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Plasmonic nanowire lasers are nanoscopic sources of light operating at deep subwavelength scales with ultrafast dynamics.[1-6] Such lasers enable the investigation of enhanced light-matter interactions and can have large impact on applications in the fields of non-linear optics, sensing, and optical communications.[7-12] However, metal-based lasers suffer from high losses, caused by the inherent electron scattering in metals, which leads to an increased lasing threshold and limits their use in applications. To minimise losses and thus improve their performance, it has been suggested to use metal films of high quality which ideally have an ultra-flat surface with a high crystalline perfection.[1, 13-16] However, investigating the effects of Ag film quality on the performance of hybrid-plasmonic zinc oxide (ZnO) nanowire lasers this work finds that such a laser geometry is dominated by losses in the gain material.

Typically, metal films are deposited by thermal evaporation or sputtering. However, the quality of thin metal films is strongly dependent on the growth conditions[17,18] and without careful optimisation they are polycrystalline with a surface roughness on the order of a few nanometres.[19,20] Alternatively, the template-stripping method can be used to obtain ultra-flat metal films,[21, 22], however stripped films are usually still polycrystalline. Optimally, the metal films should be a single crystal with an atomically flat surface over a large area. Epitaxial growth and chemical synthesis have been demonstrated as an effective way to obtain monocrystalline metal films for reducing the metal losses.[13,17,23-26] It is known that a high deposition rate and high substrate temperature are essential to obtain epitaxial growth of continuous and flat monocrystalline metal films based on a general deposition system (thermal evaporator or sputtering system).[17,19] In this work, firstly the film fabrication process for both template-stripping and epitaxial growth based on a thermal evaporator was optimized. Subsequently, the performance of room temperature hybrid plasmonic ZnO nanowire lasers with different silver films (general polycrystalline silver films, template-stripped silver films and monocrystalline silver films) was characterized.

The lasers under study consist of single-crystal, wurzite ZnO nanowires lying on a silver film with a 10nm thick magnesium fluoride (MgF2) spacer layer, as shown in Figure 1.[27] The wide-bandgap semiconductor ZnO (Eg ~ 3.37eV) emits in the ultraviolet regime (~ 380nm), which is close to the surface plasmon frequency of a silver/air interface.[6,28-31] For optimizing the epitaxial growth of silver films, C-axis mica is chosen as a substrate due to its extremely clean and atomically flat surface, low cost and well lattice-matched crystalline structure with silver.[17,19,20,32] For the template-stripping process monocrystalline silicon templates instead of mica were chosen, as individual sheets of mica usually remain on the stripped silver surface. Polycrystalline silver films were grown on monocrystalline silicon substrates. For all films 100nm of Ag were deposited using a commonly available thermal evaporator with a base pressure on the order of 5×10-7 Torr.

The surface morphology of the silver films was investigated with atomic force microscopy (AFM). Figure 2 shows the root mean square (RMS) roughness measured over 5 × 5 μm2 of silver films fabricated with different methods and under different conditions (see also Table S1, Supporting Information). The silver films were deposited at room temperature for template-stripping off Si, Si substrates were cleaned with piranha solution (see details in Supporting Information). Increasing the deposition rate results in a slightly smoother stripped surface, though the as-deposited surface does not show this trend and the RMS roughness are much higher. The grain size distribution on the as-deposited surface follows a more complicated trend (see Figure S1, Supporting Information). For the silver films deposited on mica, higher deposition rates also give rise to better surface quality. A comparison of films deposited on mica and silicon under similar conditions reveals a better surface quality for the mica films. We relate this to the ultra-clean and ultra-flat surface of newly cleaved mica.

At high substrate temperatures and low deposition rates, the silver film surface forms islands or channels (see Figure S2, Supporting Information), which is consistent to the structure zone models of film growth.[33-35] The substrate temperature here controls the grain growth process by tuning the ad-atoms mobility: the ad-atoms have low mobility and stick where they land at low temperature; with increasing temperature the ad-atoms mobility is enhanced and surface or bulk diffusion occurs, which helps to form epitaxial growth but results in non-continuous surfaces.[19,20,32]. Furthermore, a high deposition rate can reduce the surface roughness dramatically; particularly for a deposition rate of 40 Å/s, the silver forms an ultra-flat continuous surface with RMS roughness as low as 0.53 nm  0.02 nm and without any grain boundaries (Figure S3, Supporting information). This is because the diffusion length decreases with faster deposition rates, increasing the density of agglomerations of silver, and at the same time the size of the agglomerations is reduced leading to a generally smoother surface.[32] Furthermore, high deposition rates can also improve the film quality by reducing the interaction time of the deposited silver atoms and the residuals such as water or oxygen molecules in the chamber before deposition on the substrate.[18] Thus, high deposition rates generally result in smoother film surfaces of higher purity (shown as in Figure 2 in the x-axis direction). In the end, high deposition rate and high substrate temperature result in ideally ultra-flat and continuous epitaxial growth with RMS values of ~0.5 nm, which is close to the resolution limit of the used AFM.

