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ABSTRACT. Plasmonic lasers generate strongly confined electromagnetic fields over a narrow range 

of wavelengths. This is potentially useful for enhancing nonlinear effects, sensing chemical species, 

and providing on-chip sources of plasmons. By placing a semiconductor gain layer near a metallic 

interface with a gap layer in between, plasmonic lasers have been demonstrated. However, the role 

of gain in this common design has been understudied, leading to suboptimal choices. Here, we 

examine planar metallic lasers and explore the effect of gain on the lasing behavior. We print 

semiconductor nanoplatelets as a gain layer of controllable thickness onto alumina-coated silver films 

with integrated planar Fabry–Pérot cavities. Lasing behavior is then monitored with spectrally and 

polarization-resolved far-field imaging. The results are compared with a theoretical waveguide model 

and a rate-equation model, which consider both plasmonic and photonic modes and explicitly include 

losses and gain. We find that the nature of the lasing mode is dictated by the gain-layer thickness, 

and, contrary to conventional wisdom, a gap layer with high refractive index can be advantageous for 

plasmonic lasing in planar Fabry–Pérot cavities. Our rate-equation model also reveals a regime where 

plasmonic and photonic modes compete in an unintuitive way, potentially useful for facile, active 

mode switching. These results can guide future design of metallic lasers and could lead to on-chip 

lasers with controlled photonic and plasmonic output. 
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Surface plasmon polaritons (shortened here to surface plasmons) are electromagnetic waves 

coupled to electronic oscillations at a metal–dielectric interface.1,2 They allow tighter mode 

confinement than photons, and thus enable large near-field intensities that can be strongly localized. 

This enables optical sensing of molecules,3 enhances nonlinear effects,4 and reduces the size of 

integrated circuits for electromagnetic waves.5-11 However, one disadvantage of plasmonic devices is 

that the metal introduces significant loss,12 resulting in short propagation lengths and broad resonance 

linewidths, which severely limits device applications. Consequently, structures that amplify surface 

plasmons through stimulated emission have been developed.13 This has led to plasmonic lasers (or 

“spasers”),14,15 which combine gain with a plasmonic resonator. While the goal of initial devices was 

to produce nanoscale sources of photons, different designs have been pursued, including those that 

aim at generating surface plasmons. With narrow linewidths and intense fields, these latter devices 

can be useful for sensing, optical probing, and near-field spectroscopy.16 

The first demonstration of lasing in a surface-plasmon mode utilized a semiconductor nanowire 

(for gain) that was placed on top of a plasmonic metal with a dielectric gap layer in between.17 The 

nanowire ends serve as reflectors, creating a linear Fabry–Pérot cavity for surface plasmons. Similar 

designs, but with different materials, have extended operational wavelengths from the ultraviolet to 

the near-infrared and have further improved performance, including decreased thresholds and room-

temperature operation.18-25 However, because these devices were fabricated through random 

placement of semiconductor nanostructures (wires, flakes, etc.) on a substrate, methods have been 

sought to create resonators via top-down techniques for easier integration. Metal-clad layers of 

epitaxially grown semiconductors can be employed, which also allow for electrical pumping.26-28 

Alternatively, a planar Fabry–Pérot cavity can be created on a flat metal interface (see schematic next 

to the abstract). Surface plasmons then bounce back and forth between reflectors incorporated into 

the metal surface.29,30 A gain material compensates metal and cavity losses allowing lasing of the 

surface-plasmon mode. Although these planar Fabry–Pérot lasers tend to be larger in size, they offer 

tremendous flexibility in terms of adding gain materials by simple coating or printing techniques and 

for controlling the plasmonic output through lithographic cavity design and integration. 
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In any plasmonic laser, an important issue is the character of the lasing modes. Depending on the 

cavity design, both plasmonic and photonic modes can exist. In the early nanowire plasmonic 

lasers,17,20 the lasing mode was determined by measuring photons scattered from the cavity ends. As 

plasmonic modes are transverse-magnetic (TM) and photonic modes are transverse-electric (TE), 

plasmonic modes scatter into photons polarized along the nanowire axis. In many later plasmonic 

lasers, such polarization measurements were not reported. Rather, alternative evidence was provided. 

