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Abstract – Silicon detectors with a three-dimensional architecture, in which the n and p electrodes penetrate through the entire substrate, have been successfully fabricated.  The electrodes can be separated from each other by distances that are less than the substrate thickness, allowing short collection paths, low depletion voltages, and large current signals from rapid charge collection.  While no special hardening steps were taken in this initial fabrication run, these features of 3-D architectures produce an intrinsic resistance to the effects of radiation damage.  Some performance measurements are given for detectors that are fully depleted and working after exposures to proton beams with doses equivalent to that from slightly more than 10 years at the B-layer radius (50 mm) in the planned Atlas detector at the Large Hadron Collider at CERN.
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1.  INTRODUCTION

Since the first custom VLSI chip was developed for the readout of silicon strip detectors [1], both the chips and the detectors have been fabricated by planar technology methods. With the precision provided by small strip spacing, and the compact readout provided by the VLSI chips, such detectors have played an increasingly important role in tracking at collider detectors.  

 The coming generation of high luminosity colliders will subject their innermost detector elements to extreme levels of radiation.  Silicon detectors are subject to a number of damage sources:

(1) Ionization-caused charging of their surface oxide passivating layers can attract mobile substrate charges.  These in turn may short out adjacent electrodes or increase their inter-electrode capacitance [2-4].  This charging has been seen to saturate at a value of 2.5 x 1012 charges per cm2 for a 500 nm thick oxide, but with no electric field applied during irradiation [5].  The same paper reported effects attributed to continued charging in the similar oxide of a gated diode (but now subject to an electric field) at fluence values more than 5 times as high, not an unreasonable result with an electric field driving charge to the surface. 

(2) Damage to the crystal lattice produces defects that are negatively charged when the silicon is depleted, causing lightly doped n- and p-type silicon to develop a high depletion voltage of the same sign as that of p-type silicon [6-11].  While some of this damage can anneal out, a temperature-dependent reverse annealing can cause a major increase in such damage [12-15].  Maintaining the detectors continuously at –5 to –10 °C prevents this reverse annealing, but if the cooling is ever lost for more than a few days, the damage will be irreversible.  A model for this bulk damage, involving divacancies  and divacancy-oxygen defects, V2O, has been developed which explains effective doping changes, leakage current increases, and the leakage current temperature dependence for 60Co gamma irradiation [16].  Such detailed agreement is not found for hadron interactions, which create dense damage clusters that are not yet understood in detail.

(3) The charge carrier lifetime decreases, also from bulk damaage [17-19].  (In addition, the lifetime was found to vary with bias voltage [20]).

Recent work has shown that the incorporation of about 1017 oxygen atoms per cm3 increases the fluence, by approximately a factor of two, for a given increase in those negatively charged defects [21-24].  This beneficial effect is not present with neutron irradiation, indicating it may be the damage from the less-dense Coulomb interactions that is being reduced.  The incorporation of oxygen also does not seem to reduce leakage currents [25].

This article describes the first radiation-damage test results for a new form of silicon detector, which has a 3-D array of n and p electrodes perpendicular to the surface and which penetrate the entire thickness of the detector [26-29].  Fig. 1 shows a schematic view of such a detector.  The low depletion voltages and short collection paths for ionization charges made possible with 3-D technology, result in an intrinsic resistance to the effects of bulk silicon damage.  Attracted mobile substrate charges (point 1 above) can be immobilized with field implants or kept from accumulating with a proposed new type of field plate that does not significantly increase the effective inter-electrode capacitance [30]. 

Calculated properties, fabrication steps, and initial results from 3-D detectors, made with high-purity, 100, p-type silicon, have been described in earlier publications [26-29].  Two sets of narrow cylindrical holes are etched through each wafer, using a plasma etcher designed for the rapidly developing field of micro-machining.   After each set is etched, it is filled with n- or p-doped polycrystalline silicon.  This is done by exposing the wafers to silane gas (SiH4).  Some molecules stick, loose their hydrogen atoms, and migrate along the surface to join with other silicon atoms, eventually forming a two micron thick layer of polycrystalline silicon.

