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Introduction

Diamond sensors are radiation tolerant enough to be used in the innermost layer of a future tracking detector at HL-LHC [1]. One challenge, when using diamond as a sensor material for such a detector, is to improve the charge collection efficiency. As trapping of charges is present even in unirradiated diamond, a figure of merit is the charge collection distance (CCD), i.e. the distance an electron-hole pair separates before the charge carriers are trapped. In order to collect the full charge from a sensor, the distance between the electrodes has to be smaller than the CCD. For planar electrodes, i.e. electrodes on the surface of the sensor, this distance equals its thickness. Using electrodes which penetrate the sample, the so-called 3D electrodes, decouples their spacing from the thickness. To produce these electrodes in a diamond sensor a phase change induced by a femtosecond laser is used [2]. The diamond lattice is thereby transformed into a combination of diamond-like carbon, amorphous carbon and graphite, which is conductive. Continuous channels are produced by moving the focal plane of the laser from the back to the front side [3].

Another advantage of the 3D electrode geometry is the lower bias voltage for the same electric field compared to planar electrodes. This also allows a faster charge collection. Due to these properties, 3D electrodes allow the use of less expensive low CCD diamonds, while still obtaining the full signal.

In this paper in Section 2 testbeam results with a 3D diamond sample are presented, and Section 3 shows Raman spectra and their interpretation of the conductive channels.

Testbeam results

A single crystalline (scCVD) diamond sample of electronic grade with a thickness of 440 μm and a size of 4:7 × 4:7 mm 2 was used [4]. In this sample a total of 219 channels were grown using a Coherent Libra Ti-Sapphire femto-second laser with a wavelength of 800 nm. The laser was pulsed at 1 kHz with a pulse duration of 100 fs. The beam was focused to a spot size of about 4 μm with an energy density of 2 J cm -2 .

The diamond sample was mounted on a 3-axis motorised stage and moved in the direction of the beam with a velocity of 20 μm s -1 with respect to the laser.

The diamond sample was metallised using the mask shown in Fig. 1. It is divided into three parts to allow testing of the influence of the metallisation and the conductive channels on the charge collection on the same sample. One part is a planar strip detector with a pitch of 50 μm, which allows comparison with traditional planar electrode sensors. The conductive channels of the 3D part are organised in cells with a size of 150 × 150 μm 2 , each with a readout channel in the centre of the cell and four bias channels in the corners. These cells were connected column wise to a single readout. The metallisation pattern for this structure is duplicated once on the sample, but with no conductive channels underneath ("3D phantom"). This allows the measurement of the influence of the metallisation pattern on the charge collection.

The sample was read out by connecting each strip to a charge sensitive amplifier channel of a VA2 chip [START_REF]Integrated Detectors& Electronics AS, Data Sheet VA2 Readout Chip[END_REF]. A testbeam with 120 GeV pions was performed at the H6 CERN-SPS beam line. A silicon strip telescope, triggered by two external scintillators, provided particle tracking information [START_REF] Colledani | [END_REF]. The planar strip detector was biased with a voltage of 500 V (the diamond sensor showed full charge collection for bias voltages in excess of 450 V) and the two 3D structures with 25 V.

For each readout channel the initial pedestal and its width (σ) was determined using the first 500 events. The pedestal of later events was calculated using the 500 events directly prior to the event, while excluding signal events (i.e. events with more charge than 5σ). The pedestal and common mode were subtracted for each channel. Only events with one track were used in this analysis. The signal from the diamond was calculated by summing up the signal from the three channels closest to the predicted track position.

A negative signal response was observed for some channels at values which exceed the pedestal width by far. A cut was per-formed at -700 e which corresponds to 7:4σ of the pedestal width. The predicted track position of these events are predominantly located near bias electrodes. These channels have been identified as missing in resistance measurements. Missing readout electrodes can be identified by the significantly reduced signal measured in these cells.

Fig. 1. Mask for the metallisation of the diamond sample [4]. It is divided into three parts. On the right a strip structure to connect all conductive channels ("3D detector"), which is repeated in the middle but without conductive channels underneath ("3D phantom") and on the left a planar strip detector.

For the analysis a fiducial region was defined on the 3D detector which contains no missing readout channels and few missing bias electrodes. Signals from the 3D detector show a most probable charge of 13,900 e compared to 4400 e for signals from the 3D phantom. This shows that the conductive channels do collect charges, as the influence of the metallisation is the same in both regions. The signal from the planar strip part has a most probable value of 13,800 e as shown in Fig. 2. It operates at a much higher bias voltage where full charge collection is expected for this diamond sample. This shows that with the 3D design it is possible to collect the full charge while applying a lower bias voltage.

Fig. 2. Charge spectra from the 3D detector and from the strip detector [4]. The peak of the distribution is for the 3D detector at 13,900 e and for the strip detector at 13,800 e. The mean values are 15,000 e and 15,800 e for the 3D and for the strip detector, respectively.