For example, the authors of Ref. 29 on planar Fabry–Pérot cavities with colloidal quantum dots as 

the gain medium found that polarization experiments were ambiguous. Thus, they instead compared 

the measured free spectral range of the cavity to calculations. In addition, plasmonic lasing was 

thought to be consistent with the cavity design, which utilized thin (~100 nm) gain layers and 

reflectors that were lossy for photons. However, later experiments showed that these devices were 

actually lasing in the photonic mode. Thus, planar Fabry–Pérot plasmonic lasers29,30 should be 

revisited to determine the conditions under which they can generate lasing of surface plasmons. 

A deeper understanding of these devices requires a thorough experimental and theoretical 

investigation of their design, including the gain, the gain-layer thickness, and the dielectric gap layer. 

These design choices greatly influence the interaction of the mode with the gain. For example, it is 

often argued that a low-refractive-index gap layer assists plasmonic lasing because the 

electromagnetic energy is concentrated in the low-refractive-index dielectric, thus reducing metallic 

losses.17,19,22,24,31 This is correct for passive waveguide structures for which no loss compensation is 

required and the propagation losses must simply be minimized.5 However, the choice of a low-index 

gap layer also affects the interaction of the mode with the waveguiding structure on top, which, in the 

case of a plasmonic laser, is the gain medium. Not including the effect of gain for devices where loss 

compensation is a requirement potentially results in sub-optimal laser designs. Moreover, the 

thickness of the semiconductor layer has not been explored with respect to the gain it provides to a 

given mode. This thickness not only dictates the confinement but, more importantly, the nature of the 

lasing mode (i.e., whether a plasmonic or photonic mode is coherently amplified). Indeed, plasmonic 

lasers are often distinguished from their photonic counterparts by comparing a plasmonic design with 
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an equivalent structure in which the metal has been replaced by a dielectric material.17,19,32 However, 

this approach is insufficient for many plasmonic devices whose dimensions allow both plasmonic 

and photonic modes, especially in systems where the mirror reflectivities of both modes are 

comparable. The coexistence and competition of these modes in metallic lasers must be 

systematically investigated, including the role of both losses and gain, for a full understanding of 

these devices. 

Here, we provide such an investigation by treating the common semiconductor–insulator–metal 

laser structure with a gain layer of precisely controlled thickness combined with metallic mirrors that 

are highly reflective for strongly and weakly guided modes. We select films of colloidal 

semiconductor nanoplatelets (NPLs) and alumina for the gain and gap layers, respectively. The NPLs 

are then optically pumped to observe lasing. By combining spectrally and polarization-resolved far-

field measurements with a theoretical waveguide model that explicitly includes losses and gain, we 

show how the gain-layer thickness largely determines whether a device lases in the plasmonic or 

photonic mode. Next, we theoretically revisit the design choice for the gap layer and find that whether 

a high- or low-refractive-index gap is advantageous for plasmonic lasing strongly depends on whether 

gain is included in the waveguide model or not. Finally, by looking at the pump-power-dependent 

output intensities of our laser devices, our measurements and calculations reveal a previously 

unstudied regime where plasmonic and photonic modes coexist and compete for gain in an unintuitive 

manner. This behavior, elucidated by a rate-equation model that explicitly accounts for both types of 

modes, leads to the possibility of switching between plasmonic and photonic lasing within the same 

device. More generally, our study clarifies the interplay of loss and gain in multilayer metallic Fabry–

Pérot lasers and provides broader insights for the understanding of these devices. 

