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DEPFET pixels offer a unique possibility for a high resadutipixel vertex detector at a future
linear collider (ILC) experiment. The key idea of DEPFET sers is the integration of amplify-
ing transistors into a fully depleted bulk. The excellenisegerformance obtained through the
low input capacitance in combination with the full signair the depleted bulk leads to a large
S/N ratio. The sensor itself can therefore be made very 8tpif) without loss of efficiency. In
this article the progress of the DEPFET development towand& C vertex detector is presented.
Properties of prototype matrices and dedicated ASIC @eits have been characterized in var-
ious laboratory and test beam measurements. In particydaimd resolution of less than g2m
has been demonstrated (using 45€ thick sensors). Based on these results larger matrices, im-
proved readout and control electronics have been desighathare presently in production. In
parallel software was developed to simulate the performahe DEPFET based vertex detector
in an ILC experiment.
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1. The DEPFET Sensor

1.1 DEPFET Principle and Operation

The DEPIleted Field Effect Transistor structure (DEPFEThbimes detection and amplifica-
tion. The concept was proposed in 1987 [3] and developeddweeh bf maturity in the nineties [4—
7].
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Figure 1. The DEPFET detector and amplification structure is based prtlzannel MOSFET structure
on a completely depleted substrate. A deep n-implant forpatential minimum for electrons which are
collected there. The accumulated charge in this internta geodulates the transistor current. The charge
can be removed by the clear contact.

The DEPFET principle of operation is shown in Fig. 1. A MOSdielffect transistor is
integrated onto a fully depleted detector substrate. Bynmefan additional n-implant below the
transistor a potential minimum for electrons is createdeunéath & 1um) the transistor channel.
This can be considered as an internal gate of the transistmauticle entering the detector creates
electron-hole pairs in the fully depleted silicon substrathe electrons are collected and stored in
the internal gate. The signal charge changes potentiakdhtharnal gate, resulting in a modulation
of the channel current of the transistor.

Low noise, even at room temperature, is obtained becausmpaeitance of the internal gate
is very small, much smaller than the capacitance of stankglodd pixel detectors of the same
pixel area. The pixel delivers a current signal which is tdugproportional to the number of
collected electrons in the internal gate. Signal electemnsell as electrons accumulated from bulk
leakage current must be removed from the internal gaterafseiout. This clearing is performed by
periodically applying a positive voltage pulse to a CLEARExt. For individual pixel structures
with full charge collection, the best noise value measueddisat room temperature isGlelectrons
(see Figure 2). This noise value is obtained witlu§8haping time and double correlated sampling.

In a real detector a single DEPFET pixel will be operated Hos:

e The DEPFET is switched off. In this state the transistor oomess almost no power, however,
the pixel is sensitive to ionizing particles. Electrons g@ted by ionisation in the depleted
bulk accumulate in the internal gate.

*Speaker.
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Figure 2: Fe®® spectrum obtained using a DEPFET single pixel. The rms rafi4e6 € is obtained from
the width of the pedestal, as shown in the insert.

e During a readout cycle a voltage (above the transistor tiotd} is applied to the external
gate, switching on the transistor. The source-drain ctinamposed of a pedestal current
defined by the external gate and a signal current, propaitimnthe charge in the internal
gate, is measured.

¢ Avoltage is applied to the clear contact, removing compjates signal charge in the internal
gate.

e Now the current is measured again, this time measuring tdegb&l current. In an external
readout circuit this pedestal is subtracted from the firatlirey, the difference giving the
signal.

e The external gate voltage is set back, switching off thesisdaor.
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Figure 3: Schematics of a DEPFET matrix. Drains reading the curremicannected column wise to a
readout chip. Gates and clears are connected row wise toh&withips. The switcher steps through the
rows while all pixels of a row are read in parallel.
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This sample-clear-sample cycle is planned to be as shofires ' a pixel detector the pixels
will be arranged in columns and rows (see Figure 3). All tistos drains of a column are connected
to one amplifier node. The gate contacts and clear contaztsoanected row wise, thus all pixels
in a row can be read and cleared in parallel. In order to reatheumatrix one row is switched on
and all pixels of this row are read (sample-clear-sampléegy parallel. Then this row is switched
off and the next row is read and so forth until all rows haverbead and the cycle starts again.