High-resolution X-ray diffraction was used to confirm the crystalline structure of these films. Figure 3 shows the XRD patterns for silver films fabricated under different conditions. The XRD pattern of a silver film deposited under ambient condition with a substrate temperature of 20 °C and a deposition rate of 1 Å/s (denoted PC) has a polycrystalline structure and a weak Ag(111) peak compared to the Mica peaks (the other Ag peaks are convoluted in the mica diffraction peaks). While the silver film deposited at 350 °C and 40 Å/s (denoted SC) has a much stronger Ag(111) peak, which indicates the formation of a monocrystalline structure. The rocking curve of silver’s (111) peak has a full-width-at-half-maximum (FWHM) of only 0.12 (Figure S4, Supporting Information), which indicates low amounts of crystal defects. We also conducted the template-stripping process with this film, however, because of mica’s hierarchical structure and the strong adhesive force between the silver film and the mica substrate, it is difficult to mechanically strip the mica off completely. We only succeeded with a few samples. The XRD pattern of the stripped silver film (denoted TSSC) contains only Ag(111) and Ag(222) peaks, which further confirms its monocrystalline structure. The XRD pattern of the film stripped from the silicon substrate (denoted TSPC) deposited at 20 °C and 40 Å/s, on the other hand, shows a polycrystalline structure with many Ag diffraction peaks.

To compare the dielectric properties of our epitaxial grown monocrystalline, template-stripped and general deposited films, we performed spectroscopic ellipsometry measurements. The real and imaginary components of the permittivity, and  , respectively, are shown in Figure 4 and are compared to the data reported by Johnson/Christy[36] and Palik[37] (solid lines). In the range of 350nm-750nm the monocrystalline film (deposited at 350 °C and 40 Å/s on mica) shows a larger negative  than the other two films (template-stripped off Si deposited at 20 oC and 40 Å/s, general deposited at 20 oC and 1 Å/s on mica), which indicates a better conductivity. The template-stripped film and the general deposited film have similar real components, which can be attributed to their intrinsic polycrystalline structure. Comparing  of those films, which is related to the metal losses, shows that the monocrystalline films have lower losses than template-stripped films, and the template-stripped films have lower losses than the general ones. Around 370nm the monocrystalline and template-stripped films have an about 50% and 40% reduced , respectively, compared to the general films.

To study the impact of metal film quality on plasmonic nanowire laser structures, we characterized plasmonic nanowire lasers with optimized epitaxial grown silver film (40 Å/s deposition rate, 350 °C substrate temperature), template-stripped film (40 Å/s deposition rate, 20 °C substrate temperature) and general deposition film (12 Å/s deposition rate, 20 °C substrate temperature as comparison with our former work[6]) substrates. The AFM images and related XRD patterns of these films are shown in Figure 5. 10nm of MgF2 was deposited as a gap layer. Here, MgF2 was deposited at base pressures <5e-7 Torr and at room temperature, we therefore do not except any changes to the metal film quality. For MgF2 on a monocrystalline silver film we find an RMS surface roughness of 0.79nm0.08nm (Figure S5 Supporting Information).Then ZnO nanowires were dry-transferred onto the substrate to form plasmonic nanowire laser. Single nanowires were optically pumped by a 150fs pulsed laser with a repetition rate of 266kHz at a wavelength of 355nm at room temperature. To ensure uniform illumination an elliptical spot of 2.5x25µm2 was used for all devices. The near band-edge emission spectrum was measured for various pump irradiances. The dominant polarization of the emitted laser spectrum was along the nanowires axis, as expected for these hybrid plasmonic lasers.[6] As the threshold of these plasmon nanowire lasers is dependent on the individual nanowire dimensions and quality besides the quality of metal films, we characterized several lasers on each sample. We selected nanowires with diameter size in the range of 120nm-180nm with a diameter standard deviation of a single nanowire of less than 10nm. The length of the nanowires considered varied between 7±2.5µm, see Figure 6. While nanowire length is known to influence cavity losses [38, 39], the measured threshold variations of the nanowire lasers considered were much larger than the variation in nanowire length. Plasmon nanowire lasers based on monocrystalline silver films show on average an about 20% lower threshold than others devices (with average threshold of 1.69 GW cm-2 compared to 2.16 GW cm-2 and 2.10 GW cm-2 ). This is consistent with our predictions that the epitaxial grown monocrystalline silver films provide better dielectric properties with high conductivity and lower optical absorption. We should point out that there are some plasmon lasers on the template-stripped silver film, which show lower threshold than the plasmon lasers on single crystalline silver film. One explanation might be that the nanowire is lying on a big silver grain area with ultra-flat surface. However, it is interesting to note that despite a 50% reduction of metal losses, we only observe a 20% reduction of the laser threshold between the monocrystalline and the general films. This suggests that cavity losses of our plasmonic lasers are not necessarily the limiting parameter for a reduction of laser threshold. 