RESULTS AND DISCUSSION 

Device Fabrication. Our devices were fabricated through a three-step process with fine control over 

the thickness and quality of the constituent materials. Our cavities consist of two 500-nm-tall silver 

(Ag) reflectors on a smooth Ag substrate, forming a stable, 10-µm-long Fabry–Pérot resonator 

(Figure 1a). The reflector shape is parabolic with a radius of curvature of 20 µm. The low roughness 
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of the Ag, achieved by template stripping,33,34 minimizes propagation losses while the reflectors serve 

as efficient mirrors for both plasmonic and photonic modes.35,36 Using atomic layer deposition, the 

cavities were then coated with 10 nm of alumina, which serves both as the gap layer and prevents Ag 

degradation. Finally, a 2-µm-wide stripe of colloidal CdSe/CdxZn1−xS core/shell NPLs37 was placed 

between the reflectors using electrohydrodynamic nanoprinting.38 By tuning the printing parameters, 

the thickness of the NPL stripe could be precisely controlled. 

Coexisting Waveguide Modes. A critical complication of planar, multilayer devices is that they can 

support both plasmonic and photonic propagating modes, any of which can potentially lase. Using a 

theoretical multilayer-waveguide model (see Methods), which consists of a semi-infinite Ag layer, a 

10-nm alumina layer, a NPL gain layer of variable thickness dgain, and a semi-infinite air layer, we 

could identify the TM and TE modes at a free-space wavelength λ0 = 635 nm (Figure 1b). Below a 

gain-layer thickness of 150 nm, only the fundamental TM and TE modes exist. The TM mode is 

plasmonic, localized at the Ag–dielectric interface, and exists even at vanishingly thin gain layers. 

The TE mode is photonic and ceases to exist below a gain-layer thickness of ~70 nm (Figure 1c). 

This “cutoff” is a key characteristic of the photonic mode. 

Spectrally and polarization-resolved far-field measurements reveal the existence of plasmonic 

and photonic modes in our devices. Within our Fabry–Pérot cavities, propagating modes form 

longitudinal standing waves. These cavity modes are revealed when we optically excite the NPL 

stripe with a light-emitting diode (LED). Figure 1d plots the leakage spectrum for light scattered at 

the inner reflector edge for a device at 4 K. The cavity resonances appear within the spontaneous-

emission bandwidth of the colloidal NPLs. Whether a resonance originates from a plasmonic or 

photonic mode can be distinguished using a linear polarizer. Plasmonic (photonic) modes scatter at 

the reflector into photons with an electric-field component parallel (perpendicular) to the cavity long 

axis (z-direction, see schematic in Figure 1a). These photons are collected in the far-field by our 

microscope objective. Note that the photonic resonances are more intense than the plasmonic 

resonances. This is a consequence of higher metal loss and a lower collection efficiency for far-field 

photons scattered from plasmonic modes than for photons scattered from photonic modes. 
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The free spectral range (FSR) further confirms that polarization can be used to distinguish 

between plasmonic and photonic modes, even within the same device. The measured FSR of TM- 

and TE-polarized cavity modes display two distinct regimes that exhibit a trend closely matching 

calculated values (see Methods; Figure 1e). Note that the reflectors are fairly tall and thus provide 

good reflectivity also for weakly-guided photonic modes at gain-layer thicknesses close to their 

cutoff. Our calculation slightly overestimates the FSR for the photonic mode, perhaps because it does 

not capture lateral confinement effects. We hypothesize that, close to its cutoff, the photonic mode 

strongly extends toward the edges of our NPL stripes in the transverse in-plane direction. This would 

introduce a stronger waveguide dispersion that results in a higher group index and, therefore, a 

decreased FSR compared to the calculated values. Despite this slight discrepancy, our waveguide 

model captures all salient features of the plasmonic and photonic modes as resolved by polarization 

in our far-field measurements. 

Lasing from Photonic and Plasmonic Modes. To characterize lasing, we optically pumped cavities 

at 4 K with a defocused pulsed laser beam (Figure 2a,b; lasing at higher temperatures is discussed in 

Supporting Information, Section S1). As above, we collect the leakage spectrum of light scattered at 

the inner edge of a cavity reflector. At low excitation fluences, broad-band spontaneous emission 

dominates the cavity spectrum. With increasing pump fluence, distinct lasing peaks appear. As 

previously shown for the cavity spectra under LED excitation, polarization can be used to resolve 

which lasing peaks represent photonic and plasmonic modes. In a device with a thin gain layer 

(dNPL = 56 nm, Figure 2c), the lasing emission is TM-polarized—indicative of plasmonic lasing. For 

a thicker gain layer (dNPL = 74 nm, Figure 2d), photonic (TE-polarized) lasing is observed. Even 

though the spectra of these comparable devices look similar, the underlying nature of the lasing mode 

is different and can be determined through polarization-resolved measurements. 