The pressure is kept low so the silane molecules have a mean free path long compared with the hole dimensions. The temperature is also kept low enough so that the probability of a molecule sticking after a surface collision is low.  Under these conditions, when a molecule does remain on the surface of the hole, it is almost as likely to be at the bottom as the top, thus producing a conformal layer.  This is followed by the deposition of appropriate dopant gases such as P2O5 and B2O3, and by a final deposition of polycrystalline silicon, which eventually fills the hole.  Heating then lets the dopant diffuse into the single-crystal silicon, where it can make a low-leakage diode junction.
2.  DETECTORS

The detectors were 121 microns thick, and were diced, but remained bonded to a substrate left over from a support wafer that prevented cracking during fabrication.   They had alternating rows of n and p electrodes with diameters slightly larger than the 17-micron diameter holes, due to the dopant diffusion.  The n to n and p to p row pitch was either 100 or 200 microns.  The n rows were placed halfway between the p rows, and with their electrodes shifted 67 or 50 microns, respectively, along the row direction, so they were halfway between the p electrode positions in that direction also.  Most electrodes were bussed together along each row and brought out to probe card contacts along two opposite edges, as shown in Fig. 2.   Several, also visible in Fig. 2, were left isolated so they could be contacted individually with low-capacitance probes.  Three bands of guard electrodes, alternately p-type, n-type, and p-type, surrounded the array.  (In future devices, these may be replaced with an active edge just outside the array [27, 29].) 

For this first-ever fabrication run of 3-D devices, we decided to keep the steps simple and did not use either field implants or field plates to prevent the accumulation of electrons under the passivating surface oxide. With the strong horizontal repulsive forces from the p-type electrodes, these electrons did not seriously interfere with data collection from the p electrodes.  We also did not add oxygen to the silicon wafers, so any benefit resulting from that should further increase the radiation hardness of these devices.
3.  IRRADIATION

Seven detectors were tested and then packaged in polyimide envelopes and irradiated with either 1, 2, or 10 x 1014, 55 MeV protons per cm2 at the LBL 88 inch cyclotron.  The fluence was measured with an ionization chamber divided into a series of concentric rings.  Each fed an integrating amplifier, which reset at a preset charge level.  The number of resets was then counted to determine the total fluence.  The ring area was normalized out, and so all ring numbers normally increased at close to the same rate for uniform 
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Fig. 1.  Schematic, three-dimensional view of part of a sensor with 3D electrodes penetrating through the substrate.  The front border of the figure is drawn through the center of three electrodes.
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Fig. 2  Metal layer layout for a detector with columns of n electrodes alternating with columns of p electrodes.  The p electrodes are shifted 67 SYMBOL 109 \f "Symbol"m in the column direction (one half the electrode spacing in that direction).  With the exception of several isolated electrodes, all n and all p array electrodes are connected, so two leads from a power supply will energize the entire array.  Three bands of guard fences (respectively, p-type, n-type, and p-type) surround the array.  In future devices, these may be replaced with an active edge just outside of the detector array.

beams.  During subsequent runs, this number, for one ring or another, was observed to make a small jump to a higher value and then continue its uniform climb.  The source of these jumps is not yet known, but they are now easily recognized and removed from the data.  The numbers were not tracked at the time of our run, and 5 – 10% variations in the ratio of the two ring values that were recorded for the three runs could have been due to such jumps rather than to beam uniformity variations.

Two other detectors were irradiated with 5.19 x 1014, 24 GeV protons per cm2 at the CERN proton synchrotron.  For this first irradiation, the detectors were unpowered.  After irradiation all detectors were kept cooled, mostly at –7 °C, except during measurements, when they were at about 21 °C.  The total time not cooled is less than 10 hours for any detector, so they have not yet been annealed to the point of minimum damage.

A number of papers have been published comparing the ratio between particle flux and changes in leakage currents and depletion voltages as a function of particle type and energy [31-38].  These have generally found the increase in leakage currents and depletion voltages scale with the non-ionizing energy loss (NIEL), which, coming from nuclear collisions, is presumably proportional to the number of damage centers responsible for the increases.  Thus, measurements taken in one beam must be normalized, using the NIEL factors, to the irradiation expected during the experiment.  Most of the hadron flux through the inner silicon layers is expected to come from pions from the delta 33 resonance with a peak around 200 MeV and with much of the flux between 100 and 500 MeV [39].  Over this range, the NIEL, normalized to that of 1 MeV neutrons (95 MeVmb), ranges from 0.70 (at 100 MeV) to 0.94 (200 MeV) to 0.55 (500 MeV) [32].  The corresponding normalized ratios for protons at 55 MeV and 24 GeV are 1.715 and 0.51 [40].  Using 0.8 as a rough estimate for the LHC pion NIEL, the equivalent pion fluence for the four irradiation exposures – 1, 2, and 10 x 1014, 55 MeV protons per cm2 and 5.19 x 1014, 24 GeV protons per cm2 – are 2.1, 4.3, 21, and 3.3 x 1014 pions per cm2.

