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Abstract

:

The increase of device lifetime and reliability of THz photomixers will play an essential role in their possible future application. Therefore, their optimal work conditions/operation range, i.e., the maximal incident optical power should be experimentally estimated. We fabricated and tested THz photomixer devices based on nitrogen-implanted GaAs integrated with a Bragg reflector. Raman spectroscopy was applied to investigate the material properties and to disclose any reversible or irreversible material changes. The results indicate that degradation effects in the photomixer structures/material could be avoided if the total optical power density does not exceed levels of about 0.7 mW/µm2 for 100 min of operation. Furthermore, the investigations performed during 1000 min of optical exposure on the photomixer devices’ central region comprising interdigitated metal-semiconductor-metal (MSM) structures suggest a reversible “curing” mechanism if the power density level of ~0.58 mW/µm2 is not exceeded. Long-term operation (up to 1000 h) reveals that the photomixer structures can withstand an average optical power density of up to ~0.4 mW/µm2 without degradation when biased at 10 V. Besides the decrease of the position of the A1g (LO) Raman mode from ~291 cm−1 down to ~288 cm−1 with increasing optical power density and operation time, broad Raman modes evolve at about 210 cm−1, which can be attributed to degradation effects in the active photomixer/MSM area. In addition, the performed carrier lifetime and photomixer experiments demonstrated that these structures generated continuous wave sub-THz radiation efficiently as long as their optimal work conditions/operation range were within the limits established by our Raman studies.
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1. Introduction


Enormous progress was made on the development of THz continuous wave (cw) photomixers during the last ~3 decades, as can be seen from the chronology of events documented by selected publications [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49]. This is related to the advancement of materials [1,2,7,11,14,16,17,22,44,45] such as low-temperature–grown GaAs (LT-GaAs) and others, e.g., implanted III-V materials introduced into their structures on the one hand, and on the development of photodetectors [6,13,15,20,23,28,29,42,44] and of photomixers [3,4,5,8,9,10,12,13,18,19,24,26,30,31,32,33,34,38,39,46,47,49] on the other hand. However, there still is a lack of highly efficient solutions. In the past, THz photomixers were utilized in a large range of applications, such as in THz spectroscopy techniques, radar, communication, or local oscillators in radio-astronomy. However, long-term device operation as well as output power stability and reliability seem to be limited predominantly by material degradation effects. Here, in this study, we focus our attention on the determination of the safe operating conditions and “work range” for the incident optical power applied in THz photomixer structures. Since Raman spectroscopy is very sensitive to structural changes, it is predestined to be the suitable technique for this task. To this end, we investigated the evolution of characteristic Raman modes in the implanted GaAs material. The experimental determination of the suitable operation range plays an important role, since the “maximal” THz output levels in our photomixer structures should be generated in long-term operation periods. Therefore, we tested optically our structures with total power levels ranging from 1 up to 50 mW at 780 nm wavelength. We identified the “critical” high optical power region in which there are indications of irreversible material/structural changes by recording position changes of the Raman shift in comparison with their non-exposed device counterparts. Subsequently, our THz photomixer structures were tested under the estimated “safe” operational conditions for up to 1000 h. We observed no indication for degradation effects, which confirms that a careful estimation of the optimal operation conditions could significantly increase the device “lifetime” and reliability. Subsequently, the N-implanted GaAs photomixers were used to generate sub-THz cw radiation, by mixing down two cw laser signals with wavelengths in the 760–800 nm range.




2. Materials and Methods


We started the fabrication process unconventionally for the research III-V material “family”, where molecular beam epitaxial (MBE) techniques are mostly applied, by using a metalorganic vapor phase epitaxy (MOVPE, AIXTRON, Herzogenrath, Germany) technique to deposit GaAs layers on 2-inch, (100) oriented, semi-insulating GaAs substrates. The MOVPE technique is—in contrast to MBE—a very versatile technique, which allows the deposition of many micrometer-thick epitaxial films, as well as layers down to the nanometer scale with precise composition control reproducibly and is, therefore, the preferred deposition method for the industry. By applying the so-called “nitrogen” process, in which nitrogen is used as the carrier and ambient gas instead of hydrogen, the efficiency has been greatly improved with respect to precursor exploitation and layer uniformity, creating a cost-effective process with, additionally, increased safety [50,51]. After depositing a 100 nm thick GaAs buffer layer, 12 periods of AlAs/GaAs (67 nm/55 nm) were grown serving as a Bragg mirror, succeeded by a 500 nm cap layer of GaAs. The growth temperature and reactor pressure were kept at 650 °C and 20 hPa, respectively. The layer thicknesses of the AlAs/GaAs layer system used for the Bragg mirror were chosen for a maximal reflectivity in the wavelength range between ~770 nm and ~800 nm. Figure 1 presents a scanning electron micrograph (SEM) cross-sectional view of the AlAs/GaAs layers. Very smooth and abrupt interfaces, as well as uniform layer thickness are observed.