At threshold the gain in the laser devices has to compensate for both the material losses and the cavity losses. Thus, we can separate the laser threshold (Pth) into a material (Pmat) and cavity (Pcav) threshold.[11,40,41] In our devices we only reduce Pcav and thus reduce the laser threshold by
                                                                                          ( 1 )

where  is the reduction of the cavity losses. By solving for the cavity loss to material loss ratio  and using the experimentally observed loss reduction of 0.5 and threshold reduction of 0.2, we find  2/3, see also Figure 7. Thus, in these devices the threshold is dominated by material losses rather than cavity losses.[41] Furthermore, we know that the material loss is related to the spontaneous emission rate A and the cavity loss to the cavity loss rate . In fact, we can write  as[40,41]
                                                                                                ( 2 )
Where F is the Purcell factor,  the spontaneous emission factor,  the mode overlap factor with the gain material,  the volume of the nanowire, and  the transparency carrier concentration. We can then use Eq. (2) to estimate  for an average measured plasmonic ZnO nanowire with a diameter of nm and a length of µm, and typical parameter  = 0.2, F = 10, , and A = 1/350ps.[6] Here,  is estimated by[42]:
              
                                                                              ( 3 )

[bookmark: _GoBack]where is the group index,  the refractive index of unexcited ZnO[28], and U is the electric energy density. The term  takes the dispersion of the gain material into account. Here, our estimate of  agrees well with previously reported confinement factors for this lasing geometry.[43] Using a Drude model with eV[44] and  at 370nm from Figure 4 we can calculate for the polycrystalline film to fs and the single-crystalline film to 6.7fs; here we use  1/6.7fs. With these parameters we can give an estimate for the transparency carrier concentration cm-3. This value is similar to experimentally observed values see Ref. [38, 45, 46] but about two orders of magnitudes lower than recently calculated values see Ref. [47, 48].

In summary, we studied the role of the deposition rate and substrate temperature on the silver film growth process by means of AFM and XRD. The deposition rate controls the surface uniformity of silver films, while the substrate temperature tunes the crystalline structure during deposition. High substrate temperatures and high deposition rates allow epitaxial growth and result in monocrystalline films with ultra-flat surface over large area and with improved dielectric properties. The improved metal film quality allowed us to reduce the threshold of plasmonic lasers. However, the low reduction of the laser threshold, compared to the reduced metal losses, suggests that material losses in these devices are limiting a further reduction of the laser threshold. This is consistent with plasmonic laser operating under very high gain conditions well above the material band-gap where absorption from the gain material is very high. Our work increases the fundamental understanding of metal film growth, which can enhance the performance of plasmonics devices and furthermore, gives new insights into the fundamental loss processes of metal-based nanowire laser devices.
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Figure 1. (a) Schematic of plasmonic nanowire laser: a ZnO semiconductor nanowire on a silver film with a thin insulating gap layer of MgF2. (b) SEM image of a 6µm long and 160nm wide nanowire. (c) shows a microscope image of a lasing nanowire.
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Figure 2. RMS surface roughness of different silver films under varying deposition conditions. Each sample was measured at 10 different positions to identify the uniformity shown as the error bar. The red lines are RMS results of the silver films deposited at high substrate temperature and based on mica substrates. The green lines are RMS results of template-stripped films which were originally deposited on silicon substrate.
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Figure 3. XRD (θ-2θ) scan patterns of silver films fabricated in different conditions. For comparison, the XRD pattern of mica is also shown here (bottom panel). The abbreviations PC, SC, TSSC, and TSPC respectively denote polycrystalline silver film based on mica, monocrystalline film based on mica, template-stripped monocrystalline films stripped off from mica, and template-stripped polycrystalline film stripped off from silicon. The dash lines show the silver diffraction peak of cubic silver.
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Figure 4. Real part (a) and imaginary part (b) of the dielectric function of epitaxial grown monocrystalline film (red line), template-stripped polycrystalline film (green line) and general evaporated polycrystalline film blue line). For comparison, data taken by Johnson/Christy[32] and Palik[33] are also shown as orange and turquoise solid lines, respectively. (c) shows the imaginary part of the dielectric function from (b) in the wavelength region of 350nm to 390nm.
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Figure 5. AFM images and related XRD patterns of silver films for the characterization of plasmonic lasers. (a) epitaxial grown (40 Å/s deposition rate, 350 °C substrate temperature) monocrystalline film, (c) template-stripped polycrystalline film (40 Å/s deposition rate, 20 °C substrate temperature), (e) general polycrystalline film (12 Å/s deposition rate, 20 °C substrate temperature) with RMS roughness of 0.53nm, 1.26nm and 2.3nm, respectively, and their related XRD patterns (b), (d), (f).
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Figure 6. Measured ZnO plasmonic nanowire laser thresholds of plasmonic nanowire lasers based on different silver films. Only data of nanowires with a diameter standard deviation of less than 10nm are shown here. The red, blue and green transverse solid lines show average lasing threshold of three samples.
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Figure 7. Reduction factor of the laser threshold R against the cavity to material loss ratio . A 20%reduction of the laser threshold and a 50% reduction of the cavity loss give a cavity to material loss ratio of 2/3.
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