Raman spectroscopy

A femtosecond laser is used to produce the conductive channels in diamond. The focal plane of this laser is moved from the back to the front of the sample. The reason for this is that the product of the phase change absorbs the laser radiation and thus prevents phase change of the diamond material downstream of the laser. This results in very different structures of the conductive channels on the surface of the diamond, where the laser focus enters ("seed side") or exits ("exit side") of the crystal.

On the seed side the conductive material is only irradiated by the first few pulses of the femtosecond laser as further pulses are absorbed by material grown upstream. This is not the case on the exit side, where the material is exposed for many pulses, which heat it up. This local heating results in a evaporation of parts of the grown channel, leading to a crater like structure. Such a crater can be disadvantageous for a good metal to conductive channel contact on this side. It could happen, that the crater is too narrow for the metal layer to reach the graphite at its bottom. A metallisation from both sides is needed for the application of the 3D diamond as a pixel detector.

Furthermore, in order to use it as a pixel detector, the resistivity of the conductive channels has to be uniform and low. The composition of the material after the phase change can depend on several parameters of the laser, like wavelength, pulse duration, and size of the focal plane. Most of these are fixed for a given setup, so usually the only variable parameters for an optimisation of the growth are the fluence of the beam and the velocity of the focal plane through the diamond. For production of a larger amount of 3D diamond sensors, which could be e.g. for a tracking detector, a low production time is crucial. To achieve this, generally more than one available femtosecond laser is advantageous, but also femtosecond lasers which are pulsed at a higher frequency. The difference of the growth of conductive channels in single crystalline and lower grade poly crystalline (pCVD) diamond should also be studied.

For these reasons, a total of 246 conductive channels were grown in a pCVD diamond sample of 500 μm thickness. These channels were produced at Laser-Laboratorium Göttingen e.V. using a Yb:YAG femtosecond laser with a wavelength of 1043 nm. The pulse duration was 290 fs with a repetition rate of 200 kHz. The diameter of the focal plane was about 1.6 μm. In order to determine the best growth parameters with this setup, four power settings and four velocities of the diamond with respect to the laser were tested. These values covered a large parameter space, namely 10, 25, 60, 150 mW for the power and 50, 200, 2000, 10,000 μm s -1 for the velocity. For each combination of these two parameters, at least five channels were produced. The success rate for a conductive channel without any interruptions was determined by optical inspection to be 88%.

In order to measure the influence of these parameters on the phase change, especially on the exit side, Raman spectroscopy was performed. The measurement of the Raman spectra was performed using a laser with a wavelength of 440 nm and a spot size of about 2 μm. This is significantly smaller than the diameter of the smallest conductive channel, which is about 4 μm. Prior to the measurement of the conductive channels two reference measurements were performed. The first measurement, with the laser focused in a region where no conductive channels are present in the diamond sample, yielded a narrow peak at 1332 nm -1 as expected for pure diamond. In the second measurement a highly conductive graphite sample was used. It showed two broad peaks of nearly the same amplitude at approximately 1580 nm -1 and 1350 nm -1 . These peaks are called the g-and d-peak, respectively. The first one is attributed to ordered graphite, the second one to unordered graphite [7].

In all spectra of the conductive channels a clear contribution from graphite, indicated by the g-and dpeak, is visible, although it varies in intensity. For almost all spectra, except for a few with high energy and high velocity, a diamond peak is noticeable. This peak strongly varies in intensity, being suppressed for high energy and high velocity while being dominant for low energy or low velocity. In general, the diamond contribution is more apparent on the exit side. This is expected, as part of the material is evaporated, leaving behind a crater-like structure.

To evaluate the spectra, they are fitted by a combination of five Gaussian distributions and a linear function describing the peaks and the background, as shown in Fig. 4. Since the diamond peak is very narrow and consists of roughly five data points, the fit quality on this peak in the combined fit is generally poor. Thus for the extraction of the diamond peak value, an extra Gaussian fit in the region between 1327 nm -1 and 1340 nm -1 is performed.

As a rough figure of merit for the quality of the channels, the ratio of the height of the diamond peak to the height of the g-peak is calculated. The result is shown in Fig. 3. For low energies of 10 mW and low velocities of 50 μm s -1 the ratios from the individual channels on the seed side are highly fluctuating. This indicates, that the energy needed for the phase transition is barely reached and only little conductive material is created. For the seed side higher energies and velocities yield all reasonable low ratios. On the exit side only channels grown with a velocity of 2000 μm s -1 or faster have enough remaining graphite in the crater like structure to be measured with Raman spectroscopy. Here for energies above 60 mW the diamond contribution is fairly low. 

Conclusion

Results from a testbeam of a scCVD diamond with 3D electrodes show, that these channels do collect charges. This technique allows the full collection of the deposited charge even for samples with a CCD lower than their thickness. The best settings for a femtosecond laser setup have been investigated with a pCVD diamond. Results show a systematic difference of the structure of the conductive channels on the seed and exit side.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Ratio of the value of the diamond peak to the value of the g-peak. Results for individual channels are marked by a blue cross, the weighted mean for each setting is indicated by the green line. The red dotted line shows the χ 2 value for each setting. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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