We assessed the influence of the gain-layer thickness on the lasing mode by probing twelve 

devices of differing NPL-stripe thicknesses. All devices were fabricated on the same substrate to 

eliminate potential variations in quality or thickness of the Ag and alumina. Their lasing modes were 

assigned based on their out-scattered polarization. For all devices, the intensity of the lasing peak 
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under one polarization direction was at least one order of magnitude greater than in the orthogonal 

direction. Hence, each dNPL could be associated with lasing in the plasmonic or the photonic mode, 

revealing two regimes. For 41 nm ≤ dNPL ≤ 66 nm, plasmonic lasing was observed, while for 

74 nm ≤ dNPL ≤ 85 nm, photonic lasing was found (Figure 2e). For the device with dNPL = 24 nm, 

lasing could not be achieved, even at the highest pump fluence. While the cavity spectra under LED 

excitation showed the coexistence of plasmonic and photonic modes for gain layers thicker than the 

photonic-mode cutoff (Figure 1d), only photonic lasing was observed in these devices. 

Modal-Gain Calculations Predict Gain-Layer Requirements. The dependence on gain-layer 

thickness can be understood using a modified version of our multilayer-waveguide model. Instead of 

treating the gain layer as transparent, as is commonly done when optimizing for the modal 

propagation length,5 we included material gain. The material gain describes the gain per unit length 

that a plane wave would experience in a uniform infinitely extended medium under a specific set of 

conditions (excitation density, temperature, etc.). To describe the gain experienced by a confined 

mode in our multilayer-waveguide structure, we then need to determine the modal gain, Gmod, which 

is calculated from the imaginary part of the propagation constant, kz", of the respective mode, through 

Gmod = −2kz" (Ref. 39). The modal gain incorporates both ohmic losses from the Ag and material gain 

from the gain medium. These are included as positive (loss) or negative (gain) values in the imaginary 

part of the relative permittivity of the Ag and the gain layers, respectively (see Methods). The alumina 

and air are assumed to be lossless with purely real permittivity values. 

To achieve lasing, all cavity losses must be compensated by gain. The Ag losses (contained in 

Gmod) and reflection losses represent the main loss channels (see Supporting Information, Section 

S2), resulting in the following condition for lasing: 

 𝐺𝐺mod ≥ − ln(𝑅𝑅)
𝐿𝐿cav

 , (1) 

where R is the mirror reflectivity and Lcav the cavity length (see Supporting Information, Section S3 

for derivation). The reflectivity of our Ag reflectors is estimated to be ~90% for both plasmonic and 

photonic modes (see Supporting Information, Section S4).35,36 Hence, lasing in our 10-µm-long 
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cavities can only be obtained for a modal gain equal to or greater than our reflection losses of 

105 cm−1. 

We can calculate the modal gain for a range of material gains, Gmat, and gain-layer thicknesses, 

dgain, to understand the requirements for lasing in plasmonic and photonic modes. For a transparent 

gain layer (Gmat = 0 cm−1, dotted lines in Figure 3), the modal gain is negative—indicative of 

dissipative mode propagation due to Ag losses. The plasmonic mode suffers from higher losses than 

the photonic mode (blue and red dotted lines, respectively, in Figure 3) for any fixed gain-layer 

thickness due to the strong localization of the plasmonic mode inside the Ag (Figure 1b). With a 

material gain of Gmat = 1500 cm−1 (dashed lines in Figure 3), the photonic mode compensates 

propagation and reflection losses when the gain-layer thickness is slightly above the photonic-mode 

cutoff (dgain > 71 nm). This is depicted in Figure 3 when the red dashed line rises above the horizontal 

grey line, which represents reflection losses in our cavity. At this thickness, the plasmonic mode is 

