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A novel detector with graphitic electrodes in CVD diamond
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A synthetic single crystal diamond sample has been prepared with graphitic in bulk electrodes by laser induced graphitisation of diamond. A geometry with an array of electrodes has been fabricated to demonstrate the functionality of a "3D diamond detector" for ionising radiation. The detection capability has been studied with synchrotron radiation.

Introduction

Synthetic diamond produced via chemical vapour deposition (CVD) is an established sensor material for particle detection and has found many applications, e.g. in accelerator based experiments, synchrotrons and dosimetry applications. The radiation resistance of diamond [1] is a key property, and it is being used and proposed for detector applications [2] in harsh radiation environments.

In this letter the realisation of a novel electrode geometry is presented where the electrodes are reaching into the bulk of the detector material. The aim is to fabricate an array of graphitic micro-channels (GMCs) to apply an electric field in the bulk of the diamond, as opposed to the conventional planar electrode geometry used so far. This concept has been proven to increase the radiation resistance of silicon detectors [3] and should also be applicable to CVD diamond. The charge is collected laterally and therefore the grain boundaries present in polycrystalline material are expected to attenuate the signal [4], while for single crystal diamond this limitation is not present.

In this work graphitic electrodes have been fabricated in bulk diamond by graphitisation with a laser. Single crystal CVD diamond has been processed to create an array of GMCs. The device has been characterised with a synchrotron micro-beam by mapping the X-ray beam induced current as a function of position and electrical field strength. The results provide the first proof of principle of a diamond detector device with bulk electrodes.

Diamond detector fabrication

A single crystal CVD diamond produced by Element Six Ltd. was used as detector material.

The sample was so called electronic grade diamond with an impurity level from nitrogen below 5 ppb and a charge collection efficiency of close to 100%. The dimensions of the sample were 4.7 mm × 4.7 mm with a thickness of 500 μm.

The conductive GMCs have been fabricated following an established process [5], [6], [7], [8].

A focused laser beam is moved across the diamond plate. In the focal point the energy is sufficient to induce a diamond to graphite phase transition. To process the samples a Nitrogen laser operating at λ = 337 has been used (MNL 100, Lasertechnik Berlin GmbH), providing single pulses of 3 ns duration with a 30 Hz repetition rate. The initial energy (150 μJ/pulse) has been lowered to 4.67 μJ/pulse using neutral density filters. The laser beam has been focused with a microscope lens providing a fluence of 5.95 J cm -2 and a laser spot diameter of 10 μm. The sample has been moved relative to the laser spot with a speed of 20 μm s -1 to create graphitic structures.

Diamond graphitisation is a process that takes few picoseconds [9]. A localised transformation of diamond into graphite induces internal strain on the surrounding lattice due to the lower density of graphite and thus expansion in volume compared to diamond. It has been shown [9], [10], [11] that a small graphitic area with negligible lattice heating or damage in the surrounding diamond lattice is created with a laser pulse duration of up to a few picoseconds. For this experiment we used a pulse duration of nanoseconds, which leads to a significant larger energy transfer resulting in strained areas where macroscopic cracks can occur when the strain exceeds the diamonds' tensile strength, and may lead to a change in the band-structure and of carrier mobilities as shown for silicon [12]. The strain formation due to the graphite-diamond phase transformation in vicinity of the GMCs has been studied using birefringence microscopy. To study the material composition of the electrode the Raman spectrum was investigated using a focal Raman microscope Witec alpha300 at a wavelength of 532 nm and a spot size of < 1 μm and a power of 3 mW. A typical spectrum together with a SEM picture of the electrode is shown in Fig. 2. The wide bands at around 1340 cm -1 and 1570 cm -1 correspond to the D peak of micro-crystaline graphite and to the G peak of graphite [13], respectively. The Raman spectra taken on various other columns show similar spectra indicating that the columns consist of a mixture of different forms of graphite. The resistance of ten GMCs has been measured with a current-voltage measurement set-up as detailed in Fig. 3(a). The sample has been glued to a copper plate using silver paste establishing the back-side contact to the GMCs. The front-side channel end was coated with an evaporated Al layer with a thickness of 100 nm and contacted using a gold tip. Fig. 3(b) represents the current averaged over ten GMCs as a function of voltage. The GMCs exhibit an ohmic behaviour and their resistance has been determined to be 3.3 kΩ with a standard deviation of 0.2 kΩ for a channel length of 500 μm, corresponding to a resistivity of about 0.1 Ω cm. The measured resistivity is higher than for graphite powder under compression ((10 -4 ) Ω cm [14]), and slightly lower than values reported for photo-induced amorphous structures in synthetic diamond with a femto-second laser ((1) Ω cm [7]). 

3.

XBIC with a 15 keV photon micro beam

The beam-line B16 [START_REF] Sawhney | AIP Conf. Proc[END_REF] at the Diamond Light Source Ltd. in Didcot was used to study the detector by X-ray beam induced current (XBIC). The beam-line was set-up to provide a monochromatic beam of photons with an energy of 15 keV. The absorption length in diamond of photons at this energy is about 4 mm, consequently the ionisation density produced by the photon beam is in good approximation uniform over the full length of the trajectory within the sample (500 μm).