In 2004 the first prototype DEPFET matrices were producee. prbduction (dubbed PXD4)
was made on 450m thick high resistivity 6" FZ wafers. Double poly and doubietal technology
was introduced into the process line to build the complex BEEP matrices with FET and clear
gates and crossed contact lines. The largest matricesitd@#tax 128 pixels. The production
contained several variants, e.g. using different cleaicsires.

2. The Readout and Control ASIC

As explained in the previous section two ASIC chips are reamysto operate a DEPFET
matrix: Firstly a switcher chip which generates row wise tlotages needed to switch on the
transistor and activates the clear. Secondly a chip reaalibh¢he current signal of all columns in
parallel.

The SWITCHER chip is used to apply suited potentials for ewkgate and clear to the rows
of the matrix. One SWITCHER can provide two voltages for 6dratels. An on-chip sequencer is
used to connect the outputs to externally supplied voltageseans of simple analog multiplexers.
Using high voltage transistors voltages of up td/2&an be switched. The chip operates at the
required rate of 50 MHz. Several SWITCHER chips can be ddigyned.

Fast operation as required at the ILC was the major desigrfgahe CURO readout chip [8].
Therefore, signal processing (e.g. pedestal subtractignal storage and compare) on the chip is
done in a current-mode operation perfectly adapted to therusignal of the DEPFET device.
The chip performs correlated double sampling of the cuwahies measured before and after clear
suppressing the 1/f noise contribution of the sensor. Ti8&channel chip offers the possibility of
zero-suppression and sparse readout. All hits in a row anedf®y comparison to programmable
thresholds. The analog amplitudes and the digital hit patiee stored in a memory. The digital
hit pattern is scanned by a fast hit finder. The addressesdfith are stored in a RAM for later
readout, the corresponding analog amplitudes are mwédi¢éo off-chip ADCs. The CURO chip
has been fabricated using 2Bum process following radiation tolerant layout rules and $tidne
sufficient radiation tolerant for use at the ILC. The analag fdouble correlated sampling, current
comparison) has been tested up to a row rate dI22. The intrinsic noise contribution of the
sampling in the chip at this speed has been measured to b&.10his is in disagreement with the
calculated value (about a factor of two larger [8]). For thesent DEPFET devices with a charge
to current gain of up t@, ~ 400pA/electron this translates to a noise contribution of ENQ@50
electrons. This problem could be traced to a wrong layouhefGURQO'’s regulated cascode not
matched to the drain capacitances.
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Layer | Number of | Radius| Ladder length| width | readout time
ladders | (mm) (mm) (mm)
1 8 15.5 100 13 50 us
2 8 26.0 2x125 22 250 us
3 12 38.0 2x125 22 250 us
4 16 49.0 2x125 22 250 us
5 20 60.0 2x125 22 250 us

Table 1: Default geometrical parameters of the DEPFET based ILCaniertex detector.

3. Layout of a DEPFET System for ILC

In our present concept we plan to use eight sensor modulble intter layer, each 10 cm long
and 1.3 cm wide. These eight modules cover the innermostsaiil.5 cm with some overlap.
Each module has 512 pixels (pitch g&n) in R-p and 4096 along z. Readout is done from both
sides, each side serving 522048 pixels. Due to the readout of two rows in parallel thecffe
row number per half is 1024, with 1024 readout channels. \B@ths readout time per (double-)
row, a complete frame can be read ins@¢ and 20 readout cycles can be performed during a
bunch train of 1ms. In the outer layers background occupaiegs prominent and longer readout
times and hence longer module dimensions are possible. gig@s$ayout is described in Table 1,

a view of the inner layer is shown in Figure 4.

active DEPFET area
(=~ 50pm thick)

SWITCHER Steering chips

CURO Readout chips

Figure4: Artist's view of the innermost layer of the ILC vertex detectEight modules form the inner layer
(one module per ladder). Each module is read out at both emdiglfalf of a module is shown). Along the
module switcher chips control the gates and clears.