still dominated by losses (blue, dashed line in Figure 3). This agrees with experiments, where 

photonic lasing is observed for 74 nm ≤ dNPL ≤ 85 nm. For Gmat = 2500 cm−1 (solid lines in Figure 3), 

the modal gain of the plasmonic mode fulfills the lasing condition for dgain > 41 nm. Our observation 

of plasmonic lasing for 41 nm ≤ dNPL ≤ 66 nm is completely consistent with these calculations. We 

note that CdSe NPLs can provide such high gain values.40,41 Therefore, our multilayer-waveguide 

model, which includes gain, accurately describes the experimental dependence of the lasing mode on 

the NPL-stripe thickness, assuming that a range of material-gain values can be attained upon 

excitation of the NPL stripe. 

Figure 3 also reveals another interesting effect. Even though the photonic mode experiences 

significantly lower Ag losses, the plasmonic mode displays a larger modal gain than the photonic 

mode for Gmat = 2500 cm−1 and 69 nm < dgain < 84 nm (grey shaded area in Figure 3). We discuss this 

counter-intuitive result in detail further below. Briefly, the modal gain depends not only on the Ag 

losses and the material gain but also on the mode confinement within the gain layer. We can express 

the modal gain in terms of the confinement factor, Γ, through39 

 𝐺𝐺mod = 𝛤𝛤 ⋅ 𝐺𝐺mat −
1

𝐿𝐿prop
 , (2) 
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where Lprop is the propagation length of the mode for a transparent gain layer (Gmat = 0 cm−1). We 

avoid the complication of finding an analytical expression for the confinement factor39 by 

computationally sweeping over the material gain and extracting the confinement factor and 

propagation length from a linear fit to the modal gain (see Supporting Information, Section S5). In 

follow-up work we will discuss the confinement factor and its relevance for the calculation of loss 

and gain in more detail. While the plasmonic mode suffers larger losses than the photonic mode 

(equivalent to having a shorter propagation length; Supporting Information, Figure S4b), its 

confinement factor is notably larger (Supporting Information, Figure S4c). Therefore, the plasmonic 

mode achieves a larger modal gain than the photonic mode when the following condition is met: 

 𝐺𝐺mat > ∆𝛼𝛼prop
∆𝛤𝛤

 , (3) 

with Δαprop = (1/Lprop,TM − 1/Lprop,TE) and ΔΓ = ΓTM − ΓTE. According to this mode condition (eq 3), 

the mode with larger Gmod is determined not only by dgain but also by the exact value of Gmat. This 

effect remains unnoticed if gain is not explicitly included in the mode calculations. 

The relevant metric for lasing is the threshold gain—the minimum material gain required to 

achieve loss compensation. Using the lasing condition (eq 1) and the modal-gain expression (eq 2), 

the threshold gain, Gth, is defined as: 

 𝐺𝐺th = 1
𝛤𝛤
� 1
𝐿𝐿prop

− ln(𝑅𝑅)
𝐿𝐿cav

� , (4) 

The smaller the threshold gain, the lower the required excitation density in the gain medium to achieve 

lasing. This is especially desirable for designs where heating poses an upper limit to the device 

performance (a common complication in nanolasers42-44). 

The threshold-gain expression (eq 4) can explain the lack of lasing in the device with the thinnest 

NPL stripe. With dgain = 24 nm, we calculate Gth > 4000 cm−1 (Supporting Information, Figure S4d). 

Such a high Gmat can only be achieved under extremely high pump fluences.40,41 Unfortunately, the 

emission intensity of our NPL stripes decreased irreversibly when the pump fluence was too high, 

presumably due to detrimental heating effects. Therefore, the threshold gain (and thus lasing) could 

not be attained. We note that eq 4 applies to any mode in any Fabry–Pérot-cavity laser, including 

more complex two-dimensional waveguide systems. This expression not only predicts whether lasing 
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can be achieved in a given mode but allows selection of the appropriate gain material by including 

material properties that are independent of the design. 

