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Abstract

Silicon sensors developed within the EUDET project and FCAL collaboration are described. They will be used to build a prototype of LumiCal, an electromagnetic silicon-tungsten luminosity calorimeter that will be in the future international linear collider (ILC).  This report describes the design of the sensors, their production by Hamamatsu Photonics, and laboratory measurements of their parameters. In the near future they will be incorporated into a test system that will be placed in a GeV-range electron beam. The completion of these sensors is one of the designated EUDET tasks for forward calorimetry, in the JRA3 work package.
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1  Introduction

The concepts of the main detectors for the future linear collider ILC [1] were presented recently in Letters of Intent and submitted to the International Detector Advisory Group (IDAG), which validated two detectors: ILD [2] and SID[3]. In these detectors, the very forward region around the beam pipe is a particularly challenging area for instrumentation.

The manifold R&D studies of the forward detectors within the FCAL [4] Collaboration and EUDET [5]  project have already been performed. Many of  these results  are generic and can also be applied to detectors designed for the CLIC [6] linear collider. One of the forward detectors, LumiCal [7],  will supply  high-precision luminosity measurements that are required by the physics program at these accelerators (better than 10-3 for ILC and 10-2 for CLIC for relative error). It will also allow us to extend a calorimetric coverage mainly for electrons and photons to small polar angles,  from 32 to 76 mrad.  In the ILD framework, the complete  LumiCal detector consists of two tungsten-silicon calorimeters placed symmetrically on both sides of the interaction point at a distance of  2.5 m. This is necessary for  the luminosity measurement, which is based on a counting rate of  the e+e-  Bhabha scattering  process [4,8]. High accuracy in luminosity requires precise measurement of  the polar angles of the secondary Bhabha electrons (positrons), which will  create showers  in calorimeters. This precision can be attained by using finely-segmented silicon sensors and  high-precision mechanical construction [9].  This report describes the characteristics of the silicon sensors produced by Hamamatsu, along with the  first measurements of their properties.  These sensors will be used in the test beam measurements of the LumiCal prototype.

2  The  luminosiy  calorimeter prototype  

The results of R&D studies on luminosity detector optimization have allowed us to design the LumiCal prototype. It will be an electromagnetic calorimeter with 30 layers of tungsten absorber plates interleaved with layers of silicon sensors.

Figure 1 shows the design of this prototype. The thickness of the tungsten layer is 3.5 mm,  which corresponds to one radiation length (1X0).  The sensor plane thickness is 0.32 mm. The silicon plane is segmented into sensor pad: each plane is divided into 64 pads (in the polar angle) and 48 sectors (in the azimuthal angle). The active area  corresponding to this sensor plane structure extends from 80 mm (inner radius) to 195.2 mm (outer radius) along the detector radius. The front-end electronics of the silicon sensors  will be located on an aluminum ring outside  the  silicon sensors.    
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Figure 1.  The prototype design of the LumiCal calorimeter. The green color represents silicon sensors active area and violet represents tungsten absorber planes. 

Reference marks are foreseen on the detector surface for precision positioning. The layout of the sensors and the mechanical design of the calorimeter does not allow the sensors to overlap. To reduce  the impact of the gaps, odd and even planes are rotated by 3.75°, half a sector width.

3  The choice of sensor type

The sensor type choice is the result of a compromise between needs and costs. One should also keep in mind that simpler solutions in construction and technology are cheaper and more reliable. Additionally, the final decision may be postponed until there is an opportunity  to compare results from different silicon sensor producers.  The experimental  expectations and constraints for the luminosity detector determined the shape and structure of the pads in our silicon detectors. What was crucial was the choice  between  DC (direct current)  or AC (alternating current) coupling with read-out electronics. AC coupling gives a better S/N (signal to noise) ratio, but requires additional masks and technological steps. It makes this solution much more expensive than DC coupling. On the other hand, modern technology provides p-n junctions with leakage currents of few nA from 1 cm² x 300 microns diode. Such small current values should give reasonable value of S/N for our purposes. 

In addition, at the design step,  we looked at several other sensor properties related to:

· Si bulk material: should be n-  type, because p+ implants in n material form isolated regions.  Contrary to this, n+  implants in p material are connected via layer of electrons accumulated in Si at Si/SiO2  interface. This kind of structure requires additional separation of n+  regions by means of p-stops or field-plates, which is very expensive;

· Resistivity of Si bulk: as high as possible, because it results in a smaller value of depletion voltage and hence  smaller power dissipation in sensor;

· Carrier lifetimes in Si bulk: as high as possible, because it results in a smaller value of leakage current  leading to  better S/N  ratio;

· Sensor thickness: as small as possible, because it results in a smaller value of depletion voltage and higher value of electric field inside the sensor at a given voltage. This supply a better charge collection. It also means a smaller amount of material for traversing particles and allows us to exploit limited space in the experiment for other purposes.