The module will be made out of one piece of silicon, thinnedb®pm in the active area
surrounded by a 45@m thick silicon frame to provide mechanical stiffness. A drational sag
of 20um was measured with sample module [9]. The thinned switchgyschill be arranged
along the module (on the thick frame) while the readout ASi€&son both module ends outside
the acceptance. The technology needed to produce suchnaedhinodule is described in [10].
Such a self supporting all silicon module would need no #altil support material. In addition
there is no CTE mismatch of different materials. Within tlieeptance of the vertex detector
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(Jcog@®)| < 0.96; £5 cm at R=1.5 cm) a material budget of 0.12% per ladder can biest
including switcher chips and gold bumps.

The DEPFET has the inherent advantage that only during ot sequence a pixel con-
sumes power. In between readout cycles power consumptadmist zero. The power consump-
tion of an active pixel is 500W (for a drain current of 10QtA and 5V drain-source voltage). In an
inner layer module % 1024 pixels (two double rows) are active simultaneouslgulteng in 1W
per ladder. The two switchers chips switching the activesroansume 550mW, the remaining idle
switcher chips 3& 10mW, this adds to 0.85W. This includes the power needed itolsthe gate
and clear capacitances. One channel of the readout chipro@ssSmW, hence the 2048 channels
total to 10.2W, the dominant contribution. Altogether aneénlayer module consumes about 12W.
The larger outer modules produce 21W per ladder. Hence thelete detector dissipates 1272W.
Assuming that most of the active electronics can be switdfid the pause between the bunches
the total power could be reduced by up to factor of 1/200. énnttost optimistic case the complete
detector could dissipate on average about 6.4W, suggettiigair cooling could be sufficient.
However, power switching has not been demonstrated yet aydnot be without problems. It
should be stressed that most of the power is dissipated atdkele ends, outside the acceptance,
where additional cooling structures are less critical.

4. Test Results

4.1 Laboratory Test

Noise values as low as 1.6 electrons have been measuredneth lILC like DEPFETS, albeit
at long integration times (10s). The noise depends on the integration tirrike

ENC= \/O,SZLZQ“E + 2mas o + qlLeald T (4.1)
95 T

The first term corresponds to the thermal noise of the DEPHET, & is a factor, appr. unity,
depending on the exact shaping of the amplifigyjs the transconductancgy the charge ampli-
fication, andkT the thermal energy. The second term is the 1/f noise (withoagas dependent
normalisation factoas, C;o; the effective capacitance) and the third term is the shatendile to the
DEPFET leakage currehtax accumulated during the frame readout tikle . Hence an increased
noise is expected at a bandwidth of 50 MHz as needed at IL®@n Eadculations and extrapolations
of the measurements obtained with long shaping times wecexpa the intrinsic noise is well be-
low 100 electrons at 50 MHz, dominated by the thermal noisgfotiunately problems running a
DEPFET/CURO system at high speed made it impossible to me#sa noise directly. Therefore
we used a single pixel with a high bandwidth amplifier (AD8@IB38129 transimpedance ampli-
fier with RC lowpass) to measure this intrinsic noise. Meedwas the full sample-clear-sample
mode, the noise values shown in Figure 5 are from fits to théwatithe pedestal distributions. At
full ILC speed the intrinsic noise of a DEPFET is still belo@ dlectrons.

In system tests and beam tests the best noise obtained wat2§0ns. As mentioned above
the CURO is not optimized for the large drain capacitancestther noise sources are pick up
(internally in the CURO and of external amplifiers).
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Figure5: Noise of a DEPFET structure as function of the bandwidthsefreadout node.