Reconsidering the Gap-Layer Refractive Index. Our multilayer-waveguide model can also be used 

to analyze the second key component of planar plasmonic lasers—the dielectric gap layer. Because 

the effect of gain has not always been fully treated in the literature, incorrect conclusions about the 

gap layer can result. In particular, early plasmonic lasers exploited low-index dielectric layers to 

confine the electric field inside the gap to reduce losses from the metal.17,19,20,22-24,32 However, the 

reasoning for this choice was based on the calculation of surface-plasmon propagation lengths in 

passive (i.e., Gmat = 0 cm−1) waveguide structures.5 Thus, the choice of a low-index layer should be 

revisited to assess whether it is indeed advantageous for plasmonic lasers. 

We theoretically compared the plasmonic modes of the same waveguide structure as above, but 

with the gap layer replaced by either a low-index dielectric, e.g., magnesium fluoride (ngap = 1.42), 

or a high-index dielectric, e.g., titanium dioxide (ngap = 2.13). Assuming a transparent gain layer 

(Gmat = 0 cm−1), the low-index-gap (LIG) structure achieves larger modal gains than the high-index-

gap (HIG) structure for any fixed gain-layer thickness (dashed lines Figure 4a) due to reduced mode 

localization inside the Ag layer. This agrees with previous considerations.5 However, when high 

material gain is included (Gmat = 2500 cm−1), the opposite is observed (solid lines Figure 4a). For 

thicker gain layers, the HIG structure experiences higher modal gain than the LIG structure and thus 

can potentially cope with higher reflection losses. This contradicts generally accepted design rules 

for plasmonic lasers and requires a closer analysis of how the material gain dictates which device 

configuration experiences a higher modal gain, and ultimately, the material gain needed to achieve 

lasing. 

We evaluated the material-gain values that allow a HIG structure to experience a larger modal 

gain than the LIG structure. Therefore, we applied the mode condition in eq 3, but instead of 

comparing the plasmonic and photonic modes of the same structure, we compared the plasmonic 

modes of the HIG and LIG structures. For low material-gain values (Gmat < 2000 cm−1) or thin gain-

layers, the LIG structure experiences a larger modal gain (light-green area in Figure 4b) than the HIG 
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structure (dark-green area in Figure 4b). However, the relative difference in modal gain only tells us 

which structure experiences higher net gain, but not whether its mode can actually lase. 

Using the threshold gain (eq 4), we can identify the material gain for which loss compensation 

(and thus lasing) in the plasmonic mode is possible. Assuming a cavity with perfect mirrors (see blue 

solid and dashed lines labeled R = 1.0 in Figure 4b), the crossing point of the threshold gain for the 

two structures (HIG and LIG) is at dgain ≈ 43 nm. For devices with thinner (thicker) gain layers, a 

high-index (low-index) gap layer is preferred, as the threshold gain is lower for this structure. 

Upon introducing reflection losses (R < 1.0), the threshold-gain crossing point moves along the 

mode-condition border (i.e., the border between the light- and dark-green areas in Figure 4b) toward 

thicker gain layers, extending the range of gain-layer thicknesses for which the HIG structure is 

preferred. Additionally, the difference in threshold gain between the HIG and LIG structures becomes 

significantly larger the thinner the gain layer (left of the crossing point). For example, for R = 0.5 in 

a 10-µm long cavity and dgain = 40 nm, the LIG-structure threshold gain is 18.4% larger than the HIG-

structure threshold gain, an amount that can be decisive in achieving lasing. Therefore, a LIG 

structure is only advantageous for plasmonic lasers with a high mirror reflectivity and a thick gain 

layer. However, for thick gain layers, the photonic mode could become the prevailing lasing mode 

due to lower Ag losses (see cutoff thickness for the photonic mode in Figure 4b). For plasmonic lasers 

with gain-layer thicknesses well below the photonic-mode cutoff thickness, the HIG structure exhibits 

a lower threshold gain and thus requires lower excitation densities to achieve lasing. 