 Silicon 6-inch wafers which are  typically of  500 – 700 microns in  thickness, were thinned on our demand to 320 microns. 

4  Design  of  silicon  sensor detectors 

The details of  the design of the silicon sensors prototype for LumiCal can be found in [9].  The  final granularity of the silicon pads is a  result  of Monte Carlo studies, knowledge of available silicon sensor technology, requirements from front-end electronics, the expected cost and number of the readout channels needed to give the required accuracy in electromagnetic shower reconstruction (a function of sensor granularity in polar and azimuthal angles), as well as remarks and suggestions from Hamamatsu experts for the final design of the sensor masks.  The complete internal structure of one LumiCal calorimeter will require 60 half planes of  silicon sensors (contained in 30 basic  modules).  One of  them is shown in Fig. 2, as an example. The sensor plane will be built from a few tiles in the technology  based on 6-inch wafers. The tiles of the silicon sensors will be glued to a thin Kapton foil placed directly on a tungsten surface for electrical insulation. 
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Figure  2.  The half  plane of  the basic silicon sensors plane  which is proposed  for  LumiCal prototype.  

For  test beam measurements, a  detailed design of  4 sectors (in azimuthal angle)  with 64 rings (radially)  was done.  Figure 3 shows such a sample of  silicon sensors in detail,  in which the mask was ordered from Hamamatsu.  The final silicon sensors corresponding to these four sectors were produced by  Hamamatsu during the following four months on the basis of this mask. To cover one basic module of  a LumiCal prototype, 12 such pieces with 3072 pads in total  are needed.
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Fig. 3. The proposed  granularity of the pads in  4 sectors piece of silicon detectors

produced by Hamamatsu.

The mechanical gap (clearance) between every two tiles is foreseen to be 0.1 mm as shown in Fig. 4. Also taking into account the guard rings, which are 0.6 mm wide, and a roughly 0.6 mm clearance for wafer cutting, the inactive gap between the tiles has a width of ~2.5 mm. This gap width has to be taken into consideration in the MC simulations. The azimuthal gaps are staggered by rotation for odd and even layers of the detector.
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Fig. 4. The details of the internal structure between tiles.

5   Hamamatsu silicon sensors

The silicon sensors under the EUDET-Pad –Detector Project, produced by Hamamatsu, have the following basic parameters:

  n-type silicon, p+ strips, n+ backplane

  crystal  orientation <100>

  320 m  thickness   15 m

  pad pitch  1.8 mm 

  pad p+ width 1.6 mm

  pad Al metallization width 1.7 mm

  3 guard rings and an additional wider guard ring restrict the leakage current from active sensor area by insulating the active sensor area from the edge of the sensor. It  can improve uniformity  of the electric field at the edge of active area of  sensor.

In  total, Hamamatsu produced 40  such detectors: 20 for  IFJ PAN Cracow, 10 for DESY Zeuthen and 10 for Tel Aviv University.  

Figure 5 shows the Hamamatsu description of  the sensors shipped to Cracow. 
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Figure 5.   The description of the Hamamatsu silicon detectors, for sensors shipped to Cracow.    

6  Testing of Hamamatsu sensors in Cracow

Measurements of silicon sensors provided by Hamamatsu were performed at IFJ PAN and AGH-UST using two kinds of probe stations: one for visual inspection only  and the other for the measurements of the electric properties of the sensors.

From 20 sensors available in Cracow, 4 of them have been randomly chosen for measurements. 

Visual inspection

An Alessi probe station used for visual inspection only is shown in Fig. 6 left. This device has a camera installed on a microscope, which allows us to view the picture of the investigated sensor on the monitor screen. An powered table allows for X,Y movements in steps of 1 micron. Hence, it is possible to measure the details on the sensor surface (Fig. 7) and the position of markers for precision alignment. We did not find any drawbacks during visual inspection of chosen sensors. All measured dimensions were within specification. 
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Figure 6.  Left: Probe station for visual inspection;  Right: Probe station for measurements.
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Typical example of C-V measurements on Hamamatsu detectors.
The measurement in figure was taken on pad L263 of detector 25.

Signal frequency f=1MHz, signal amplitude Um = 100mV, step =2V.
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Figure 7 shows  the observed  internal structure of the checked silicon sensor. The multi internal 3 guard-ring system and guard ring at the edge of  pad are seen.

Figure 7.  Left: Fragment of region between pad (upper part) and most inner guard-ring; 

Right: Corner fragment of multi guard-ring structure. 

