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Abstract

:

It has been shown recently that a photoconductive antenna (PCA) based on a nitrogen-doped diamond can be effectively excited by the second harmonic of a Ti:sapphire laser (λ = 400 nm). The THz emission performance of the PCA can be significantly increased if a much stronger electric field is created between the close-located electrodes. To produce a homogeneous electric field over the entire excited diamond volume, the laser fabrication of deep-buried graphite electrodes inside the diamond crystal was proposed. Several electrodes consisting of the arrays of buried pillars connected by the surface graphite stripes were produced inside an HPHT diamond crystal using femtosecond and nanosecond laser pulses. Combining different pairs of the electrodes, a series of PCAs with various electrode interspaces was formed. The THz emission of the PCAs equipped with the buried electrodes was measured at different values of excitation fluence and bias voltage (DC and pulsed) and compared with the emission of the same diamond crystal when the bias voltage was applied to the surface electrodes on the opposite faces. All examined PCAs have demonstrated the square-law dependencies of the THz fluence on the field strength, while the saturation fluence fluctuated in the range of 1200–1600 µJ/cm2. The THz emission performance was found to be approximately the same for the PCAs with the surface electrodes and with the buried electrodes spaced at a distance of 1.4–3.5 mm. However, it noticeably decreased when the distance between the buried electrodes was reduced to 0.5 mm.
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1. Introduction


Electromagnetic pulses in the THz frequency range can interact with solids and molecules, thus resulting in excitations at their resonant frequencies. Hence, intense THz pulses have been found to be a powerful tool for research in the field of condensed matter physics, including studies of the single molecule state, plasmonic, phonon, Rydberg, superconducting states, and other problems [1,2,3,4,5]. Moreover, THz sources have attracted great interest to explore their potential applications in biomedicine [6,7], imaging and security [8,9,10,11], and communication [12].



Photoconductive antennas (PCAs) are one of the popular laser-based THz sources [1,13,14]. A typical PCA consists of a DC biased metal dipole antenna patterned on a semiconductor substrate. An ultrashort optical pulse being incident on the antenna gap is absorbed inside the semiconductor and generates photocarriers. The arisen photocarriers are accelerated in the DC bias field, producing a transient photocurrent, which drives the dipole antenna and ultimately re-emits as a THz frequency pulse. PCAs are attractive THz sources because they are very compact, operate at room temperature, display high optical-to-THz conversion efficiency while being pumped with relatively low optical power, and enable the generation of subcycle pulses with relatively high peak powers.



Although the peak electric field of the subcycle THz pulses emitted by large-aperture photoconductive antennas (LAPCAs) can reach up to a few hundred kV/cm [13,15], it is still less than the level provided by the sources based on the laser optical rectification [16] or laser breakdown plasma [17]. The main limiting factors of the PCA technology are the saturation of the emitted THz pulses with high optical pump powers and the electric breakdown occurring when a certain level of the applied bias voltage is exceeded. The last limitation makes the dielectric strength value of the materials used for the fabrication of PCAs important. Diamond seems to be the best choice for generating intense THz radiation [13], as it withstands the record-high electric field of 2000·kV/cm [18]. However, diamond also possesses a much larger bandgap (5.46 eV) than all other semiconductors tested for THz generation with LAPCAs (GaAs, GaN, ZnO, ZnSe, SiC, etc.), so it requires deep ultraviolet radiation for the effective generation of photocarriers. The available fast UV lasers are quite complex setups; therefore, they can hardly be used for table-top THz sources. This explains the low interest in diamond-based PCAs during the last two decades despite the promising results obtained for the LAPCA with interdigitated metal electrodes fabricated on a polycrystalline diamond film, which was excited by an ultrashort-pulsed KrF laser [19].