The effect of gain on the overall lasing conditions has mostly been overlooked when designing 

plasmonic lasers. Instead, the focus was placed primarily on reducing metal propagation losses. In 

cavities that employ a semiconductor gain layer with a higher refractive index than exhibited by NPL 

films (e.g., ngain > 2 instead of NPL films with nNPL = 1.89, see Supporting Information, Section S6), 

the difference in threshold gain between the HIG and LIG structures is even greater (Supporting 

Information, Figure S5a,b), showcasing the advantage of high-index gap layers for other material 

systems. Similar conclusions were found in two-dimensional waveguide calculations.45 In principle, 

removing the gap layer altogether would further reduce the threshold gain (Supporting Information, 
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Figure S5c). However, this renders the Ag prone to degradation and increases quenching rates 

especially when single-crystal semiconductors are employed as gain material.46 More generally, the 

role of the gap layer is only adequately judged if gain is explicitly treated in the mode calculations, a 

conclusion that also applies to other plasmonic-laser designs. 

Pump-Power Dependence on Lasing Dynamics. So far, we have evaluated design criteria based on 

a static material gain. However, experimentally, the material gain will be a function of the pump 

intensity and thus will be strongly time dependent under pulsed excitation. We first investigate the 

output intensity as a function of pump fluence (light–light curve) and then model the findings with 

rate equations that disclose mode-dependent lasing dynamics beyond findings from a static material 

gain. 

We experimentally measured the light–light curves for two devices (one displaying plasmonic 

and the other photonic lasing) by extracting the integrated intensity of lasing spectra at various pump 

fluences (filled circles in Figure 5a,b). The light–light curves look quite different. While the output 

of the device with dNPL = 56 nm remains nearly linear with input even when lasing begins 

[recognizable by the increasing predominance of a narrow peak in the output emission (Figure 2a), 

which causes the overall linewidth of the emission spectrum to drop (empty circles in Figure 5a)], the 

device with dNPL = 74 nm shows a marked inflection at the corresponding lasing threshold. To 

elucidate this behavior, we set up a rate-equation model (see Methods) with which we calculated the 

light–light curves (dotted lines in Figure 5a,b). Without any fitting (apart from a normalization to 

account for the unknown collection efficiency), our model can reproduce the light–light curves for 

both experimentally probed devices. 

Using our rate-equation model, we can then study the difference in the light–light curves by 

looking at the excited-carrier population that feeds into the lasing mode above and below threshold. 

Above threshold, nearly all carriers decay into the lasing mode, while below threshold, only a fraction 

does (see Supporting Information, Section S7). This fraction is βiΦ, where βi is the spontaneous-

emission factor of the mode i (i = TM or TE) and Φ is the quantum yield of the gain medium. βi can 

be calculated from the power dissipated by a position- and orientation-averaged electric point dipole 
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into the respective mode (see Supporting Information, Section S8). We assume Φ is 88%, as measured 

for our NPLs in hexane dispersion at room temperature.37 In a waveguide structure with a 10-nm 

alumina gap layer, βTE < 10% for dgain = 74 nm, while βTM > 70% for dgain = 56 nm. The large βTM is 

indicative of a highly confined, sub-diffraction mode, as observed in numerous nanolasers.17,47 These 

values explain why the device with dNPL = 74 nm exhibits a superlinear increase in the output intensity 

at the threshold. Only ~8% of the carriers feed into the photonic mode below threshold. In contrast, 

for the device with dNPL = 56 nm, > 60% of the carriers already decay into the plasmonic mode below 

threshold. Consequently, the output intensity does not rise dramatically upon reaching threshold and 

the light–light curve remains linear. Therefore, the metallic-cavity lasers studied here, despite only 

differing in gain-layer thickness, exhibit strikingly different light–light curves due to the different 

nature of their lasing modes. 