4.2 Radiation Hardness Tests

At ILC the vertex detector is exposed to radiation which doghmage the device. lonising
radiation {, charged particles) leads to the creation of positive oxidarges at th&iO, — Si
interface. In FET transistors this leads to a shift of theshold to negative values. In addition
interface traps can reduce the mobility and hence the toaisctance of the device. Bulk damage
by NIEL (non ionising energy loss) from neutrons and chaifggdions (to a lesser extend also from
electrons) leads to an increase of the bulk leakage curf@eteral irradiation tests with various
particles were performed. The results can be summarizgaing6):

e Gamma irradiations were performed up to a dose of 913 krad;hwéxceeds by far the
expected dose at ILG{150krad in five years). A shift of the threshold voltage~oflV was
observed which can be compensated. No other significartteffee observed.

e Neutron irradiations should lead only to bulk damage by NIEbr doses up to.2 x
10*n/cn? (1 MeV equivalent) no shift of the threshold voltage and mmiicant change of
the subthreshold slope could be observed. A slightly irsréanoise at higher temperatures
indicates additional shot noise due to higher leakage otare

e Proton irradiation (up to 3 10*?n/cn?, 1 MeV neutron equivalent) lead both kinds of dam-
age. Threshold voltage shifts of 5 V were observed and ardser of the subthreshold slope
indicates and increase of 1/f noisgy, is reduced by 15%. The bulk damage leads to an
increase of the shot noise which is proportional to the retime of a complete matrix.
For the planned readout cycle of ®the noise contribution would be 95 electrons. Cool-
ing to ’C reduces this to 22 electrons. However, it should be keptiidrthat the dose
corresponds to about 35 years of ILC operation.

4.3 Test Beam Results

During 2005-2006 beam tests were performed at DESY andda@ERN. Atthe DESY beam
test the main goals were a comparison of different DEPFE&gydifferent operational settings,
efficiency and purity studies, angular scans and an initiaitjpn resolution. One study made using
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Figure 6: Transistor characteristics (upper figure) and transcaadiae (lower figure) of DEPFETSs before
(solid lines) and after (dashed dotted linggyed), proton (green) and neutron (blue) irradiations.

DESY data was the dependence of the signal on the angle deimoe. Rotations around both the
X-axis (p) and the Y-axis §) were made, between 0 and®4@®t large angles, tracks traverse the
silicon underneath many pixels. Hence, the signal per pixeéry low. This allows the study of
charge generation in thin layers and the charge collectimttty underneath the DEPFET pixel
where the field lines are non-trivial. These studies are wepprtant for the tuning of the GEANT
simulation for the 50um thick DEPFETSs foreseen for ILC operation. The correspoodes
excellent. These data provide a basis for the GEANT4 sinaulaif thin sensors.

At DESY, the electron beam energy is limited to 6 GeV. Due tdtiple scattering and the
limited precision of the telescope used, the uncertaintghenpredicted position was limited to
about 5-6um, larger than the expected intrinsic resolution of a DEPB&Isor. At CERN a high
energy beam consisting of typically 180 GeRké could be used. To improve the precision on the
predicted position a telescope consisting of five DEPFETgdavas built. The middle DEPFET
is used as DUT while the others are used as telescope plahedhitlpositions are reconstructed
using ann-algorithm. The residual distributions are displayed imfeg7. This distributions are
still preliminary including tracking and (small) multipkxattering errors and give an upper bound
of the resolution. The RMS in direction with smaller pitcl2(2m) is 1.74um. In the other
dimension with 3gm pitch the RMS is 3.7@m. Due to the design of the DEPFET pixels potential
barriers between pixels are different in x and y, which caddount for most of the difference of
the resolution. Of course, this is for 4%0n thick sensors, the resolution of the Bt sensors will
be worse (lower S/N, less charge sharing).
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Figure7: Residual width for a 3622 um (XxY) DEPFET. The positions are reconstructed usingrthe
algorithm.