In the following, samples were implanted with 191 keV nitrogen ions and an implantation dose of ~8.1011 ions/cm2. Subsequently, 3 samples were annealed in nitrogen-ambient for 10 min at 300 °C, 350 °C, and 400 °C [52]. After the annealing process, photomixer structures were fabricated using e-beam and conventional lithography [12]. The technological process started with the fabrication of interdigitated metal-semiconductor-metal (MSM) structures with a finger width of 200 nm and a finger spacing of 1.8 µm. The MSM contact metallization was realized by the evaporation of Ni/AuGe/Ni/Au layer stacks with a total thickness of 200 nm and, subsequent, annealing with the help of a LMA (laser micro annealing) procedure [53] to improve the Ohmic contacts. In the next step, the complete surface area except for the MSM region was covered in 2 steps with SiO2 layers. They serve as electrical isolation layers for further metallic structures. For the sake of suppressing a pinhole formation in the SiO2 layer, the following procedure was applied: in a first step, 100 nm of SiO2 was deposited and then the sample was rotated by 90° and the next 100 nm thick SiO2 layer was deposited. Again, a conventional lithographical process was used for the fabrication of the resonant dipole antenna and the RF choke, which were connected with the MSM structure for the THz wave generation via optical mixing. Optical micrograph images of an MSM structure and the one integrated with a resonant dipole antenna and RF choke are presented in Figure 2a,b, respectively.



After the THz photomixers were fabricated, they were exposed to total optical power levels ranging from 1 up to 50 mW at 780 nm wavelength with exposure times between 1 and 1000 min, and characterized using Raman spectroscopy. The Raman studies were carried out in a confocal Raman microscope (Renishaw, New Mills, Gloucestershire, UK) in backscattering geometry, which was equipped with a frequency-doubled Nd-YAG laser (532 nm, 50 mW) and a CCD detector. The spectrometer was referenced to the transverse optical phonon of Si at 521 cm−1. Spectra were recorded in the range between 100 cm−1 and 500 cm−1. The experiments were done in a step-by-step fashion. Explicitly, after the exposure procedure under the respective optical power level (780 nm laser), the sample was then characterized by Raman scattering measurements (532 nm laser).




3. Results


3.1. Raman Spectroscopy Investigations


The general effect of laser exposure (780 nm) on a THz photomixer structure is presented in Figure 3a. Both exemplary spectra, for the exposed (red) and non-exposed (blue) areas, of the structures are dominated by the A1g (LO) phonon mode of GaAs. Additionally, they both exhibit weaker modes at ~270 cm−1 and at ~165 cm−1. The higher Raman shift is attributed to the transverse optical (TO) phonon mode, symmetry forbidden according to the selection rules for (001) GaAs, due to crystalline disorder normal to the substrate surface [54,55,56] and to second order scattering, respectively. However, on closer inspection of these two spectra, differences become discernable: firstly, the position of the A1g (LO) mode shifts from 291 cm−1 to 289 cm−1 after exposure. In addition, two broad bands are observed at ~200 cm−1 and at ~210 cm−1 in the spectrum recorded at the exposed area. These Raman bands may be attributed to amorphous As and the disorder activated longitudinal acoustic mode (DALA)—indications of irreversible material degradation [55,56,57]. They emerge in the spectrum when the A1g (LO) mode shifts below 289 cm−1. Furthermore, the exposed area exhibits a higher intensity of the A1g (LO) mode than the non-exposed area. This intensity increase can be related to several factors, such as, e.g., reflectivity changes. In our study, the intensity increase is caused primarily by thermal effects. As soon as the thermal damage threshold is reached by the high incident optical power density, different defect types, possibly also oxides reported to be related to a high Raman intensity [58,59,60,61], develop.