Our rate-equation model not only describes these light–light curves, but also the time-dependent 

lasing dynamics, allowing the mode competition between coexisting waveguide modes to be 

understood. Returning to the light–light curve for dgain = 74 nm, we can appreciate why photonic 

lasing is observed in the device even though the modal gain of the plasmonic mode is expected to be 

larger at Gmat = 2500 cm−1 (see grey area in Figure 3). Using the model, we can determine the output-

photon number of each mode separately. (For simplicity, we use the term “output photon” for both 

surface plasmons and photons that are lost through imperfect reflection at the cavity mirrors.) We 

find that the photonic mode exceeds its threshold at a pump fluence of 15 µJ/cm2 (diamond 1 in Figure 

5c). This is consistent with the photonic laser pulse in the time evolution of the output-photon rate 

(panel 1 in Figure 5d). Concurrently, the plasmonic output-photon number decreases because the 

photonic mode quickly depletes the carrier population through stimulated emission. The threshold 

gain of the photonic mode (eq 4) is reached before the mode condition (eq 3) can be fulfilled for the 

plasmonic mode. Even though the confinement factor is larger for the plasmonic mode, the decreased 

losses of the photonic mode allow photonic lasing at lower pump fluences. Hence, in agreement with 

experiments on devices with 74 nm ≤ dNPL ≤ 85 nm, the photonic mode always reaches its lasing 

threshold before potential plasmonic lasing can be observed. This assumes low reflection losses for 
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both modes, which is typical for metallic-cavity lasers (see Supporting Information, Section S9 for 

the required difference in reflectivity needed to reach the plasmonic threshold gain first). 

Even though the photonic mode is the prevailing lasing mode for a metallic-cavity laser with 

dNPL = 74 nm, our rate-equation model predicts that plasmonic lasing can be achieved if the material 

gain is sufficiently high. At a pump fluence of 23 µJ/cm2, the plasmonic mode also exceeds its lasing 

threshold, as evident from the appearance of a plasmonic laser pulse in the time evolution of the 

output-photon rate (panel 2 in Figure 5d). At higher pump fluences, the plasmonic mode begins to 

outcompete the photonic mode, leading to an inversion of their output-photon numbers. For example, 

plasmonic lasing dominates at 32 µJ/cm2 (panel 3 in Figure 5d), effectively giving rise to a switching 

of the primary lasing mode from photonic to plasmonic within the same device. This behavior 

originates from the difference in confinement factor (as discussed above). At large pump fluences, 

the material gain is high, and therefore, the mode condition (eq 3) is met, resulting in strong carrier-

population depletion by the plasmonic mode, and thus, a reduced photon population. Although our 

experimentally probed devices displayed signs of degradation when the pump fluence was increased 

far beyond the photonic lasing threshold, the predicted switching mechanism would in principle result 

in a new type of laser device that could be used as a single controllable source of coherent photons 

or coherent surface plasmons. 

CONCLUSIONS 

In summary, our study demonstrates the importance of considering gain when designing 

plasmonic lasers. We fabricated metallic Fabry–Pérot cavity lasers with a precisely controlled 

thickness of the gain layer consisting of colloidal NPLs. Lasing was observed in plasmonic and 

photonic modes, depending on the gain-layer thickness. Our multi-layer waveguide model that 

explicitly treats losses and gain explained these findings. Furthermore, we re-evaluated the choice of 

the gap-layer between the metal and semiconductor layer in plasmonic laser designs. In contrast to 

what is commonly accepted, we find that a high-index gap layer is preferred for plasmonic lasers with 

a gain-layer thickness well below the photonic-mode cutoff thickness. This conclusion was enabled 

by explicitly considering gain in our multi-layer waveguide model, and minimizing the threshold 
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gain, rather than just the metal losses, as has been done in previous studies. Our theoretical findings 

further revealed the possibility of a device that switches its dominant lasing mode from photonic to 

plasmonic upon increasing the pump fluence. Such a device could then serve as an on-chip laser with 

a switchable output of plasmonic and photonic modes. 

METHODS 

Fabrication of Laser Cavities. Ag cavities were fabricated by template stripping to achieve a smooth 

Ag surface.34 The templates were prepared from 1-mm-thick, 2-inch-diameter, <100> silicon wafers. 

An electron-beam-lithography step (Vistec Lithography, EBPG 5200+) and a subsequent hydrogen-

bromide-based inductively-coupled-plasma reactive-ion etch (Oxford Instruments, Plasmalab System 

100) resulted in ~500-nm-deep patterns (for the reflectors) in the template (see Supporting 

Information, