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Abstract

:

Short-pulse ion beams have been developed in recent years and now enable applications in materials science. A tunable flux of selected ions delivered in pulses of a few nanoseconds can affect the balance of defect formation and dynamic annealing in materials. We report results from color center formation in silicon with pulses of 900 keV protons. G-centers in silicon are near-infrared photon emitters with emerging applications as single-photon sources and for spin-photon qubit integration. G-centers consist of a pair of substitutional carbon atoms and one silicon interstitial atom and are often formed by carbon ion implantation and thermal annealing. Here, we report on G-center formation with proton pulses in silicon samples that already contained carbon, without carbon ion implantation or thermal annealing. The number of G-centers formed per proton increased when we increased the pulse intensity from 6.9 × 109 to 7.9 × 1010 protons/cm2/pulse, demonstrating a flux effect on G-center formation efficiency. We observe a G-center ensemble linewidth of 0.1 nm (full width half maximum), narrower than previously reported. Pulsed ion beams can extend the parameter range available for fundamental studies of radiation-induced defects and the formation of color centers for spin-photon qubit applications.
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1. Introduction


Ion beams are very widely used in the fabrication of classical semiconductor devices [1]. In recent years, quantum information science [2] has emerged from a topic of basic research towards increasing the number of applications that show quantum advantages in sensing, communications, and computing. The formation and integration of some promising qubit candidates such as donor spins and color centers [3,4,5] can be accomplished using ion beams.



In the development of ion beams, short-pulse ion beams from induction linear accelerators (LINACs) [6] and from laser-plasma acceleration have recently become available for materials studies [7,8]. When a desired fluence of ions (ions/cm2) is delivered, the flux (ions/cm2/s) and the pulse length (e.g., 0.1 to 10 ns) can affect the balance of defect formation and dynamic annealing [9] in ion–solid interactions.



The spins of donor atoms in silicon and other semiconductors are promising qubit candidates, where the fabrication finesse of end-of-roadmap silicon technologies can be applied for qubit integration [5,10]. Color centers, such as the nitrogen-vacancy center in diamond, are already widely used for quantum sensing [11] and emerging quantum communication applications [12]. Recently, color centers and optically active defects in silicon have been revisited for quantum applications, and single near-infrared emitters, such as G-centers [12] and W-centers, have been characterized [13]. In the formation of dopant and color center qubits with ion beams and conventional fabrication techniques, increased qubit formation efficiencies have been achieved in recent years which have enabled many qubit physics demonstrations and proof-of-concept experiments with increasing degrees of qubit control and complexity [10,14,15]. In studies of G-centers in silicon, the centers have often been formed by carbon ion implantation, followed by thermal annealing [12,16]. In this process, substitutional carbon atom pairs are formed in the thermal annealing step from the implanted carbon ions. The thermal annealing step also repairs the implant damage from the carbon ion implantation and some silicon interstitials can diffuse to carbon atom pairs to form G-centers [12]. Silicon interstitials can also be formed by irradiation with MeV protons [16]. The development of intense and tunable ion pulses opens new opportunities for the exploration of the fundamental defect dynamics of radiation-induced defects, defect engineering, and qubit synthesis far from equilibrium.




2. Materials and Methods


Pulsed ion beams can be formed through time-dependent deflection or chopping of conventional ion beams without beam compression [9]. However, much higher peak currents can be achieved with induction accelerators [6], pulsed single-gap-type accelerators [17,18], and laser-plasma acceleration of ions [7]. In the following we present results from NDCX-II (Neutralized Drift Compression Experiment-II), an ion induction linear accelerator at Berkeley Lab [6]. The technology of ion induction accelerators with drift compression has been developed in the context of heavy ion fusion driver development and for high energy density science experiments [19]. The dynamics of radiation-induced defects can become accessible in pump–probe type experiments when the interaction time is controlled with short ion pulses. In the current configuration, NDCX-II delivers 1 MeV protons and helium ions with peak currents of up to 2 A, and beam spots of 3 to 10 mm2. A photo and a schematic of the ~12 m long accelerator are shown in Figure 1. Ions are injected from a multi-cusp plasma ion source with an injection energy of typically 100 to 140 keV. The ion source delivers about 1µs pulses of helium ions from an array of about 1900 densely packed beams that are formed in a plasma ion source and extracted from high transmission grids across an extraction area with a diameter of 60 mm [20]. The beams merge into a single beam with a peak current of up to 150 mA, which is then accelerated and compressed in the linear accelerator.