Recently, it has been shown that substitutional nitrogen in nitrogen-doped diamond is an effective source of photoelectrons excited to the conduction band by the second harmonic of a Ti:sapphire laser (λ = 400 nm) [20,21]. The tested HPHT diamond antenna has demonstrated the maximum THz fluence of 0.007 μJ/cm2 when the pulsed (10 ns) bias field of 25 kV/cm was applied [20]. A significant rise in the emitted fluence is expected for the higher level of the bias field, which can be obtained for the same bias voltage by applying multiple interdigitated electrodes with a reduced interelectrode distance. This is a standard approach widely used for various materials, including CVD diamond excited by UV pulses [19]; the surface electrodes are usually covered by a dielectric encapsulation layer to increase the breakdown threshold. One should take into account, however, that the absorption depth of the nitrogen-doped diamond at λ = 400 nm typically exceeds 0.25 mm [20,21]; hence, the optical excitation of diamond, as well as the THz generation, take place in a relatively thick layer (>0.5 mm). Evidently, the surface electrodes are not able to create a homogeneous bias field over the entire excited layer if the layer thickness is much larger than the interelectrode distance.



Thus, the fabrication of a high-performance interdigitated LAPCA on the base of the nitrogen-doped diamond, where the interelectrode distance is reduced, at least, down to 0.1 mm, requires the essential modification of the electrode design: the electrodes penetrating deep into the diamond crystal should be produced instead of the standard encapsulated surface electrodes. A promising technique for creating such buried electrodes is the laser microstructuring of diamond bulk based on the local transformation of diamond into graphite [22]. Recently, this technique was applied to fabricate three-dimensional graphite electrodes inside CVD diamond crystals by turning the latter into sensitive and stable detectors of ionizing radiation [23,24,25].



Here, we report, for the first time, on the fabrication and testing of diamond PCAs with a novel design of electrodes, which potentially allows for the multifold enhancement of the electric field and emission performance for the LAPCA based on nitrogen-doped diamond. The electrodes were formed by the laser microstructuring of diamond bulk and consisted of the regular arrays of buried graphite pillars connected by the surface graphite stripes. Conductive graphite microstructures penetrating deep into the nitrogen-doped diamond crystal are expected to produce a homogeneous bias field over the entire excited diamond volume. Several PCAs with a different interelectrode distance and conductivity of the buried pillars were formed in the same diamond crystal. The energy of the THz pulses generated by each PCA was measured as a function of the laser fluence and bias voltage (pulsed or DC) applied. The dependencies of the THz fluence on the bias field calculated for the PCAs equipped with the buried electrodes were compared with the reference dependence obtained when the bias voltage was applied directly to the opposite faces of the diamond crystal.




2. Materials and Methods


A high-pressure high-temperature (HPHT) diamond single crystal of Ib type (3.4 × 3.5 × 0.66 mm3) was used as a basis for the design of seven PCAs with the buried graphite electrodes. The concentration of substitutional nitrogen in the crystal quantified from a 270 nm absorption band [26] reached ~20 ppm, which was proved earlier [21] to give an intensive THz emission under 400 nm pumping. The absorption depth of the laser radiation in the crystal was estimated at about 0.24 mm at the maximum laser fluence applied.



Each of the seven fabricated electrodes included a surface graphite stripe located on one of the two largest faces of the crystal and an array of 14 buried graphite pillars spaced at a distance of 200 µm from each other. According to Figure 1, the surface parts of the three electrodes f1–f3 and four electrodes r1–r4 were situated on opposite faces of the diamond crystal. The surface graphite stripes were formed by multishot irradiation with a KrF excimer laser (λ = 248 nm, τ = 20 ns) at a fluence of 30 J/cm2 and repetition rate of 50 Hz; a square laser spot of 50 × 50 µm size moved over the diamond surface at a velocity of 50 µm/s. The typical resistance of the 2.6-mm long and 50-µm wide stripe was about 900 Ohm. An additional pair of ring-shaped surface electrodes was formed on the side faces of the crystal (see Figure 1) by applying similar laser processing.