Since the position of the Raman A1g (LO) mode of GaAs has been reported to be extremely sensitive to material properties such as crystallinity, thermal damage, and strain [55,62], it was employed to study the effect of incident optical power density for different exposure times (texp). The results are presented in Figure 3b. Each data point was achieved by recording a Raman spectrum after exposing the material for texp at the respective power density. The position of the A1g (LO) mode was then evaluated. As the power density increases, a continuous “red/down” shift of the A1g (LO) mode is found. The slope of this shift increases as the texp increases. In the following, it was confirmed by microscope inspection that degradation, i.e., melting occurs for structures, which exhibit a Raman shift below 289 cm−1. Here, obviously, the thermal damage threshold has been exceeded. The “critical” high optical power density region in which there are indications of irreversible material/structural changes can then, therefore, be determined. We found that the photomixer structures can withstand an average optical power density of up to ~0.7 mW/µm2 and ~0.58 mW/µm2 for texp of 100 and 1000 min, respectively, at room temperature when biased at 10V. Above these optical power densities, a combination of optical and Ohmic heating causes non-reversible structural changes, and the thermal damage threshold is exceeded.



Figure 4a,b show exemplary images obtained from micro-Raman intensity mappings collected in the central area of the interdigitated MSM structure without and with indication of degradation/thermal damage. A uniform intensity is observed for structures without any indication of damage, whereas strongly non-uniform intensity is observed for structures indicating degradation. In this region, thermal degradation in the photomixer MSM active region was additionally confirmed by microscope inspection.




3.2. Carrier Lifetime and Photomixer Characteristics


Besides using Raman spectroscopy to determine the optimal work/operation conditions range, we demonstrate additionally, in this section, that the material system with its carrier lifetime is suitable for the photomixing in devices presented. More details to the photomixer structure performance will be presented in our separate study.



The lifetime of photogenerated carriers in nitrogen-implanted GaAs materials grown on top of the Bragg mirror (Figure 1) was studied using femtosecond, all-optical pump-probe spectroscopy measurements. Details to the setup can be found in [52]. For implanted materials annealed in the range from 300 °C to 400 °C, carrier lifetimes were extracted from the pump-probe data using a bi-exponential fitting based on the Drude model [52]. The initial fast component τ1 represents a sub-picosecond trapping time of hot electrons and was in the range from ~200 to up to 300 fs, respectively. A subsequent “slow” carrier lifetime component τ2, corresponding to the electron–hole recombination time [63], was in the range between 1.2 and 1.4 ps. These results, shown in Figure 5a, are fully comparable with the data extracted from measurements performed on annealed N-implanted GaAs materials without the Bragg mirror (Figure 5b) [64]. The latter confirms that the internal Bragg mirror itself does not additionally affect the carrier lifetime in the implanted and annealed active GaAs layer. Furthermore, it was demonstrated that carrier lifetime values can be tuned, via annealing, to the values best suited for the pre-defined THz output frequency range [65].



In the following, comprehensive THz photomixing experiments were performed on the photomixer presented in Figure 2 with integrated interdigitated MSM structure, dipole antenna, and RF choke (further details will be presented in our separate study). The photomixing results presented in Figure 6a demonstrate the THz output power dependence on the one incident optical wavelength, while the other beam wavelength is shifted by 1 nm, measured by a pyroelectric detector in the wavelength range ~750 nm to 830 nm. A maximum detector response was observed when the wavelengths of the two tunable sources were set to 785 and 786 nm and the total optical power density levels were kept below 0.4 mW/µm2 during the photomixing measurements. The measured detector response maximum (Figure 6a) in this case corresponds to an output frequency of 486 GHz, for which our dipole resonant antenna and our Bragg mirror (calculated reflectivity maximum ~780 nm ÷ 790 nm) were designed. Indeed, these data are in good agreement with the range predicted previously by a simulation of the reflectivity for 12 periods of a GaAs/AlAs superlattice with thicknesses of 55 nm/67 nm, which was presented for MBE grown LT-GaAs materials used for the fabrication of photodetectors and photomixers [66]. Furthermore, representative (total) current-voltage characteristics (Figure 6b) measured on the photomixer structure (after 100 min optical exposure) indicate deviations from a linear behavior for the input optical power density range ~0.7 mW/µm2. This result correlates and is in very good agreement with the data presented in Figure 3b, where the Raman A1g (LO) mode of GaAs exhibits a shift down to about 289 cm−1 for the sample exposed optically for 100 min. Additionally, thermal degradation in the photomixer (MSM) active region was confirmed both by microscope inspection as well as by micro-Raman mapping measurements (Figure 4b) for higher optical power density levels above 0.7 mW/µm2.





