltage the depleted regions touch each other. Under this condition

_ the former conductive electron channel symmetrically located in the middle of the substrate

between the large p+ implants will abruptly disappear. At this moment the depletion is

completed at a voltage which is four times lower tl_an the voltage needed to deplete a simple

diode of the same thickness. The above described removal of mobile charge carriers is called

sideward depletion. In this case the electron potential energy in a cut. perpendicular to the

= wafer surface has a parabolic shape, with aft electron potential minimum in the middle of

the wafer. The electron potential minimum can be moved out of the cen_er towards eiLher

surface by applying non equal voltages to the two p+ contacts,

The advantages of the technique are o bvi+ _,s: Independently of the size of the depiction

region the capacitance of the n+ anode can be kept extremely small -necessary condition

for good noise performance .- and the position of the potential minimum can be controlled by

- external means, This scheme is adapted for.the operation of fully depleted pa CCD's. The '

basic topology is shown in Fig, 1. The p+ back contact is negatively biased with respect to
the shift electrodes on the top side thereby shifting the electron potent,ial minimum close to

the top surface. By an appropriate choice of the voltages at the p+ tranfer registers _1, _2,

and _3 it is possible to create local potential minima for electrons and an _tdequate change

-- with time in these voltages allows a discrete shift of the signal charges towards the readout
anode.

_ The more complex thi'ee dimensional arrangement of a linear CCD structure including

- the readout region with the p+ guard ring is shown in Fig. 2. A deep n - implantation below

- the p+ transfer registers and below the SiC2 is introduced a) to prevent large thermally

injected currents (reach through currents) between p+ junctions at different potentials _md
b) to form a guiding channel for signal charges, The lateral spread of the charges is preventc+i

_ by the gap of the deep n - implant between neighboring guiding channels. The absence oi"

the positive space charge in the vicinity of a channel guide creates a negative potential fbr

_ electrons with respect to the depleted deep n ,, doped region, thus acting as a potent_ial

barrier for the signal charges, confining them to the channel guide area [2, 3], The ent,irc,
._
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Fig. I: Basic configuration of a fully depleted pn CCD topology derived from the sih'con drift
chamber principle.

CCD structure is surrounded by a reverse biased p+ guard ring preventing charges from the

undepleted regions o the chip to flow in the sensitive area. The schematic layout of the

XMM CCD is depic" ed in Fig. 3,

" We have fabric',ted devices of this type with pixel sizes varying from 50 x 50/_m 2 up to

150 x !70#m 2. In a first attempt a charge transfer inefficiency per pixel of 1 x 10 -3 was
achieved for shift frequencies starting from 500 kHz up to 8 MHz.

We have understood in detail the charge losses resulting in a modified design being

actually processed. This should lead to the same or a better charge transfer as compared
to standard buried ch,,,':aei MOS CCD's. Two-di_aensional multilinear arrays with channel

. stops between the individual linear CCD's are under test. An interference between adjacent
pixels was not observed. The measured position dependent CCD output signal is shown in

Fig. 4. Concerning the transfer properties and tile realization of an arbitrary two dimensional
pixel pattern the pn CCD 'will be competitive with the best existing MOS devices.

The new concept however leads to some additional significant improvements for X - ray

spectroscopy:

i. As theentirethicknessofthe waferiscompletelysensitivetoradiationthedevicecan

" be backside illuminated. The radiation penetrates through an ultra thin completely

homogeneously doped reverse biased p+ back contact where the strong electric field

, separates the electron-hole pairs instantaneously and drifts the electrons within less
than 10 ns to the wafer surface having the pixel structure.

2. The detection efficiency of soft X - rays will be higher than 900£ for photon energies
above 250 eV because the backside entrance window is thinner than 200/_ defining the ., _,r

lower cut-off of the energy response, The limitation of the soft X - rays is in practical

applications dictated, by the light- and UV-filter. ,At 10 keV the detection efficiency is
_
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Fig, 2: Schematic view of the linear CCD geometry w_th implantation topologies ineludi779

the. channel stop mechanism, The entire CCD area is surrounded by p+ guard ring separati_Tg
the sensitive area from the undepleted rest of the chip.

still higher than 90% because of the 280 pm sensitive thickness of the detector, Between

250 eV and 10 keV the efficiency for X-rays varies between 90% and 100% according to

the functional dependence of the silicon absorption coefficient from the inciclexlt photora
energy.

3, The fact that the charge can be efficiently transferred up to a depth of approximately

40 /zm in the bulk of the device pixel sizes from 20x20tLm 2 up to 200x200#m _ can

be implemented, For the XMM mission a pixel geometry of 150x150_m 2 seems to

be adequate, An ideal matching with the resolution of the X-ray telescope becomes
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Fig. 3: Schematic mew Of the pn.CCDgeometry with multianode readout structure, on-chil_
source followers and reset switches for each individual CCD line.

possible.
This reduces the readout time compared to standard MOS devices by a factor of 5(;
due to the reduced number of pixels without any loss of physical information,

Furthermore the charge splitting in more than one pixel is reduced.

4. In a 280 tlm thick completely sensitive detector a minimum ionizing particle (mip)
deposits an energy of 80 keV, This type of background can be directly rejected from
the comparison of the signal amplitudes with a 10 keV photon signal, Without any
further signal analysis the background rejection is 100% in practical applications,

5, The exclusive use of pn structures instead of MOS structures makes this CCD intrinsi-
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Fig. g: Position dependence of the output signal. The ph-CCD was operatedwith off-chip
electronics with a noise level of 300 e-. Up to pixe; no. 50 the transfer efficiency per 1,izcl
was 0,999. The efficiency drop from pizel no, ,50to 80 may be due to resistivity fluct_zatior_s i7_
the bulk of the silicon. The shift frequency was I MHz, the signal charfles have been generated
by a pulsed infrared laser. Ali measurements were perfo_ed at roomtemperature.

cml)' radiation hard. Upto 1 Mrad no significant degradation should occur. Experiences
from high energy physics experimc,,,ts show that devices based on the same tec_.nology
are radiation hard up to 5 Mrad '9]).

These conceptual advantages are in_ c properties of all fully depleted pn CCD's. Tl,e
specific syntem performance of the XM vice is described _rlsection 5,

',t.FRONT END ELECTRONICS ON HIGH RESISTIVITY SILICON

In order to use the low detector capacitance for fast and low noise applications new

types of tr_msistors have been developed: single sided gate n-channel JFET's. Basing on t,h_:
same fabrication technology as the detector itself the new components will be monolithically
integrated ,closeto the detectors readout nodes. The design and first results of the new JFET's
are documented in [6,7,8] and [10]. With the current technology and a suitable geometry
the gate capacitance can be made as Small as 100 IF. The gatelength of the transistors is
6 pm while the gatewidth is 90/lm (see Fig,5).

An output resistance of 50 kf2 w0_m :red. The transconductance gm was 0.35 mS at a
source drain current of 250 #A. The pir_ voltage has been ermined to 1,5 V, A recent
detailed review of the JFET performal _lven in [10], Ins, ,ing those measured values
into a noise analysis of the first _tmplify_ :gea lower limit for the noise of 2 electrons (rms)
was calculated for the CCD specificati r XMM at a readout frequency of 100 ktIz and
an operating temperature of 180 I,[assuming that the shot noise contribution of the le_kagc

) ........



l"i_./, 5: l_hoto_,_cr_gr_.ph of tu'_o si,yle sid_.d g_t_: n - ch_,cl JFI;,'T's, _ y arc I_lrl _,J',t

_'_._'_'od_i_put stage o.f a charge s_'usilit, e l_r<aml_li.[i'_r, (l'heto; I], ,_larin =,I._,\'I.,)

(:urrent is negligible'_t tha, k ten_perature, Tile l/f corner fre(ll_eucy was _l_,ter_l_i_ie_lto I,,'