5. MC Simulations

Simulation and reconstruction software is the key ingnetdier the ILC detector optimisation
and performance studies. Software tools allowing to perfdetailed GEANT4 based modeling
of particle interactions in a ILC detector and realisticnsibdigitisation accounting for specific
properties of sensors are needed. To achieve this a detiksatiption of the DEPFET based
vertex detector has been implemented in Mokka [11]. The gdgnrelated parameters, namely
the number of layers, the number of ladders in each layergémenetrical parameters defining
support frames, electronics, cabling etc, and the lengitithvand thickness of the active silicon
wafers in each ladder are stored in a mySQL database. Théasiomuof particle interactions with
the material of the micro-vertex detector has been compiéedewith the detailed DEPFET sensor
response modeling implemented as a separate Marlin [12Uilm@dcounting for:

¢ fluctuation of energy loss along the patrticle trajectoryhinitthe active layer;
¢ diffusion of the released charge during its drift to the ection plane;

e Lorentz shift in the presence of the magnetic field;

e charge sharing across neighbouring pixels on the collegtiane;

e electronic noise effects.

The simulation code has been tuned and validated using DEBE&M test data taken at DESY
in fall 2005. The validated software is used to study thegrerbince of the DEPFET based ILC
micro-vertex detector in terms of single point and impacap@eter resolutions. Figure 8 demon-
strates the single point resolutionrin- @ as a function of the track polar angle for different thick-
nesses of the active sensor and pixel size. The noise is adstinbe 100 electrons, the silicon
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thickness to 5qum corresponding to a S/N of 40:1 (for comparison simulatieite 75 um thick
silicon were done as well). Dead material like the reinfareat frames and ASIC chips and beam
pipe is implemented. The— @ impact parameter resolution as a function of particle mdoman
for normally incident tracks is also shown in Figure 8. The @ impact parameter resolution is
well described by the relation

o(IP—y) =a® m,
wherep and 6 are particle momentum and polar angle, respectively. Tietaat term is found
to bea ~ 4.5 um independent of the active silicon wafer thickness and diphellscattering term
b =8.7(9.4)um for the thickness of active silicon wafer of 50(7%n. Thus, the DEPFET based
vertex detector is expected to meet ILC requiremeats bum, b < 10um-GeV) [1]. It is worth-
while mentioning that the thicker silicon results in an itoyed point resolution due to a better
S/N. However, the impact parameter resolution gets slightirse due to multiple scattering. The
simulations were done assuming a 4T magnetic field.

At the ILC, the micro-vertex detector will operate in sevbeam background conditions. The
primary source of the background are beamstrahlung phattish produce e~ pairs hitting
the vertex detector. Recent Monte Carlo studies showedrtlibé innermost layers of the vertex
detector one should expect several hundred backgroungditdunch crossing [2]. The total
amount of accumulated background strongly depends on #duoue speed. For the nominal set
of the ILC machine parameters the expected number of baghkdrbits in the vertex detector per
bunch crossing is about 400 in the inner layer. The impactafirinduced backgrounds on the
pattern recognition performance is quantified using a eefeg sample of the — 6 — jetsat the
centre of mass energy of 500GeV. Simulations have been ditheuvbackground (scenario 1) or
superimposing background hits corresponding to 75 (ste@arcorresponding to 2hsecframe
readout time) and 150 (scenario 3, corresponding tqu8s€cframe readout time) interactions.
Figure 9 shows the fake track rate and the track finding efftgieas a function of the transverse
track momentum. The study emphasizes the importance ohfpavidevice with high readout
speed, which would allow to minimize effects of beam-indlbackground. It should be noted
at this point that this is not DEPFET specific and applies gotanhnology employed for the ILC
vertex detector.