Ions are then subjected to pulsed electrical fields in induction cells designed to accelerate the pulse to the final energy of up to 1.1 MeV, to shape the ion pulse velocity distribution and to enable drift compression of the ion pulse. Longitudinal pulse compression is mainly accomplished in drift sections where faster ions catch up with slower ions within the ion pulse from the engineered velocity tilt. A beam radius of a few cm is maintained with a series of 28 pulsed solenoids. After the last acceleration gap, the final drift compression of the space-charge-dominated ion bunch requires the injection of electrons to compensate space-charge forces that would otherwise limit the minimum pulse duration at the target. The last focusing element is a pulsed solenoid magnet (up to 7 T) that focuses the beam to spots with diameters of ~1.5 to 10 mm, depending on the field strength. Ion pulses are thus compressed longitudinally, (in pulse length) from ~1 µs to 2 ns, and laterally, i.e., the spatial focusing domain, from 60 mm to ~2 mm, to reach peak intensities of up to ~60 A/cm2. The final ion kinetic energy spread is typically ±8%. The accelerator lattice can be tuned with particle-in-cell codes such as WarpX [21] (and with emerging machine learning tools) to select a range of fluences and flux conditions for studies of the defect dynamics and radiation effects in semiconductor devices [22]. For target irradiations, the ion energy at NDCX-II can be tuned from as low as 100 keV, for a coasting beam from the injector, up to 1.1 MeV, with optimal waveforms and acceleration in the currently available induction cells. To date, proton and helium ion pulses have been formed with a multi-cusp plasma ion source [20]. The beams of other ion species can also be formed since the ion source is very versatile. Previously we had used Li+ surface-emission-type ion sources, which have the advantage of lower emittance and higher source brightness [6,19]. However, these lithium sources suffered from short lifetimes and much higher service requirements compared to the plasma ion sources we now use. Helium ion pulses at 1.1 MeV with a 2.1-A peak current, a pulse duration of 2.4 ns (FWHM), and a beam spot size of 1.5 mm FHWM have been reported [22]. The corresponding flux was ~2 × 1011 ions/cm2/pulse, or 1020 ions/cm2/s at the peak of the pulse waveform.



In earlier studies of radiation effects on pnp silicon transistors with 1 MeV helium ions, we found that the damage rate per ion in a Messenger–Spratt-type damage rate analysis was the same for helium ion irradiation with conventional ion beams (~1 to 100 µA/cm2, or ~6 × 103 to 6 × 105 ions/cm2/ns) and pulsed ion beams that delivered ions at a flux of 2.5 × 109 He/cm2/ns (with a pulse length of 10 ns), i.e., at a dose rate that that was over a thousand times higher [22]. Increasing the flux to >1010 ions/cm2/ns can lead to deviations of low flux and high flux damage rates in silicon diodes. Proton pulses from NDCX-II have been used to calibrate radiochromic films that are widely used to quantify the intensity, energy, and angular distributions of high energy proton pulses in laser-plasma acceleration experiments [7,8]. Peak radiation doses reached up to 100 kGy in 10 ns pulses, or 7 × 1011 Gy/s for proton intensities of up to 2 × 1010 protons/cm2/ns at a kinetic energy of 1 MeV [8]. Such high energy deposition rates also enable the exploration of dose rate effects on the biological effectiveness of energetic protons [23]. We summarize the performance parameters for NDCX-II in Table 1.