Most of the buried pillars were produced with a femtosecond fiber laser HR-Femto (Huaray) emitting 330 fs pulses at a wavelength of 1035 nm and maximum repetition rate of 750 kHz. Before each pillar formation, the crystal was positioned so that the laser beam focused by an aspheric lens with a focal length of 15 mm passed through the crystal and irradiated one of the surface graphite stripes at the rear face. The beam waist was positioned some distance beyond the graphite stripe to initiate the growth of a laser-induced buried pillar on the stripe. The sample was irradiated with a pulse energy of 1.6 µJ and a repetition rate of 3 kHz under the simultaneous movement of the crystal with a constant velocity of 100 µm/s away from the laser. The pillar growth was stopped at a distance of ~ 50 µm before the front crystal face. A typical fs-pulse formed pillar is shown in Figure 2a.



Two of the seven fabricated electrodes (f3 and r1 in Figure 1) included the buried pillars produced by a nanosecond laser LS-2132UTF (LOTIS TII) emitting 8 ns pulses at a wavelength of 1064 nm and repetition rate of 15 Hz. The fabrication procedure in this case differed by the pulse energy (10 µJ) and velocity of the crystal movement (0.5 µm/s). The pillars produced by the nanosecond laser caused pronounced damage of the surrounding diamond matrix (see Figure 2b); the occurred microcracks form a specific feather-like structure as all of them were oriented parallel to (111) the diamond planes [27]. However, the use of nanosecond pulses is known to considerably increase the electrical conductivity of the graphite wires compared with the femtosecond or picosecond pulses [27,28]. A similar trend was observed in the given study: the resistance of 660-µm long pillars formed inside the examined diamond crystal by nanosecond and femtosecond pulses was evaluated as 9 kOhm and 800 kOhm, respectively.



Table 1 summarizes the parameters of six PCAs with various electrode interspaces tested in the experiments by applying a bias voltage to particular pairs of the formed electrodes. For the PCAs numbered as #2 and #4–#6, the surface electrodes were situated on different sides of the diamond crystal. This made it possible to apply a higher bias voltage without an electric breakdown, which was crucially important for the PCAs with a small electrode interspace. However, such an electrode configuration complicates the geometry of the electric field inside the crystal near its front and rear faces. To check this effect in terms of THz generation, the PCA #3, with both buried electrodes located at the same crystal face, was examined as well. Thin copper wires were glued to the widened ends of the chosen surface electrodes by a conductive paste. In the case of the PCA #1, the conductive paste covered the whole surface of the side faces.



The experimental setup for the measurements of the THz emission was reported in detail elsewhere [21]. Optical pumping of the assembled PCAs was performed through the crystal face with three surface electrodes by applying a Ti:sapphire laser system (Spectra Physics) that emitted 0.5 mJ pulses with a ∼150 fs pulsewidth at a 800 nm wavelength. Second harmonic radiation (400 nm) was generated with a I-type β-barium borate (BBO) crystal. The pulse energy was controlled by rotating a half-wave plate combined with a Glan polarizer. Laser radiation passed through a slit in one of the specially prepared opaque screens installed closely in front of the diamond crystal (see Figure 1); the slit width was slightly smaller than the distance between the electrodes used. Two variants of the bias voltage application were tested in the experiments: (1) DC voltage, maximum magnitude of which (up to 2.2 kV) was limited by electric breakdown occurrence and (2) high-voltage pulses (up to 4 kV, ~10 ns full width at half maximum (FWHM)) synchronized with the 1 kHz optical pumping. THz radiation emitted by the PCA was focused by a polytetrafluoroethylene (PTFE) spherical lens (50 mm diameter, f = 60 mm). The collected THz output modulated at 10 Hz was measured by a Golay cell (Tydex GC-1P, aperture of 6 mm, illumination responsivity of 5·103 v/w).