4. Discussion


It is well-known that the temperature dependence of the phonon frequency is described by the anharmonic terms in the vibrational Hamiltonian of the crystal lattice, which take into account thermal expansion of the lattice and phonon-phonon interaction [67]. This leads to a red/down shift of the phonon frequency with respect to the harmonic frequency. Further contributions are to be considered for heteroepitaxial systems such as GaAs/Si, when lattice and thermal mismatches cause strain in the epilayer. Here, the temperature dependence of the A1g (LO) frequency mode shift can be analyzed by considering three contributions: the lattice thermal expansion Δ(1)(T), the anharmonic decay of phonons Δ(2)(T), and the strain in the layers Δ(3)(T), as follows [68]:


ω(T) = ω(0) + Δ(1)(T) + Δ(2)(T) + Δ(3)(T),



(1)




where ω(0) is the harmonic frequency of the optical mode.



In our experiments, however, we do not concern ourselves with the temperature dependence, but rather with the determination of the effect of optical power density (after exposure) on the Raman shift. The increase of the incident optical power density in our experiments in the range from ~0.02 up to ~1 mW/µm2 leads to the observed “red/down” shift of the Raman band at ~291 cm−1 (A1g (LO)). Therefore, the dependence can be described empirically by the following equation:


ω(PDENS) = ω(NON-EXP) + Χ × PDENS,



(2)




where ω(NON-EXP) corresponds to Raman shift before exposure and ω(PDENS) is the experimentally evaluated Raman shift induced by the incident optical power density PDENS. The slope of the fitted characteristics represents the value of Χ. The coefficient Χ depends strongly on the exposure time, i.e., the total time during which the active area of the photomixer structure was illuminated with the incident laser wavelength (780 nm). The values are found to be approx. −1.8, −2.8, and −3.5, for the exposure times 10, 100, and 1000 min, respectively. There is a slight dispersion in the measured values, which deviate from the behavior described by our Equation (2). It can be explained by the measurement procedure, i.e., the “step-by-step” exposure and the successive Raman measurement, which may have affected the characteristics measured. A further optimization of the characterization procedure will be the object of future studies.



In a simple approximation, it can be assumed that the implanted GaAs layer absorbs the laser energy (during the laser exposure) and its surface temperature increases. The initiation of non-reversible degradation processes manifested by melting is taken as a criterion for the thermal damage threshold. In the case of GaAs irradiated with our cw laser operated at 780 nm wavelength during 1, 10, 100, and 1000 min, we were able to monitor “structural” changes in the optical power density range from ~0.02 up to ~1 mW/µm2 with the help of Raman spectroscopy. The major aim of our investigations was to identify the “safe” optical power density region where the material properties do not degrade. Indeed, the presented micro-Raman spectra indicate the initiation of degradation effects (i.e., melting effects/thermal damage threshold) in the investigated structures already at optical power density levels far below <1 mW/µm2. From data reported in the past, we estimated optical power density levels in the range from ~0.125 mW/µm2 [3], ~0.25 mW/µm2 [4], ~0.38 mW/µm2 [8] to ~0.4 mW/µm2 [5], which fully correspond to “safe” optical power density levels as was experimentally determined in our study. Furthermore, power density levels in the range from ~0.62 mW/µm2 [18], ~0.67 mW/µm2 [24,26], ~0.7 mW/µm2 [12] to ~0.8 mW/µm2 [19] were estimated for different photomixer devices, for which no indications of the thermal damage threshold were reported. Nevertheless, e.g., ~2 mW/µm2 [30], and ~2.4 mW/µm2 [13] exceed the “safe” optical power density level range determined in our work, most probably due to enhanced heat dissipation in the structures presented.



In addition, it should be noted that the thermal damage threshold in the implanted GaAs material under investigation occurs for higher bias voltage already at “lower” optical power densities. This is “general knowledge” and was experimentally confirmed for LT-GaAs photomixer structures by numerous groups in the past. Nevertheless, the results presented in our study—especially those “Raman shift vs. power density” measurements presented in Figure 3b—can help find the “safe” operation region for reliable and stable THz generation. A repetition of the “short-term” (100 and 1000 min under ~0.7 and ~0.6 mW/µm2 optical power densities) optical exposure experiments on the THz photomixer structures under investigation, where the Raman A1g (LO) mode of GaAs exhibits shift values below 289 cm−1, confirm the non-reversible “characteristics” of the thermally initialized degradation effects. Finally, our photomixer structures were tested also in the regime of “long-term operation” (up to 1000 h) at “safe” optical power density ~0.4 mW/µm2 at 10 V bias voltage. In the following, the investigated structures were inspected both by optical microscopy as well as by micro-Raman mapping measurements. A comparison of the micro-Raman mapping images (measurements performed over a large MSM active area) before and after long-term operation reveals that the Raman A1g (LO) mode of the GaAs shift stays above 289 cm−1, i.e., the value we determined experimentally below which thermal damage is observed. Nevertheless, this confirms that the photomixer structures can withstand operation up to 1000 h if an average optical power density of ~0.4 mW/µm2 and bias voltage 10 V are kept constant. Hence, the estimation of “safe” operation conditions with the help of Raman spectroscopy can deliver important information for the increase in device “lifetime” and reliability.