Compound refractive lenses were used to obtain a focused beam. The dimensions of the beam were determined by knife-edge scans of the beam profile with a gold wire of 200 μm in diameter. The full width at half maximum was measured to be 2.1 μm in the vertical and 3.0 μm in the horizontal plane. The range of electrons in the diamond with a kinetic energy of 15 keV is about 1.7 μm [START_REF] Berger | XCOM: photon cross section database (version 1.5)[END_REF], resulting in an effective ionisation width of the beam of less than 7 μm. The photon flux of the beam was determined with an ionisation chamber to be in the range of 10 9 -10 10 photons per second depending on the chosen absorber settings in the beamline. The variations due to current changes in the synchrotron ring were measured to be less than 0.4%.

The samples were mounted in a metal box with aluminium foil entrance windows to shield against light and electromagnetic noise. The box was mounted on a 5-circle Huber diffractometer with an XYZ sample stage to scan the sample surface. The accuracy of the spatial translation was about 1 μm. The sample was scanned in X and Y for area scans of about 1 mm by 1 mm. Additionally, various line scans were performed for different bias voltages.

The detector response was studied by measuring the X-ray beam induced current, I, as a function of the position of the beam on the sample. A current amplifier (Keithley 428) with a rise time of 50 ms was used to measure the signal. A data acquisition system (DAQ) was recording the current measurements of the device under test, the beam position, the current of the ionisation chamber, and the ring current of the accelerator. A schematic of the diamond detector set-up in the photon-beam is shown in Fig. 4. Line scans across two columns in beam orientation A as indicated in Fig. 4 at different bias voltages and polarities are shown in Fig. 5. The increase of signal with bias voltage is shown in Fig. 5(a). The shape of the line scan remains similar at different voltages. Clearly visible is the decrease of signal when the beam is at the centre of the column, an area where no signal creation is expected. The response is up to 300 nA and likely limited by space charge effects due to the high ionisation density. The corresponding induced current at full charge collection is estimated to be about 490 nA. The dominance of the electron contribution to the signal is clearly seen also in the area scans. This asymmetry in carrier contribution has also been observed with "buried graphitic electrodes" in single crystal diamond produced by ion-beam implantation [START_REF] Olivero | [END_REF] and characterised with ion beam induced current. A possible explanation for this behaviour could be that the lifetime of hole carriers are much shorter than for electrons as proposed in [START_REF] Olivero | [END_REF]. However, direct measurements of the life-time and mobility of electrons and holes in single crystal diamond with alpha particles [17], [18] do not support this view, but show evidence for the existence of a negatively charged space-charge density showing a bias-voltage dependence. This can lead to field free region in the bulk, especially for low bias-voltages. Furthermore, the interface between the GMC and the diamond bulk may contain various defects which could act differently on electrons and holes. Further studies are being prepared to understand the charge asymmetry of the signal response with simulations. 

Conclusions

We described a method to produce a 3D diamond detector using graphitic columns in the bulk produced by laser graphitisation as electrodes. A prototype detector was tested with synchrotron micro-beam, and the spatial response to ionising radiation was measured. The results demonstrate for the first time the feasibility of a 3D diamond detector device.

Prime novelty statement

A single crystal CVD diamond sample has been prepared with an array of graphitic wires by laser induced graphitisation and the functionality of this "3D diamond detector" for ionising radiation has been demonstrated.

  Fig.1(a) shows a birefringence picture of the 5 by 5 electrode matrix with a spacing of 200 μm between the columns, and in Fig.1(b) a photograph after metallisation is shown. A high level of internal stress is visible, concentrating in the vicinity of the columns. On the right side a crack is visible which developed after the laser processing and is due to the high internal stress. The photograph of the metallisation shows that the crack intercepts the metallisation lines which lead to an inferior contact to the third and fifth bias line when counted from the top.

Fig. 1 .

 1 Fig. 1. The picture of a single crystal sample with an array of graphitic columns from birefringence microscopy is shown in (a), and the sample after metallisation is shown in picture (b). The white box indicates the area where measurements with the photon-micro beam have been taken.

Fig. 2 .

 2 Fig. 2. SEM picture of a graphitic column (a) on which a Raman spectrum (b) was obtained.

Fig. 3 .

 3 Fig. 3. Set-up to measure I-V curves (a) and average current of ten GMCs as a function of voltage with error-bars indicating the standard deviation at each measurement point. (b).

Fig. 4 .

 4 Fig. 4. Schematic of the diamond detector set-up in the photon-beam.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Line scans across two graphitic columns at different bias voltages values (a) and polarities (b). Scans with negative and positive polarities of the bias voltage as shown in Fig. 5(b) reveal a complementary response. The bias voltage is applied to the electrode located at y ≈ 0.3 mm, and the current amplifier is connected to the electrode at y ≈ 0.1 mm. The enhanced signal at the negative electrode indicates that the electron contribution dominates the signal. A scan of a four column area of about 0.4 mm by 0.4 mm is shown in Fig. 6 for positive (a) and negative (b) polarities, indicating also the position of the line scan shown in Fig. 5. The matrix of columns is clearly visible and the response exhibits a radial symmetry with the graphitic column at the centre.

Fig. 7

 7 Fig.7shows a scan taken perpendicular to the columns by directing the photon-beam into the side of the detector. This set-up is indicated in Fig.4as beam configuration B. The scan area is about 0.4 mm by 0.6 mm with a stepping size of 7 μm and again a bias of U b = -40 V was applied. The data indicates that the device is active over the full length of the columns.

Fig. 7 .

 7 Fig. 7. Area scan of the detector edge at U b = + 32 V.
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