" _'.(,l_t.ributi()I_sfron_ furrtl_er sig_al l)ro('essi_g sl_o_l,l b(, n_de sln_ll con_l)_r("d Io tl_(' I::N(I' ,,1'

'2 e-, 'l'liis will b(: achieved witl_ a sligl_l,ly l_o_lifi('_l version of t,l_e \'LSI C,\NII;',X(;I ('llil_ a,s
- _l_'._('rib(,din tlm _ext ,_ection.
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Fig, 6: Ceneral layout of the focal plane detector consisting of 2 x 6 pn-CCDs each with a
sensitive area o.[3 x 1 cTr,2,

5, THf: _:ADQI.:._=CON, .T AND C,'.HIP DIMENSIONS

TLc entire focal pl_t,_e will be _llade ou t 12 identical pn CCD's as shown in Fig, 6, A
single chip will have 200 pixels in the transfer direction and 6,1 pixels in tile vertical direction

resulting in chip dimensions of 3xl cm 2, The pixel size is 150 x 150#m 2, The entire sensitive
area of the focal plane will be 6 ×6 cm 2,

_,s shown in Fig, 7 the serial multiplexing CCD register is replaced by a total of 64 par-

allel output anodes which are on chip connected in the actual fabrication with 6,l on chip

preamplifiers each consisting of one input JFET operated in a source follower mode and a .

reset JFET switch. Those identical 64 CCD output channels are bonded after the source

follower to a 64 channel CMOS anaplifier chip (CAMEX64), The custom designed VLSI chip

(CAMEX64) has been developed in CMOS technology by the Ms.'c-Planck-Institut, Munich
and the Fraunhofer Institute, D,_isburg, The chip provides signal anaplification, noise filter-

ing, parallel storage and serial r, ,:,ut of the analog signals and contains in addition a digital

control for power' switching [ll :rig, 8 shown a schematic of, _le channel of the amplifier

chip, Switched capacitor filters ,tre used in order to reduce ' .e noise by m'ulticorrelated

double stunpling.

This concept takes advantage of the fact float the slow time consuming amplifyir_g and

noise filtering procedure is pffectuated in parallel witll approximately 100 kHz while the



I _9, ,9: l"hotor,_cPogmph of ttvo si.vie sid_'.,t g.tc _ - ch_el JI'ET s, 7"hey are p_t_'t of ,_

r.,scod_: ir_put stage of a charge sc_.silit,e ppr_tmpliJit P. (Photo: B, ,llaPin, I3,\'L)

current is negligible at that ternperatttre, l'lte l/f corner frequency was {_loterx_titwtlto 1,_,

lower Litan lO kllz for our configtlration. Under tltese considerat, ions all oti_{.'ra{lditiotxal tl{,i._,'

cotttribuLions fron_ further signal l}ro('ossing sltottld be made small compared lo til(' ENC ,,1'
- ... \ I.,SI C',A.XIEX{;I {'I!il_as9 (,-- 'l'l_is ,,viii t.}{:achieved with a sligl_tly _o{.lifi{,{l version of rh{'. ' '
]

{l{_scribed in the next section.
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Pig, 6: General layout of the foca! plane detector consist(ng of 2 x 6 pn-CCDs each witl_ a
sensitive area of 3 x 1 cm 2,

5, TH[. ' _ADOUT CONCEPT AND, CHIP DIMENSIONS

The entire focal pl_,, will be made cut of 12 identical pn CCD's as shown in Fig, 6, A

single chip will have 200 pixels in the transfer direction and 6,1 pixels in the vertical direction

resulting in chip dimensions of 3xl cm 2. Thepixel size is 150 × 150#m 2, The entire sensitive

area of the focal plane will be 6x6 cm 2,

As shown in Fig, 7 the serial multiplexing CCD register is replacedby a total of 64 par-

