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The upgraded DØ detector at the Tevatron collider will use about 100 000 pixels of Visible Light Photon Counters (VLPCs) readout for its scintillating fiber tracker and preshower detectors. VLPCs are solid-state photodetectors that are operated at the temperature of a few degrees Kelvin, capable of detecting single photons. All VLPC chips were characterized in the presence of a 20 MHz background of photoelectrons. The acceptance rate was 87%. The operating bias ranges from 5.8 V to 8.0 V, the gain from 20 000 to 60 000, and the threshold from 5 fC to 15 fC. All 8 pixels belonging to one chip have very similar efficiencies, thresholds and gains.

1. Introduction

Three major subsystems for the upgraded DØ detector1 at the Tevatron collider (the scintillating fiber tracker, the central preshower, and the forward preshower detectors) will be read out by Visible Light Photon Counters (VLPCs).  VLPCs are solid state photodetectors that are manufactured by Boeing. The scintillating fiber tracker contains 76 800 scintillating fibers, either 2.5m or 1.7m long, arranged into axial and 3 degree stereo doublet layers on 8 coaxial carbon fiber cylinders. Light, produced in a fiber by ionizing particles, propagates through clear fiber (between 8 and 11m long)  terminating directly in front of a VLPC pixel. The preshower detectors contain 19 968 scintillating strips of triangular cross-section with wavelength shifting fiber inserted in each strip to propagate the light to a clear fiber and a VLPC pixel. In total there are 96 768 VLPC pixels in the detector.

VLPCs are solid state photodetectors, originally invented at Rockwell International (the first devices were sensitive into the infra-red region and were called Solid State Photo-Multipliers or SSPMs2), and presently developed and manufactured by Boeing3. Their unique features are high quantum efficiency for photon detection (about 80%), high gain (about 40 000 electrons per converted photon), low gain dispersion, and the capability of working in a high background radiation environment. They must be cooled to a few degrees Kelvin.

 The operation of VLPCs2 is based on the phenomenon of Impurity Band Conduction, occurring when a semiconductor is heavily doped with shallow donors or acceptors. The impurity atoms are then so close together that the electrical transport may occur by charges hopping from impurity site to impurity site. In the VLPCs produced for DØ, an impurity band about 0.05 eV below the conduction band is formed by heavily doping silicon with arsenic atoms.  In comparison, the normal valence band in silicon is 1.12 eV below the conduction band. The 1.12 eV gap is used to absorb photons, while the 0.05 eV gap is used to create an electron-D+ avalanche multiplication.  Because this gap is relatively small, the field needed to create an electron avalanche is low.

The VLPCs are fabricated on a silicon wafer, highly doped with antimony that serves as a common cathode, on which a series of layers are grown by vapor-phase epitaxy. The active VLPC structure is a Doped Silicon Layer, heavily doped with arsenic donor atoms and lightly doped with acceptor boron atoms.  The arsenic atoms form an impurity band in which conduction occurs even at the deep-cryogenic VLPC temperature (when intrinsic carriers are frozen out) and the boron atoms shape the electric field.  Both layers are then topped with an undoped silicon layer. When a bias voltage is applied across the device, the electric field in the Doped Silicon Layer divides into a linear field region (the Gain Region) and a constant field region (the Drift Region).  The Drift Region can be considered as an internal resistor4 in series with an ideal VLPC-see Fig. 1.

The VLPC chips used in the DØ detector and presented in this paper are sixth-generation VLPCs, also known as HISTE–VI (High-Resolution Scintillating Fiber Tracker Experiment), which were designed for high gain and high quantum efficiency. A HISTE-VI chip consists of eight pixels arranged in a 2x4 array, with each pixel a 1mm diameter circle. The chips were manufactured on 3.5” diameter wafers (176 chips/wafer). Twelve different loadings of the reactor, each containing 21 wafers, were necessary to fabricate all the chips needed for our detector. More details on VLPC fabrication can be found in ref. 5.