The third fluence value, from the 1015, 55 MeV protons per cm2 run, which was limited simply by the available cyclotron time, is equivalent to that expected in slightly more than 10 years at the 50 mm radius of the planned B layer.  The smaller depletion voltage changes when silicon contains added oxygen indicates the damage per unit NIEL depends on material type.  The future use of such silicon in 3-D detectors could further increase the radiation tolerance of inner-layer detectors.

No equipment was available, at the time of these runs, to apply a voltage bias to the detectors.  Some recent work indicates that biased detectors may have a depletion voltage increase double that of unbiased ones [41-42]. Both neutrons and pions showed closely similar effects.  No data was given for any variation with the value of the bias voltage, so it is not known if the effect would be different with the small fields present in 3-D detectors.

4.  MEASUREMENTS

Measurements were made at 21 °C with unirradiated 100 and 200-micron pitch detectors, and with irradiated 200-micron ones at the four different exposures, as well as for a 100-micron pitch detector at the 1 x 1015 exposure.  Before and after these measurements, the detectors were kept at –7 °C, with the total time at 21 °C kept short compared to that required for full beneficial annealing.  (A system to flood the detector with dry nitrogen has now been installed, and should allow future measurements to be made below room temperature without water condensing on the detector surfaces.  Work is now underway on the fabrication of the next group of 3-D detectors which will have such measurements.)

The detectors used for these measurements had all their p and n electrodes tied to the two aluminum voltage busses, with the exception of several floating electrodes, which were well separated from each other.  These were then probed directly with a 12C Picoprobe, which had an input impedance of 1 Megohm in parallel with 0.1 pF [43].  The probe both supplied the ground bias voltage, and read out the signal.  Only p electrode data was used since, at low bias voltages, the n electrodes in unirradiated detectors were shorted together by a surface electron layer.  This layer, induced by the positive oxide interface charge, would normally be removed in detectors with field plates or with an adequate field implant.

Both leakage currents and pulse heights from infrared light were measured as a function of applied voltage.  An 820 nm, infrared diode was placed on one of the eyepieces of the probe station microscope, using a 10x objective.  This produced a reduced and intensified beam, which had a 1/e-penetration distance of about 13.5 microns in the silicon.  The spot size was larger than the cell being measured, but smaller than the full detector.  The average of the signal voltage from 50 light pulses, each 920 ns long and repeated every 8.34 ms, was measured as a function of applied voltage using a digital oscilloscope.  A plateau in signal pulse height, with bias voltage increase, was an indication that full depletion – where there was no further gain in sensitive volume – had been reached.  It was also an indication of the absence of a significant loss of charge due to capture, since higher applied voltages reduce the drift time.

We also measured the decrease with time, of the integrated signal on one of the isolated electrodes after the end of the light pulse, again using the 12C Picoprobe.  Like-type electrodes were kept at ground, so except for the small departure from ground due to the signal voltage, the field around the probed electrode was the same as that around the other like-type ones.  The electrode capacitance, Ce, could then be found from:

Ce = (τ  / Rp ) - Cp 







 (1)

where τ  is the RC time constant of the falling pulse, and Rp and Cp  are the input resistance and capacity of the probe.

Finally, leakage currents were also recorded for the 200-micron pitch detectors at 21 °C.  The 100-micron pitch detector, which was exposed to 1 x 1015 protons per cm2, had a heat sink compound containing zinc oxide applied for a series of reduced-temperature measurements.  Some of the compound spread to the top of the chip, where a galvanic reaction involving condensation moisture, caused some surface damage.   This resulted in increased leakage current, though not high enough to interfere with the infrared detection tests.