3. Results


For all the examined diamond-based PCAs, the experimental dependencies of the THz pulse energy on the pumping optical fluence and bias voltage have been found to be in good agreement with a widely accepted model of THz generation from PCAs [13], which gives the magnitude of terahertz fluence as [29]:
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where WTHz is the THz pulse energy, A is the emitting area of the PCA, τTHz is the THz pulse duration, Ebias is the applied bias field, Z0 ≈ 376 Ohm is the impedance of free space, Fopt is the optical fluence, and Fsat is the saturation fluence. Figure 3 exemplifies the THz pulse energy as a function of the laser fluence at the fixed bias voltage in the case of the two PCAs with the largest electrode interspaces (d = 3.5 mm and d = 2.3 mm). The results of the experimental data fitting according to Equation (1) (dashed lines) and the evaluated saturation fluence are also shown in Figure 3. The model postulates [13] that the saturation fluence is determined by the pumping optical frequency and parameters of the PCA’s material, namely, relative permittivity, reflectivity, and electron mobility. This explains the relatively small stochastic fluctuations of the saturation fluence revealed (Figure 4), as all the examined PCAs formed on the base of the same crystal.



A few examples of the THz pulse energy variation depending on the bias voltage are presented in Figure 5. All datasets were obtained at the fixed optical fluence (Fopt = 2500 µJ/cm2) and can be precisely approximated by parabolic functions (dashed lines) in full accordance with Equation (1). A decrease in the electrode interspace for the PCAs with the buried electrodes (circles and triangles) compared with the surface electrodes on the crystal faces (squares) provides a strengthening of the electric field for the same bias voltage and square-law rise of the THz pulse fluence. Figure 5 also allows for the comparison of the THz emission driven by the DC and pulsed voltage applied for three different PCAs. In the case of the PCA with the surface electrodes (open and closed squares), both variants of biasing give practically the same result (the difference is below 15%). The PCA containing the buried electrodes produced by the femtosecond pulses demonstrates an approximately two-fold increase in the THz signal under the use of the DC voltage (closed circles) instead of the high-voltage pulses (open circles). A similar difference (by a factor of 2–3) was observed for all other examined PCAs equipped with the buried electrodes with the exception of the PCA #6. The electrodes of this PCA were produced by the nanosecond laser pulses and DC bias voltage provided by a relatively small (~25%) excess of the THz emission compared with the high-voltage pulses of the same amplitude. The most probable reason for such a different behavior is the influence of the electrode ohmic resistance on the charging rate of the PCA capacitor. This rate is the lowest for the high-resistance electrodes produced by the fs-pulses, so the oscilloscopic measurements of the HV pulse amplitude performed outside the PCA seem to significantly overestimate the real bias field existing inside the diamond in the moment when the optical pulse arrived.



A well-known advantage of a pulsed bias voltage [30] is the opportunity to reach a larger field strength by avoiding an electric breakdown since the short duration time of the electric field prevents the development of the avalanche ionization. Due to the small size of the diamond crystal and presence of long conductive stripes on its faces, the electric breakdown in air (or over the diamond surface) was observed when the DC bias voltage exceeded the level of 2–2.2 kV. The available HV pulse generator limited the maximum amplitude of the high-voltage pulses by 4 kV. As a result, the HV pulses provided almost a 4-fold gain in the maximum energy of the THz pulses under the use of the ns-pulse formed buried electrodes and only a ~2-fold gain for the fs-pulse formed electrodes (see Figure 5). Let us emphasize that the design of the electrodes was not optimized to apply the maximum possible bias voltage. The minimum distance over the diamond surface between the employed surface electrodes did not exceed 1.2 mm for all the examined PCAs, also taking into account the ring-shaped graphite electrodes on the side faces (see Figure 1). Burying all the electrode components inside the diamond and removing the graphite stripes from the side faces is expected to increase the DC breakdown voltage by a factor of at least 3.