When operating the plasma ion source with hydrogen gas for proton formation, H2+ ions are also formed and injected into the beamline, together with the protons [8]. In earlier experiments with 1.1 MeV protons, the H2+ ions were observed arriving about 600 ns after the main proton pulse [8]. In the current study, we wanted to avoid defect formation from H2+ ions, and we thus used a 4 µm thick aluminum foil to stop them; hence there is no H2+ peak in the 2 µs temporal window in Figure 2 (left). The double peak structure highlighted in Figure 2 (right) results from the velocity distribution of ions in the pulse. This feature can be increased or reduced by tuning the acceleration waveforms, and it can enable exploration of defect formation under double-pulse conditions. Using the SRIM code [24], we estimated that 1.1 MeV protons lost about 200 keV in the aluminum foil before reaching the silicon targets through 2 mm diameter apertures. The intensity of the pulse on the right in Figure 2 was 7.9 ± 1.6 × 1010 protons/cm2.



The interplay of damage formation and annealing in a single ion pulse depends on the ratio of elastic and inelastic energy loss processes, as well as on heating the sample lattice. For repeated pulses, excitations and heating can lead to damage accumulation and damaged annealing of defects formed by a series of ion impacts in a selected spatio-temporal window. The ability to tune the ion flux with nanosecond pulses now opens a rich field of defect engineering and exploration of defect dynamics with pulsed ion beams. Flux, or dose rate effects, have been observed for many years using conventional ion beams of varying intensity [9]. Being able to control the ion pulse length on a ns time scale [25] now opens the possibility to tune ion pulses for the optimization of desired defects, such as color centers and spin-photon qubit candidates. Ion pulses from laser-plasma acceleration have complementary properties compared to those from NDCX-II, including higher ion intensities, multi-species composition, higher ion peak energies, and broad energy distributions [7,8].



For the irradiation studies, we used float zone silicon samples, with (111) crystal orientation and a resistivity of ~100 Ohm cm. Analysis by secondary ion mass spectrometry (SIMS, www.EAG.com, accessed on 28 December 2021) prior to irradiation showed a distribution of carbon atoms with a concentration of up to 1020 C/cm3 near the native oxide surface, which dropped to the SIMS sensitivity limit of 1016 C/cm3 at a depth of 150 nm (Figure 3). Integrating the very steep, near-surface depth distribution of the carbon concentration, we found that the corresponding carbon areal density was 2 × 1014 C/cm2. The origin of this carbon in our silicon samples is likely extended storage in polymer-based wafer carriers. No carbon ion implantation or annealing were performed in the experiments we report on here. We selected this starting material because we wanted to see if we could form G-centers from carbon that was already present in the silicon samples. We can then also compare results to G-center ensemble properties from the standard process of carbon ion implantation and thermal annealing.



Photoluminescence spectra were recorded at 3 K using a scanning confocal microscope optimized for near-infrared spectroscopy. Optical excitation was performed with a 532 nm continuous laser focused onto the sample through a high-numerical-aperture microscope objective (NA = 0.85). The excitation power, measured at the entrance of the objective lens, was fixed at 1mW. The PL signal was collected by the same objective and directed to a spectrometer (900 to 1620 nm) coupled to an InGaAs camera (cooled to 193 K).




3. Results


For the study of G-center formation, we tuned proton pulses to flux levels of 6.9 (±0.7) × 109 and 7.9 (±1.6) × 1010 protons/cm2/pulse, respectively (Figure 2). We determined the ion flux with Faraday cup measurements of a series of pulses before and after the pulse(s) that irradiated a sample. Ion beam spots were defined with a 2 mm diameter aperture, and we irradiated three or four spots separated by several mm on silicon samples (7 mm × 7 mm) that had been cut from the Si (111) starting wafer material. We then conducted PL measurements to quantify light emission in the near-infrared spectral region from about 1200 nm to 1500 nm. The 532 nm excitation light used for PL can excite color centers over a depth of less than 1 µm. To compare the PL intensity from several irradiated areas for a series of different irradiation conditions, we kept the laser excitation power constant and used the same diffraction limited focusing condition on the sample surface in the respective areas. In addition, the PL spectra have been normalized by taking the integration times for each measurement into account. Examples of near IR PL spectra taken at a temperature of 3 K are shown in Figure 4, where we focus on the spectra region from 1260 to 1320 nm.