5.  DEPLETION VOLTAGES

Figure 3 shows infrared light emitting diode signal pulse heights, as a function of applied voltage, on 200-micron n-to-n pitch detectors without irradiation and with all four levels of irradiation.  The stability of the voltage plateau can be seen by comparing the shapes of the two sets of points in Figure 3c at 2 x 1014 protons per cm2 taken one week apart.  The value of the diode light intensity, while constant for each run, varied between them due to differences in setup such as the source position and microscope focus, so only the values of the applied voltages and the associated voltage plateau values have an absolute significance.  (Similar results were found for the two sets of points at 1 x 1014 protons per cm2 also taken one week apart.) Since we did not want to spend too much time at room temperature, individual bias voltages were changed without waiting the several minutes required at each value for the bias charge distribution and new signal level to settle fully.  The error this causes in depletion voltage is not large, as can be seen from the difference in points of Figures 3b, 3d, and 4b, taken while the voltage was being increased and, later, decreased.  All but the detector exposed to 1 x 1015 protons per cm2 reached the signal plateau value before the leakage current started to approach breakdown values.

When the bias voltage is increased there is a rapid initial rise in signal voltage from the unirradiated sensors (Figures 3a and 4a), then a slow decrease.  The decrease at larger voltages is due to the attraction of the ionization charge to the metal line connecting all the electrodes in the column other than the one being probed.  (An example of such a line can be seen somewhat the left of center in Figure 2.)  Infrared-generated charge tends to be made in the upper part of the sensor, and some of it can follow the line to the 

[image: image2.png]SIGNAL (A.U.)

30

25

20

UNIRRADIATED
200 MICRON PITCH

20 30 40 50
BIAS VOLTAGE (V)

70




(Fig. 3a)
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(Fig. 3b)
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(Fig. 3c)
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(Fig. 3d)
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Fig. 3  Infrared light emitting diode signal pulse heights as a function of voltage applied to the 200-micron (n-n or p-p) pitch detector.  The value of the diode light intensity, while constant within each plot, varies from plot to plot, so only the values of the applied voltages and the associated voltage plateau values have an absolute significance.  Plots are shown for (a) an unirradiated detector and four detectors irradiated with (b) 1 x 1014 55 MeV protons per cm2, (c) 2 x 1014 55 MeV protons per cm2, (d) 5.19 x 1014 24 GeV protons per cm2 , and (e) 1 x 1015 55 MeV protons per cm2 .  Figure 3 (c) shows values for two runs (crosses and circles) separated by one week, and (small crosses) with the earlier run normalized to the later.  No plateau was found with the detector exposed to 1 x 1015 55 MeV protons per cm2, before the leakage current became excessive.

adjacent p-type electrodes connected to it, and bypass the probed electrode.  Irradiated sensors do not show this effect, as the radiation-induced positive oxide charge compensates the metal line charge.

Figure 4b shows the signal from a 100-micron sensor exposed to 1 x 1015 55 MeV protons per cm2.  With this reduced pitch, the irradiated detector shows a clear 45-volt wide plateau starting at 105V.  An example of the settling time required for below-depletion bias voltages can be seen from the two points taken at 15 V, separated by 8 minutes, while the voltage was being reduced.

The plateaus in the charge collection signals shown in Figures 3 and 4, taken with infrared illumination covering an area that is significantly larger than the cell being probed, indicates both that the depletion voltage has been reached, and that the above-depletion electric fields are large enough so capture of charge carriers is not large, despite the radiation damage.  Unlike 2D, single-sided strip sensors with the diode junction at the strips, where the border between depleted and undepleted silicon covers nearly the full area of the sensor as the bias approaches that for full depletion, the increase in depleted volume in 3D sensors slows down as the voltage approaches full depletion, since the border shrinks to an ever-smaller cylinder around each ohmic junction.  This causes some imprecision (in the 10 – 20% range) in determining the depletion voltage, but since it is usually the overall charge collection efficiency itself that is of experimental significance, this should not be a serious problem.
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(Fig. 4a)
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(Fig. 4b)

 Fig. 4 Infrared light emitting diode signal pulse heights as a function of voltage applied to a 100-micron pitch detector.  Two plots are shown, one before and one after irradiation with 1 x 1015  55 MeV protons per cm2. The 100-micron pitch detector has a plateau between 105 V and 150 V.

The values for the leakage current and capacitance, given in the next two sections, also show plateaus as the depletion voltage is reached, and these values agree, again with a similar uncertainty, with those derived from the signal pulse heights.  The increase of leakage currents with increased fields adds an additional error for heavily irradiated samples, and the release of charge carriers from traps in these samples, also affects the capacitance determination.  But again with these irradiated samples, now with errors somewhat larger than 20%, the values for depletion voltages agree.