2. Performance of VLPCs in a High Rate Background Environment 

VLPCs in the DØ detector will see a high rate of background counts. We estimate that during the upcoming Run II of the Fermilab Tevatron (when the luminosity is expected to reach 2x1032cm-2s-1 ), the VLPCs that read out fibers closest to the beam will count photoelectrons at a rate of 10 MHz, whereas the ones attached to the outermost fibers will see a rate of about 2.5 MHz. Our pilot study6 showed that at such background rates the degradation of the VLPCs is minimal if the bias voltage is set higher than the bias at no background and if they are at the rather elevated temperature of about 9 K.  In contrast, temperatures below 7 K are typical for no background.

The need to increase the bias voltage and temperature is due to an increased voltage drop in the drift region caused by the additional current of D+ carriers (impurity-band holes) generated by background photons4. This voltage increase is generated at the expense of the field in the gain region (obviously the integral of the field is equal to the applied bias voltage). Thus one can say that the background counts cause an effective debiasing of the VLPC. By applying a higher external bias we restore the field in the gain region.  The debiasing effect is smaller at higher temperatures because of the lower resistivity of the Drift Region. By increasing the bias voltage we recover the quantum efficiency and gain6, however at the expense of a higher rate of dark counts. We illustrate this in Fig. 2 where we show the threshold for 50 kHz dark counts’ rate versus light yield for a group of chips from the production cycle called “lot 739”. The data were taken at three different levels of background: 1.5 MHz of background photoelectrons (top), 40 MHz (middle), and 90 MHz (bottom). The bias was set to 6.1 V, 6.7 V and 7.0 V, increasing with the background rate in order to compensate for the debiasing effect. We see that the light yield is similar for all plots, ranging from about 5-9 pe. However, the threshold for a constant rate of dark counts of 50 kHz, ranges from 0.25-1.0 pe at the lowest background and increases to 1.25-2.0 pe for the 90 MHz background. To improve the immunity to background counts would require that one redesigns the VLPC chips, perhaps by lowering the resistivity of the drift region4 which would decrease the magnitude of the debiasing effect.

3. Characterization Procedure and Results

The experimental procedure for the characterization of chips is similar to the one used in the pilot study6. The cryostat, described in the ref. 5, houses 14 VLPCs under test and one reference VLPC, all cooled to a temperature of 9 K. Two orange LEDs, fired independently with 15 ns wide voltage pulses, illuminate the VLPCs. The signals from the VLPCs are amplified in QPA027 preamplifiers, and integrated in LeCroy ADCs. The voltage which fires the LED is adjusted in such a way that each LED generates 2 photoelectrons in the reference VLPC while being pulsed at a low frequency of about 500 Hz.  Concurrently the frequency of the other LED is increased to 10 MHz thus generating 20 MHz of “background” photoelectrons.  The pulse induced in each VLPC pixel by the second “signal” LED, firing still at low frequency, is analyzed, and serves as the basis for the characterization. An example of the pulse height distribution is shown in Fig. 3. The fit of a sum of four gaussian functions to the pulse height distribution provides the gain of the VLPC and the number of detected photons. The gain is proportional to the distance between the photo-peaks, whereas the number of photoelectrons, Npe , is equal to the ratio of the average of the pulse height distribution (corrected for the dark count contribution) to the gain. The expected number of photoelectrons, NMIP, from a minimum ionizing particle (MIP) in the scintillating fiber tracker, is equal to 9(Npe /2. This is based on a cosmic ray test8 where we have observed 9 photo-electrons from MIPs in the prototype of the DØ scintillating fiber tracker and 2 is the number of photo-electrons induced by the LED in this test setup in the reference VLPC chip. To calculate the expected efficiency we must determine the threshold that must be set on the VLPC in order to reduce the dark counts’ rate to an acceptable level. This is accomplished based on the pulse height spectrum measured with the signal LED turned off. The threshold is the pulse height at which the dark count rate is 50 kHz (this will result in our experiment in a random noise rate of 0.35%, whereas simulation studies of pattern recognition allow for 1% of random noise). Efficiency is the probability that the signal, which is assumed to have a Poisson distribution with mean, NMIP, is greater than the threshold. 