5. Conclusions


In this work, we investigated the “evolution” of degradation effects in THz photomixer structures fabricated on nitrogen-implanted GaAs with the help of Raman spectroscopy. The occurrences of the thermal damage threshold/irreversible structural changes were determined and observed for optical power density levels above ~0.6 and ~0.7 mW/µm2 for 1000 and 100 min of operation mode, respectively. In addition, the so-called “safe” optical power density regions were identified. Device testing in the “long-term operation” regime (up to 1000 h) reveals that the photomixer structures can withstand an average optical power density of up to ~0.4 mW/µm2 when biased at 10 V without any indications of degradation. This knowledge is a prerequisite for device applications where device stability, long-term and reliable operation are required. Therefore, Raman spectroscopy will play an important role in the development of “next generation” long-term operating continuous wave THz photomixers.
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Figure 1. SEM micrograph of the AlAs/GaAs layers serving as a Bragg mirror and grown by MOVPE on SI-GaAs. The contrast was increased by etching the AlAs layers with an HF-H2O (1:40) solution. An AlAs/GaAs Bragg mirror with nominal thicknesses (before etching) of 67 nm/55 nm was chosen for the MOVPE epitaxial layer growth. 






Figure 1. SEM micrograph of the AlAs/GaAs layers serving as a Bragg mirror and grown by MOVPE on SI-GaAs. The contrast was increased by etching the AlAs layers with an HF-H2O (1:40) solution. An AlAs/GaAs Bragg mirror with nominal thicknesses (before etching) of 67 nm/55 nm was chosen for the MOVPE epitaxial layer growth.



[image: Crystals 13 01267 g001]







[image: Crystals 13 01267 g002] 





Figure 2. (a) Optical micrograph of an MSM structure (b) integrated with a resonant dipole antenna and RF choke. 
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Figure 3. (a) representative Raman spectra collected in the central area of the interdigitated MSM structure (THz photomixer) for the non-exposed (blue) and exposed (red) areas. (b) position of the Raman A1g (LO) mode for nitrogen-implanted GaAs as a function of incident optical power density (wavelength 780 nm) for different exposure times (texp) and constant 10 V bias. Each data point was achieved by recording a Raman spectrum after exposing the material for the exposure time texp at the respective power density. The dashed lines through the measurement data are only a guide to the eye. Please note that four different photomixer structures were used for the respective measurements. Although the structures were fabricated on the identical material, the individual lithographical imperfections (see Figure 4a,b) can influence heat dissipation processes differently. Therefore, the slope could deviate slightly from that expected. 
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Figure 4. Exemplary micro-Raman intensity mapping images for the Raman mode at 289 cm−1 with data collected in the central area of the interdigitated MSM structure (a) without indication of degradation/thermal damage; (b) with indication of local degradation/thermal damage. The mapping images were obtained with the help of Renishaw software (version 5.2). The intensity at 289 cm−1 is color coded from red for low to yellow for high intensity. 
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Figure 5. Comparison of normalized reflectivity change (representative) measurements for N-implanted SI GaAs materials with (a) and without (b) integrated Bragg mirror. (a) samples annealed at 300 °C, 350 °C, and 400 °C [52]; (b) samples annealed at 300 °C, 400 °C, and 600 °C reproduced from [Mikulics, M.; Marso, M.; Mantl, S.; Lüth, H.; Kordoš, P. GaAs photodetectors prepared by high-energy and high-dose nitrogen implantation. Appl. Phys. Lett. 2006, 89, 091103. https://doi.org/10.1063/1.2339907] with the permission of AIP Publishing. 
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Figure 6. (a) example for normalized detector response (sample annealed at 300 °C) versus wavelength of both cw laser sources, whereat their relative difference is kept constant and equal to 1 nm. The x-axis corresponds to the wavelength of only one of the laser sources. (b) exemplary IV characteristics for a THz photomixer sample (after a 100 min exposure time) measured at different optical power densities. 
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