6.  LEAKAGE CURRENTS  

Figure 5 shows room-temperature leakage currents for the same 200-micron pitch detectors without irradiation and with all four levels of irradiation.  The spike in leakage current for the unirradiated sensor at below-depletion voltages shown in Figure 5a, is similar to those in Figures 15 and 16 in [27].  It may be due to the conducting channel of undepleted silicon that runs from the sensor edges, past the guard electrodes, which are not yet at full voltage, to the signal electrodes.  It would not be visible against the far higher levels of leakage currents in irradiated sensors.  It would also not be expected to be present in active-edge sensors.  (See [27], Figure 12b.)

It is generally observed that Irad, the radiation induced leakage current is given by:

Irad = α Φ v    







          (2)

where Φ is the radiation fluence in particles per cm2, v is the depleted volume in cm3, (0.0121 x 0.36 x 0.195 cm3 = 8.49 x 10-4 cm3 for 200-micron pitch devices), and α is a proportionality constant.  The current is measured at the voltage where full depletion is first reached.  Leakage currents present before irradiation would, in principle, add a constant term, but they are in the few nA range, about a thousand times smaller than these currents.

Table 1 shows the depletion voltages, leakage currents, and values of α found for the various runs.  To permit comparison of these values of α with others, the 55 MeV (24 GeV) proton fluence given below should be multiplied by 1.715 (0.51) to convert it to the equivalent in 1 MeV neutrons/cm2.   No values are given for the 200-micron pitch detector at 1015 protons / cm2, since the room temperature leakage current was too large to permit depletion.  While the leakage current proportionality factor, α, might be expected to have a reasonably constant value at any given measuring temperature, the dependence of the depletion voltage can be more complicated.  An initial exponential decrease with fluence has been reported, possibly from the removal from their lattice positions, of some of the initial dopant atoms. Both annealing and reverse annealing occur with different temperature and time dependence, and can greatly change the depletion voltage.

	Table 1

Depletion voltages, room temperature leakage currents, radiation fluence proportionality constant, α

200-micron pitch  (0.849 mm3 ), 100-micron pitch detectors

(1)   see discussion at end of section  5.

(2)   variations in sensor-to-sensor values indicate measurement errors are in the 10% range

(3)   range of currents for 15 non-irradiated devices; average = 0.45 nA (200 μm), 0.26 nA (100 μm)

(4)   room-temperature leakage current increase prevents full depletion

(5)   surface damage prevents valid bulk leakage current measurement



	Pitch 
	E proton
	Proton fluence  

(cm-2)
	Equivalent pion  fluence (cm-2)
	Vdepletion

(1)
	Current 

(2)
	α (A/cm)       (2)

	200 μm
	--
	  None
	None
	  6 – 8 V
	0.2–1.0 nA   (3)
	--

	200 μm
	55 MeV
	  1      x  1014
	  2.15 x  1014
	      20 V
	           7.1 μA
	4.9 x 10-17

	200 μm
	55 MeV
	  2      x  1014
	  4.3  x  1014
	      32 V
	         15    μA
	5.1 x 10-17

	200 μm
	55 MeV
	10      x  1014
	21.4  x  1014
	       (4)
	          --
	--

	200 μm
	24 GeV
	  5.19 x  1014
	  3.3  x  1014
	      50 V
	         10    μA
	4.4 x 10-17

	100 μm
	--
	     None
	     None
	        5 V
	  0.2 – 0.5 nA
	--

	100 μm
	55 MeV
	10      x  1014
	21.4  x  1014
	    105 V
	          (5)  
	--
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(Fig. 5b)
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(Fig. 5c)
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(Fig. 5d)
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(Fig. 5e)

Fig. 5 Room-temperature leakage currents for 200-micron pitch detectors without irradiation and with all four levels of irradiation. 