Taking into account that the variation of the electrode interspace changes the square of the emitting area as well as the electric field strength, it is convenient to compare the emission performance of the different PCAs by analyzing the dependencies of the THz fluence on the electric field strength (Figure 6). As has been expected, all THz fluence dependencies obey the square law and most of them are very close to each other. The only exception is the PCA with the minimum electrode interspace (d = 0.5 mm), which revealed an almost 3-fold decrease in the emitted THz fluence for the same field strength. The reason for such behavior is still not clear. In particular, a similar effect of a decreasing emission performance under the reduction in the submillimeter interelectrode gap in a ZnSe interdigitated LAPCA reported in [31] was explained by the intensification of the space-charge screening effect that caused a significant reduction in the bias field during the THz pulse emission. An important marker of more intensive space-charge screening is the decrease in the saturation fluence that was not observed in our experiments (see Figure 4). Therefore, a few other possible effects are now under investigation. One of those are the spatial inhomogeneities of the bias field in the vicinity of the buried pillars, which have a negative influence on the integral THz signal increases when the electrode interspace decreases. An evident way to diminish this effect is to decrease the period of the pillars’ array. Another considered opportunity is the generation of numerous structural defects near the graphite pillars, which trap photocarriers and reduce local THz emission. The latter might become a significant obstacle for designing a diamond-based interdigitated LAPCA with an extra-large field strength and high THz output.




4. Conclusions


The arrays of buried conductive pillars formed by the controlled laser-induced graphitization of diamond are shown to be an effective means for the creation of an intense electric field in the entire photo-excited volume of nitrogen-doped diamond crystal. It is proven that the buried graphite electrodes allow for reducing the electrode interspace from 3.5 mm to 1.4 mm without a reduction in the optical-to-THz performance of the diamond PCAs. The revealed decrease in performance for a 0.5-mm gap between the buried electrodes requires further studies. The maximum THz fluence measured for the PCA with the 0.5 mm electrode interspace was 0.04 µJ/cm2 at a field strength of 30 kV/cm. According to our estimations, burying all the components of the graphite electrodes inside diamond would provide for increasing the DC breakdown voltage for the examined diamond crystal by a factor of 3, which means a rise in the field strength and THz fluence for the above-mentioned PCA up to 90 kV/cm and 0.36 µJ/cm2, respectively. The last value significantly exceeds the maximum THz fluence reported earlier for the diamond-based PCA pumped by ultrashort UV pulses (0.1 µJ/cm2) [19] at a close field strength (100 kV/cm).
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Figure 1. A schematic of graphite buried electrodes formed inside diamond crystal. 
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Figure 2. Optical images of buried electrodes formed by laser pulses of different duration: (a) 330 fs, (b) 8 ns. 
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Figure 3. Experimental dependencies of THz pulse energy on laser fluence for PCAs with surface and buried electrodes. Fitting curves according to Equation (1) are shown by dashed lines. 
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Figure 4. Saturation optical fluence for PCAs with different electrode interspace. 
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Figure 5. Experimental dependencies of THz pulse energy on bias voltage (DC and pulsed) for PCAs with surface electrodes and buried electrodes formed by fs and ns pulses. Square-law approximations are shown by dash lines. 
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Figure 6. THz fluence as a function of electric field for PCAs with different electrode interspace (DC bias voltage). 
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Table 1. Parameters of the photoconductive antennas.
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	PCA
	Type of Electrodes
	Electrode Interspace
	Electrode Position





	#1
	surface
	3.5 mm
	side faces



	#2
	buried: f1 + r4 (fs)
	2.3 mm
	front/rear faces



	#3
	buried: r2 + r4 (fs)
	1.8 mm
	rear faces



	#4
	buried: f1 + r3
	1.4 mm
	front/rear faces



	#5
	buried: f1 + r2 (fs)
	0.5 mm
	front/rear faces



	#6
	buried: f3 + r1 (ns)
	2.15 mm
	front/rear faces
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