! allel output anodes which are on chip connected in tile actual fabrication with 64 on chip
preamplifiers each consisting of one input JFET Operated in a source follower mode and a ,
reset ,JFEq:' switch. Those identical 64 CCD output channels are bonded after tae source

follower to a 64 channel CMOS amplifier chip (CAMEX64) The custom designed VLSI chip

(CAMEX64) haz been developed in CMOS technology by the Max-Planck.Instltut, Munich

and the Fraunhofer Institute, Duisburg, The chip provides signal amplification, noise filter-

ing, parallel storage and serial readout of the analog signals and contains in addition a dlgital

control for power switching [11], Fig, 8 shows a schematic of one channel of the anaplifier

chip, Switched capacitor filters are used in order to reduce the noise by multicorr.latcd
double sampling.

This concept takes advantage of the fact tha,t the slow time consuming amplifying and

noise filtering procedure is effectuated in parallel with approximately 100 kItz while the
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the event 20 pjxels (3.0mm) within 2/2s towards the anode before integrating the next 2_°

#s and so on. In thistiming mode we would registrate the point likeimage every 3 mm

on the 3/cm long chip. Within the resolution of the X-ray telescope of about 1 mm in the
focal plane (a ,_ 30 arcsec, the focal length is,_ 7,,5 m) there should be no significant spatial

ambiguity for the single event recognition. This procedure can be repeated 10 times before

the signal charges of the entire chip is consecutively detected at, the readout node with the

signal detection frequency of 40 kHz then leading to a dead time of the detector of 2 ms for ,
the slow readout of the complete CCD chip. This timing mode allows a low noise timing

bandwidth in the order of 40 kHz: 10 samples with a time resolution of 24 ps can be recorded

in one readout sequence.

All procedures decribed so far still yield the high energy resolution of 5 e- as in the full
frame mode. If we would tolerate a higher noise level the speed could be further improved.

This seems to us to be fast enough to penetrate int_, a wide field of unknown transient

astrophysical phenomena so that more sophisticated techniques to reduce the readout and
integration time are not needed.

One complete readout channel including the on chip electronics and the slight modifications

in the input of the CAMEX64 are depicted in Fig. 8. On the left side of the diagram the

CCD anode, source follower and reset switch of one of the 64 identical on chip circuits can be
seen. The resistor of the source follower will be realized as a current source on the CAMEX64

chip.In addition a 10 pF input capacitor will be added to the charge sensitive preamplifier'.

Fig. 9 shows the system noise at the output ofthe CAMEX64 chip translated into electron

fluctuations atthe CCD's readout anode. The electrical parameters needed for the calculation

are measured values from prototype devices. They are inserted in Fig. 9. If the bandwidth

of the amplifier is 500 kHz an equivalent noise charge of about 4 e- is expected if a fourfold

correlated sampling is applied.

The power consumption is controlled by an external reference voltage allowing thus a

large flexibility in the variation of speed, noise performance and Power consumption. The

actual overall size of the 64 channel chip is 6.35x4.95 mm 2 (see Fig. 10): '

Fig. 10 shows a photograph of the aluminium layer of the CAMEX64 Chip. On the upper

side of the chip are the signal input pads and on the opposite side are the pads for the control

bus and the multiplexed output. ' '

In urder to reduce the number of input lines and to minimize the anaount of cable con-

nections to the cryogenic part of the detector a digital steering chip (TIMEX64) has been

designed in CMOS technology. Upon receipt of two input lines (an initialize pulse and a

pulse train) it provides ali 18 switching pulses that are needed for the amplifier chip.

Power consumption and heat dissipation are below the values required by the passivc

cooling system. The entire focal plane detector will be built up with 12 x 64 i.e. _6_

identical readout channels. During the readout the CCD detector's powe r consumption is in

the order of .5 mW per channel. The overall dissipation of one CAMEX64 channel is also

.5 mW during the operation leading to .8 W for the entire electronics of the camera. Ali

amplifying devices can be switched off during the x-ray integration time resulting in a power
consumption of less than .1 W for the electronics in the cryogenic part of the camera head.