7.  CAPACITANCE MEASUREMENTS

Figure 6 shows the decay of the infrared-induced pulse on an isolated electrode of an unirradiated 200-micron pitch detector with a 10 V bias voltage.  The electrode is grounded through the 1-Megohm input impedance of a Picoprobe, as mentioned in section 4.  Zero time is when the pulse to the light emitting diode is turned off.  After the light emission ends and the charge is collected, the signal height accurately follows an exponential with a time constant of 285 ns.  Figure 7 shows similar decay curves for a range of bias voltages from 0 to 60 volts.  Figure 8 shows the decay times derived from Figure 7.  Averaging the values for 10, 20, and 60 V, equation (1) gives a capacitance of 0.19 pF.  
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Fig. 6 Decay of the infrared-induced pulse on a p-electrode of an unirradiated 200-μm pitch detector with 10 V bias.  The probe has an impedance of 1 Megohm in parallel with 0.1 pF.  The light emitting diode drive pulse is turned off at zero time on the plot.  The exponential fit starts with the second point, after the light emission ends and the charge has been collected.
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Fig. 7 Decay curves similar to the one in figure 6, for bias voltages from 0 to 60 volts.
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Fig. 8 RC decay times as a function of detector bias voltage, derived from the curves in figures 6 and 7.

Figures 9 and 10 show similar sets of signal decay curves for detectors irradiated with 1 and 2 x 1014, 55 MeV protons per cm2.  In contrast with the curves for unirradiated detectors, there is now a high tail at longer times, easily visible after the initial exponential decrease.  This tail may be due to the release of charge from traps produced by the irradiation.  If we assume a single dominant trapping time constant, τ, and define

qe = the charge on the electrode

qe0 = the initial charge on the electrode (from the rapidly collected, untrapped charge)

qt0 = the initial trapped charge in the cell around the electrode

V = the voltage on the probe

V0 = the initial voltage on the probe (from qe0/C, since at t=0, the charge qt0 is all trapped)

Vτ0 = the voltage the electrode and probe would have if a charge qt0 were deposited on them

R = the resistance of the probe

C = the capacitance of the electrode and probe

then ,
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(3)
If we divide each term by C, we have
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The solution to this equation is
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Fig. 9 Decay curves similar to those in figure 7 for a detector irradiated with 1 x 1014 55 MeV protons/cm2.  The curves are fits of equation (4) to the data points between 200 and 1400 ns, with the curves at the left margin, from highest to lowest, for bias voltages of 45, 30, 20, 15, 10, and 5 V.
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Fig. 10 Decay curves similar to those in figure 7 for a detector irradiated with 2 x 1014 55 MeV protons /cm2.  The curves are fits of equation (4) to the data points between 200 and 1600 ns, with the curves at the left margin, from highest to lowest, for bias voltages of 60, 40, 20, 15, 10, and 5 V.

Figure 11 shows the RC times derived from those and similar curves for a range of bias voltages for 200-micron pitch detectors, irradiated with 1 and 2 x 1014, 55 MeV protons per cm2.  For bias voltages above the full depletion values of 30 and 35 V for the exposure of 1 and 2 x 1014 protons per cm2 (see Figures 3b,c), the RC values are 330 and 290 ns, corresponding to a capacitance of 0.2 pF.  The time constant, τ, is an order of magnitude larger, but is not accurately determined due to the limited time range covered for this capacitance measurement, and to the smaller size of the signal at those long times.  The coefficient of the τ term is about 10% of that of the main RC term, and for the same reasons is only determined approximately.
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Fig. 11 RC decay times of charge, released by infrared illumination, through a 1 Mohm Picoprobe input resistor, as a function of detector bias voltage.  The times are derived from the fits of equation (4) to the data of Figures 9 and 10.  The 200-micron pitch detectors were irradiated with 1 (crosses) and 2 (circles) x 1014, 55 MeV protons per cm2.

8.  CONCLUSIONS

Silicon detectors with 3-D electrode arrays have been irradiated with up to 1015 55 MeV protons per cm2 and also with 24 GeV protons.  To keep this initial fabrication run simple, no special hardening steps, such as the addition of oxygen to the bulk, or of dual-resistivity field plates to the field oxide, were taken.  The highest dose is equivalent to that expected in over 10 years of running, at the 50-mm radius of the Atlas B layer.  After this dose, which was limited by the available cyclotron time, a 100-micron pitch detector had a 45 volt-wide plateau that started at about 105 volts, over 20 times higher than its 5-volt starting point before irradiation.  Leakage currents were measured and, for unirradiated devices, had values similar to those measured before [27].  The electrode capacitance was also measured, and found to have values close to what would be expected from calculations in the initial publication on 3D sensors [26].

The low depletion voltages observed here will probably be lowered when oxygen is introduced into the bulk, and beneficial annealing is allowed to take place.
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