Hamamatsu data sheet

Figures 8 and 9 present the results of measurements of the silicon detectors, delivered by Hamamatsu with the sensors in the form of tables. The first one shows values of innermost guard-ring current at U = 200V. As can be seen, all values are well below the specified value of 3000 nA. The second figure presents the distribution of  the current Ipad for pads measured at U = 200V. 
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The voltages on pad 64L2 and most inner guard-ring were applied simultaneously.

One can see that in region 40 — 70V, current division between pad and guard ring is disturbed.
It is result of specific geometry of electric field in boundary region — pad 64L2 has relatively
long ,,common boundary” with guard ring — about 28 mm!

That is why the effect is clearly visible. Next slide presents pad 63L2 with ,,common
boundary” of about 2 mm - the effect is not so strong.



     Figure 8. Values of Igr[200V] at innermost guard-ring . They were taken from data sheet.
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Figure 9.  Distribution of Ipad[200V] on sensor 25 taken from Hamamatsu data sheet.

C-V measurements

The next measurements of electrical behavior of the sensors were done in a ‘black box’ using an Alessi probe station. The ‘black box’ allows us to perform measurements in darkness and also screens the device from EMI. To check the results, two independent sets of measurements were done, one with GPIB controlled automatic data transfer to the computer, and the second  with an old style HP multimeter.
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The Alessi probe station seen in Fig. 6 right was used for electrical tests of sensors. C-V curves were taken with a Hewlett-Packard LCR-meter. All capacitance measurements were performed with a signal amplitude U = 100 mV and signal frequency f = 1 MHz. The voltage step on pad during tests was 2V. Figure 10 presents typical C-V curve, taken on pad L2-63 of sensor 25. It should be mentioned that values of capacitance measured in our lab are almost identical to those taken for respective pad at DESY lab [9].  

Figure 10. Typical example of C-V plot, for  pad L2-63, sensor 25. 
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Figure 11. Plot C-U taken on pad L2-64 of sensor 25 transformed next into plot 1/C² –U.

Figure 11 shows plot 1/C² versus voltage U. For voltages which are small in comparison with Udepletion      the p+ - n junction of pad may be treated as a step junction. The capacitance of such a junction can be described with a well known relationship [10,11]:   1/C² = A(U - Ψ)N,   where C is the capacitance, U is the voltage, A is a geometrical and material factor, N is the donor concentration in bulk Si and Ψ is the diffusion potential (0.7 V).

One can use the slope of a linear fit to estimate the value of N:  N ~ 7 x 10¹¹ /cm³ and hence the silicon bulk resistivity is in the range  6 – 8 kΩcm. 

In addition, Fig. 11  allows also to estimate the value of the depletion voltage which was found to be in the range of  30 – 60V. The estimated values of Si resistivity and depletion voltage fulfill our specification. 

I-V measurements

The measurements were done on sensors 25 and 26 using  an Agilent Multichannel Analyzer. A standard setup was used: one grounded needle on the most inner guard-ring and the second on chosen pad. A voltage varying from 0 to 200V was applied to the backplane of sensor. 200 V was the maximum voltage, according to specifications. There is no need to apply higher voltages, because  3 Udepletion  < 200V , which is satisfactory. Higher voltage could damage he sensor by causing irreversible  breakdown of pad diode. 

The I-V curves were similar for both sensors for respective pads. The measured values of Igr and Ipad were slightly smaller than values reported in Hamamatsu data sheet. 
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Figure 12. The I-V curve obtained from measurement  for L2-64 pad of sensor 25.

[image: image15.jpg]chipNo.

Number of NGCh

25
26
27
29
36
42
50
51
52
53
55
56
of
58
59
60
61
62
63
64

O, 0000000000000~ 0

NGch
L2-49 Leaky A ¢ 64
L1-29 Leaky
L1-29 Leaky
ch 1
L2-44 Leaky



The disturbed current division between pad and guard-ring, can be seen in Figs. 12 and 13.

Figure 13. The I-V curve taken on L2-63 pad of sensor 25.

This effect was observed in the region of U = 40-80V for all measured pads. It is especially strong for pads which are next to the inner guard ring. In Fig. 6,  pad L2-64 has a “common boundary” with the guard-ring of about 28 mm. In Fig. 13,  for pad L2-63, this value is only ~ 2 mm. As will be stated in the Conclusions, the origin of the peak in I-V curves will be the subject of our next investigations and measurements. We also want to outline that this effect does not affect the sensors' quality and abilities.  

At this moment, we can only make some speculations on the observed effect. It seems that the “punch-through” effect, the biasing of floating adjacent pads and guard-rings, plays a crucial role in sensor behavior (in our measurement setup). 