The PL spectra in Figure 4 show that the emission from G-centers at 1278.56 nm is about 100% more intense for the one-shot sample at a flux of 7.9 × 1010 protons/cm2/pulse compared to the sample that had received ten shots at a lower flux of 6.9 × 109 protons/cm2/pulse. Meanwhile, the fluence for these two irradiations was higher by only 14% for the single high flux pulse vs. the ten lower flux pulses. The observation that the resulting G-center intensities differ for the high flux vs. low flux pulse conditions for similar proton fluences demonstrates a super-linear effect of the proton flux, or dose rate, on G-center formation. When we zoomed in on the emission line at 1278.56 nm from ensembles of G-centers that were formed for a series of irradiation conditions, as in Figure 4, we observed an ensemble line width distribution of 0.1 nm (FWHM). This ensemble linewidth is much narrower than the linewidth observed in samples with G-center ensembles formed by carbon ion implantation and thermal annealing of about 0.4 nm [12,24]. The depth distribution of the G-centers observed here is not known, and we have not yet quantified the absolute number of G-centers.




4. Discussion


Dose rate effects, or flux effects on defect structures that develop resulting from the ion implantation of semiconductors have been observed for many years [9]. In our example, we observe a super-linear scaling of G-center formation with proton flux, and we control the proton pulse length on the 10 ns time scale. The range of 900 keV protons in silicon estimated from SRIM [25] is about 14 µm. Vacancies and interstitials are formed in elastic collisions at a rate of about 2 × 10−4 damage events/proton/nm in the top 1 µm of the samples, or 0.2 damage events/proton/µm. Silicon interstitials can migrate over tens of nanometers following damage events [9]. The clustering of silicon interstitials from overlapping damage cascades could lead to the formation of many defect structures, including W-centers, which we did not observe. Increased clustering and the formation of extended defects can be explored with helium and heavier ion species.



We estimated the maximum temperature increase due to the proton pulse based on the energy loss of protons in silicon (which we estimated using the SRIM code [24]), together with the proton fluence values in our irradiations and a value for the specific heat of silicon of 0.7 J/g/K. We found that at a 7.9 × 1010 protons/cm2/pulse, the maximum temperature increase from the proton energy deposition in the silicon sample was very low, only about 4 K at a depth of 0.5 µm.



To understand the underlying mechanisms responsible for the flux effect on G-center formation, detailed simulations could track the energy deposition and the spatio-temporal dynamics of target excitation and heating, together with elastic collisions, damage cascade expansion and cooling, and the movement of silicon interstitials and vacancies.



Silicon interstitials can combine with two substitutional carbon atoms to form a G-center [16,26]. Multi-scale simulations of radiation damage and defect formation [27] would have to track a time scale from ps to ms and length scales from sub-nm to the diffusion length of silicon interstitials of tens of nanometers [9]. By changing the rate at which ions impinge on the silicon sample, we can adjust the probability that defects induced by one proton can interact with defects from the next proton that impinge in the same area. The ion pulse length constrains this time window to a few nanoseconds. A proton intensity of ~1010 protons/cm2 constrains the interaction window to an average distance between proton impacts of about 100 nm. Repeated pulses can lead to the accumulation of defects and color centers, but consecutive pulses can also anneal or alter the defects that had been formed in an earlier pulse. The instantaneous energy deposition in a more intense, higher-flux proton or ion pulse leads to increased transient excitations and lattice heating and can affect the mobility of interstitials and vacancies. G-centers formed here were observed for relatively high fluxes and relatively low fluences of MeV protons, <1011 protons/cm2, compared to some earlier studies (>1013 protons/cm2) [12,24]. Comparing the absolute formation efficiency of G-centers for different processing methods is difficult because the presence of substitutional carbon atom pairs is a prerequisite of G-center formation. While the concentration of carbon can be readily quantified, e.g., by SIMS, the lattice positions and coordination of carbon atoms and pairs of carbon atoms is harder to assess.