Data were taken at several values of the bias voltage in steps of 0.2 V.  The photoelectron background of 20 MHz was always present. Gain, NMIP, threshold and efficiency were calculated for each pixel at each bias voltage, and stored in a database. The operating bias of the chip is defined as the bias at which the average of the pixels’ efficiency is a maximum. The chip is accepted if at the operating voltage the efficiency of each pixel is higher than 0.99 and the gains of all the pixels are similar.  (The average of the six pixels with the highest gain is calculated.  If any of the pixels have a gain that is less than 80% of the average, then the voltage is considered unacceptable for the chip.) 

The above procedure was used to test 17 845 chips. The only selection preceding this test was a visual inspection for obvious flaws.  15 529 chips were accepted which results in a yield of 87%. Below we present the data characterizing the chips that were accepted. In all plots, the results are entered after first being averaged over all pixels within a chip.  In Fig. 4 we show the distribution of efficiencies. All of the chips have an efficiency much higher than the required minimum of 0.99.  In Fig. 5, we present the distribution of operating voltage, which ranges from 5.8 V to 8.0 V. In our experiment, groups of 8 chips are biased by one DAC, so chips must be sorted to accommodate this constraint. In Fig. 6, the gains of the chips are plotted.  They form a broad distribution, ranging from 20 000 to 60 000 electrons. However, within one chip, the gains of the pixels are nearly identical, with a gain dispersion of about 1.5%. This result is presented in Fig. 7, where the RMS of the gain within the chips are plotted. The distribution of thresholds for a 50 kHz dark count rate is shown in Fig. 8.  They extend from 1.2-1.8 pe and again the spread within one chip is small, a result supported in Fig. 9. The thresholds expressed in fC are presented in Fig. 10. They range from 5-15 fC.  Chips must be sorted to accommodate the electronics requirement of single threshold for 8 VLPC chips.

In conclusion, we find that the large scale production of VLPCs resulted in chips which had the properties expected from the small scale pilot study. The yield of 87% is higher than anticipated. Although the chips were characterized at the facility at Boeing, we were accessing the data remotely from our PCs each day. This enabled us to closely monitor the data and to provide feedback to the testing team. Chips will have to be sorted because of the spread in the operating bias voltage and threshold.  With our electronics this is feasible, but it will require careful book-keeping. We find that all 8 pixels belonging to one chip have nearly identical efficiencies, thresholds, and gains, a feature which establishes the viability of an 8-pixel VLPC array. For running the experiment, we will have to adjust the operating voltage and threshold differently from the values determined in the characterization in order to take into account the variation in the background rate seen by various VLPC chips. This task will require taking calibration runs and significant book-keeping. 
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Figure Captions

 1. Electric field profile in a VLPC.

 2. Correlation between threshold and light yield at various background rates.

 3. Typical pulse height distribution with the "signal" LED on and off.

 4. Distribution of single-fiber, single-MIP efficiencies expected in the DØ detector.

 5. Distribution of operating voltages for passed chips.

 6. Gain distribution for passed chips.

 7. Distribution of RMS' of VLPC gain in units of percentage of  gain. The RMS is of the 8 pixels in a chip.

 8. Distribution of thresholds in units of photoelectrons.

 9. Distribution of RMS' of VLPC threshold  in units of photoelectrons. The RMS is of the 8 pixels in a chip.

10. Distribution of thresholds in units of fC.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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FIGURE 4.
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FIGURE 5.
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FIGURE 6.


FIGURE 7.


FIGURE 8.
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FIGURE 10.







Drift Region





Gain Region








Doped Silicon Layer





Undoped Silicon Blocking Layer





E field











( Presenting author.