The “punch-through” effect has been known since 1975 [12].It is sometimes used in strip detectors as the method of strip biasing [13]. The bias line in the form of implants at the ends of strips biases floating strips at a certain voltage through short gaps. Sometimes, these  gaps are covered with metal gate, whose potential controls the value of punch-through voltage (FOXFET biasing [13]).  This method is cheaper than the use of polysilicon resistors.

Let us now have a closer look at the region between inner guard-ring and adjacent pads. Al metalization of pad overlaps 50 microns over the p+ implantation. There are 200 microns of distance between p+ implants of pads. But the distance between p+ regions of pads and the inner guard-ring p+ implant is smaller, 155 microns. Al metalization of the inner guard-ring overlaps only 5 microns with the p+  implant “ring” on the inner side. These values were measured on a moving table at the probe station. The situation can be clearly seen in Fig. 7 left.

One can expect that in our setup the inner guard-ring plays the role of bias line in punch-through biasing of adjacent 128+4 pads in regions L2 and R2. The value of Upunch-through  should be close to the value of  Udepletion.  The next guard-ring should be also biased by punch-through at lower voltage, because of shorter distance, only 120 microns. At higher voltages, pads in regions L1 and R1 should be biased via pads in regions L2 and R2.

In our setup one of the pads is also biased directly by a needle contact. It makes the situation more complicated. It seems to be difficult to explain the shape of I-V curve without  3-dimensional simulation package.

The considerations presented in this subsection concern measurements performed without the grounding of adjacent pads. The figure below presents pad currents in circumstances close to the real working conditions of the sensor. The plots were taken at DESY [10].
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Figure 14.  I-V plots for various measurement setup's [10]. (Courtesy of W. Lohmann, DESY)

In the near future  similar measurements like those shown in Fig. 14 will also be performed in our laboratory.

7  Future test beam measurement

Once the laboratory test measurements are completed, Hamamatsu sensors will be used to build the LumiCal prototype and put it un several  test beam facilities. In the first approach, 10 or more  pieces (each with four sectors produced by Hamamatsu), of silicon sensors will be used in the creation of  a LumiCal prototype, where they  will be located together with tunsten layers nside the flexible, precisely made mechanical frame. This is illustrated in 
Fig. 15 [15].
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Figure 15.  The scheme of the prototype for LumiCal calorimetric  structure  with  silicon sensors, front-end electronics and  tungsten layers as proposed  for test beam measurements.

The main goal will be a test of  the quality of the electromagnetic shower reconstruction in such a calorimeter prototype as well as tests of  alignment  system  prepared for the prototype.

In other proposed  test  beam measurements, a complete module with the final expected structure for the LumiCal prototype will be tested with respect to readout electronics and the accuracy  of shower  reconstruction conducted with the use of  the different thickness of tungsten absorber puted before the modul.  The  modul alone will contain a full ring of silicon sensors (12 pieces of Hamamatsu sensors) and a tungsten layer with 1 X0 thick.  The full ring of silicon sensors in the basic modul of  the prototype is illustrated in Fig.16, together with proposed fan out for connections between silicon pads and  front-end electronics.
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Figure 16.  The  basic modul for final LumiCal prototype.  It will contain the 1 X0  tungsten layer, the plane of silicon sensors together with front-end electronics and fan-out. The shape  of the silicon sensors received from Hamamatsu, which are available now, is marked in yellow.  

8  Conclusions

In  2009  the EUDET and FCAL Collaboration partners collaborating on the luminosity detector prototype received  forty  pieces of  silicon sensors  from Hamamatsu Photonics.  These sensors were distributed between three institutions: IFJ PAN(in Poland), (DESY-Zeuthen (in Germany) and Tel Aviv University (in Israel). The first measurements of the properties of these sensors have been performed in Cracow, Zeuthen and Tel Aviv laboratories,  and the results from different laboratories were comparable. In  Cracow  the sensors measurements were done on randomly chosen detectors (out of 20 available). The measured electric characteristics were within the specification given by Hamamatsu. In particular, these results confirm the good quality of the obtained silicon sensors:

· C-V measurements indicate that the Si material used by Hamamatsu has very high

      resistivity, which results in a relatively low value of depletion voltage.

· Low values of currents in I –V test measurements prove that minority carriers lifetime

            in Si is long (over 1 ms) indicating the high quality of Si used material.

The  results of  the visual inspection of the sensors, good uniformity in measurements from pad to pad  of the current values, non degraded value of minority carriers lifetime and small values of pad currents at U > 3 Udepletion  confirm an excellent technological process used by the sensor producer.  All these kinds of  measurements,  together with those for  grounded adjacent pads,  will be continued. 
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