6. New Developments

6.1 PXD5 Pixel Production

A new production of DEPFET matrices, dubbed PXD5, started0@6. After the proof of
principle of the newly developed DEPFET technology in thstfitetector production PXD4 the
first goal of PXD5 is to reproduce these features e.g. r@iffainsistor operation, radiation hard-
ness, internal amplification, selective access within aayagtc. In addition some parameters and
dimensions are extended to values more relevant for ILGyd.&12x 512 matrices address al-
ready the inner layer geometry of the ILC vertex detectod&Wormat detectors with 1024 readout
channelsx 256 switcher channels (array size = 16:382.29 mn?) are implemented to study the
influence of long access lines (Gate, Clear) on the readaédspFor the other dimension very
long arrays with 256 readout channelsl024 switcher channels (array size = 3:0749.15 mn%)

10
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are designed to measure the effect of the matrix input loati@readout chip. The pixel sizes vary
from 32 x24 um? (as in PXD4), over 2424 un¥ (base line) to 20x2Qm? (technology limit).
Since the main noise contribution still comes from fast cedicklectronics an increase of the in-
ternal DEPFET amplificatiogy transforms directly into S/N. The DEPFET offers a large iscal
potential. As illustrated in Figure 16, can be easily doubled by reducing the channel length from
currently used 4.5tm to 2 um. This range will be investigated on test structures andlsammays.

PXD5 will be produced on high resistivity 6" FZ wafers of 4h0n thickness. Production
finished in Summer 2007.

6.2 The New Switcher Chip

The existing Switcher can deliver high voltages (up to 25Vjhe expense of high power
consumption. The HV-CMOS process used is know to be nottiadidard, indeed, the device
stops working after 30 krad. This choice was needed for thg peototype matrices when espe-
cially clear voltages needed for a complete clear were notvkrexactly. Now it is confirmed that
maximally 10V are needed for a complete clear. Hence a netelsarichip (Switcher Ill) was de-

11
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veloped. Itis a 128 channel chip in a radiation hard (&% design. It can switch up to 10V with
4ns settling time. Compared to the previous chip its areadsaed, it needs less control signals
and is prepared for bump bonding. The switching voltagesOdf is achieved by chaining three
transistors, each switching maximally 3.3V [13]. The chiil fit well on the reinforcement frame
of the DEPFET sensor. Test chips have been submitted antidoality and radiation hardness
(up to 600 krad) has already been demonstrated [13]. A ptimfuof complete chips has been
submitted.

6.3 TheDCD1 Readout Chip

A new readout chip DCD1 (Drain Current Digitizer) has beevelleped which will overcome
the shortcomings of the CURO which was designed for smaltioest with low capacitance. In
order to operate full size matrices the regulated cascoslbden optimized for larger capacitances
(about 40-50 pF for 5¢cm long columns). From simulations a@aif 34nA at 50pF is expected.
An 8 bit, 16 MHz ADC is added to each channel. Data are sent ahbut O-suppression. In test
systems O-suppression can be emulated using a FPGA. Thigivéla higher flexibility testing
different O-suppression and clustering algorithms. Pawessumption should be 5mW per chan-
nel. The chip will be made in a potentially rad hard UMC Qui8 technology and will read 144
channels. The connection to the DEPFET is done using an 8&rray for bump bonding match-
ing an fan-out structure integrated on the DEPFET sensae. witith of the chip is only 1.5mm,
much smaller than the 1.8mm required for 144 lines of 1% pitch. Hence all chips servicing
a DEPFET can be arranged in one row without staggering. AlstBathannel test chip has been
submitted in March 2007.

7. Conclusions

Using DEPFET pixel sensors it should be possible to construertex detector which fulfills
the challenging requirements of ILC. Low noise, large sigrtahigh readout speed have been
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demonstrated with prototype detectors. The sensors diieisnfly radiation hard for ILC. Test
beam measurements have shown very good spatial resolit&iailed Monte Carlo studies show
that the impact parameter resolution needed at ILC can loheda
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