The TIMEX64 chip will not be located in that region. As the externally steered pulse train
of the TIMEX64 determines the timing sequences of the CAMEX64 a large readout variety
can be realized.

10
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" Fig. 8: One of 6,4 identical readout channels including the on chip JFET electronics of the

CCD,

Intensive studies are going on to replace the front end CMOS circuits of the CAMEX64

chip by JFET's (e.g. [14]). This will reduce once more the noise contribution of this second

amplifying stage and increase the radiation hardness and the reliability of the device [15]

6. SUMMARY

: The described high speed pn CCD X - ray camera will have the following properties:

® The overall sensitive area of the focal plane will be 6x6cm 2, consisting of 12 independent

3x lcre 2 pn CCD's each with 64 individual readout channels and a pitch of 150/zm .

" • The detection efficiency between 250 eV and 10 keV is higher than 90%. For most of the

physically interesting energie_ the effieciency is Closer to 100% than to 90% . Because of

the highly reduced charge splitting due to the large pixel sizes averaging and summing

over more than one pixel is not needed. This guarantees thehigh detection efficicncy=

ii
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Fig. 9: Effect of the multicorrelated sampling on the amplifier filter time dependent clectronzc

noise. The electrical parameters are inserted in the figure.

for practically all events with the noise level of one single pixel.

• The system noise will be below 5 e- corresponding to an energy resolution of bcttcr
than 45 eV.

• By including an eleven times higher integration time of the image than the effective

readout time one achieves the following time resolution:

the readout time of 24 ms in the full frame mode still allows the dctection of

e.g. the pulsar inside the crab nebula.

In the windowing mode the time resolution is 2 ms.

In the timing mode the time resolution becomes 24 ps (with a dead time of 2 ms "

after approximately 10 event integration times).

• The spatial resolution is defined by t,he pixel size of ]50×150#m 2. That is approxi-
mately 7 times smaller than the resolution of the XMM X - ray mirror systcm.

• The suppression of background events ori_,;inating from minimum ionizing particles can
be made immeasurably small,

• The 768 individual electronic channels make the CCD system redundant to a very high
degree.

• For a ten year mission the CCD's are sufficiently radiation hard,

i2
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Fig, I0: Pllolograph of the C,'iklEX6,1 chip,
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FIGURE CAPTIONS

1, Basic configuration of a fully depleted pn CCD topology derived from tile silicon
drift

chamber principle,

2. Schematic view of the linear CCD geometry with implantation topologies including

the channel stop mechanism, The entire CCD area is surrounded by p+ guard ring
• separating the sensitive area from the undepleted rest of the chip,

3, Schematic view of the pn-CCD geometry with multianode readout structure, on-chip
" source followers and reset, switches for each individual CCD llne.

4, Position dependence of the output signal. The pa-CCD was operated witll off-chip

electronics with a noise level of 300 e-. Up to pixel no, 50 the transfer efficiency
per pixei was 0,999, The efficiency drop from pixel no, 50 to 80 may be due to

resistivity fluctu _tions in the bulk of the silicon. The shift frequency was 1 MHz,
the signal charges have been generated by a pulsed infrared laser, All measurements

were performed at room temperature.

5, Photomicrograph of two single sided gate n - channel JFET's. They are part of a

cascode input stage of a charge sensitive preamplifier, (Photo: B, Marin, BNL)

6. General layout of the focal plane detector consisting of 2 x 6 pn-CCDs each with a
sensitive area of 3 × 1 cm 2.

7, Photomicrograph of the multianode region of the pn CCD. (Photo: B. hlarin, BNL)

8. One of 64 identical readout channels including the on chip JFET electronics of the
CCD,

9, Effect of the multicorrelated sampling on the amplifier filter time dependent elec-

tronic noise, The electrical parameters are inserted in the figure,

10, Photograph of the CAMEX64 chip,
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