The observation of a narrow linewidth of 0.1 nm in the G-center ensembles formed indicates that the high proton flux does not lead to the accumulation of other radiation induced defects, such as vacancy clusters, which could lead to inhomogeneous broadenings of G-center line widths. Further, these narrow linewidth ensembles are formed from carbon that was likely introduced by a surface contamination process during the extended storage of wafers in polymer-based wafer carriers. The comparison to G-center ensembles from carbon ion implantation and thermal annealing shows that the ion implant process likely leads to residual lattice damage after thermal annealing that causes broader G-center ensemble line widths.



With the access to single color centers demonstrated in materials such as diamond, silicon carbide, and silicon, color centers have become available for applications in quantum information science and technology. Studies of (single) color centers can also be used to probe the fundamental aspects of the dynamics of radiation-induced defects, complementing other well-established ensemble methods such as ion beam-induced charge collection and deep-level-transient spectroscopy [28].




5. Conclusions


Pulsed ion beams from induction LINACs can deliver tunable intensities of protons and heavier ions to targets in nanosecond pulses with peak flux levels of ~109 to 1012 ions/cm2/pulse. Flux conditions can be tuned to affect the balance of damage formation and dynamic annealing in materials such as semiconductors. This control of the ion pulse length constrains the temporal window for defect interactions in single pulses and enables studies on the formation and annealing dynamics of radiation-induced defects. We reported results from G-center formation in carbon-doped silicon with pulsed proton beams. We observed that the number of G-centers formed per proton increased when we increased the pulse intensity from 6.9 × 109 to 7.9 × 1010 protons/cm2/pulse. This demonstrates a flux effect on color center formation efficiency. Pulsed ion beams can extend the parameter range for defect engineering and the exploration of color center qubit synthesis beyond the range of conventional ion beams.
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Figure 1. Photo of NDCX-II, an ion induction LINAC at Berkeley Lab [6,19], and an illustration of its operating principles for the formation of ns ion pulses by neutralized drift compression. 
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Figure 2. Examples of the proton pulses from NDCX-II used for G-center formation in silicon. 
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Figure 3. SIMS depth profile of the carbon in the silicon (111) samples used for G-center formation by proton irradiation. The carbon was present in the as-received silicon samples, and there was no carbon ion implantation step. 
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Figure 4. Near-IR photo-luminescent spectra collected at a sample temperature of 3 K from Si (111) samples that had received (a) one and (b) ten proton pulses at a flux of 6.9 (±0.7) × 109 protons/cm2/pulse, and (c) one pulse at a flux of 7.9 (±1.6) × 1010 protons/cm2/pulse. The relative intensities are normalized to the signal integration time for comparison. 
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Table 1. List of NDCX-II parameters.






Table 1. List of NDCX-II parameters.





	Performance Parameter
	NDCX-II Parameter Value





	Ion energy
	0.1 to 1.1 MeV



	Ion species
	Protons, helium, higher Z species possible



	Peak current
	0.001 to 2 A



	Pulse length (FWHM)
	2 ns to 1 µs



	Ions per pulse
	~108 to 1011



	Beam diameter on target
	~1.5 to 10 mm



	Pulse intensity
	up to ~1012 ions/cm2/shot (to date)



	Repetition rate
	1 shot/45 s



	Shots per day
	up to ~500
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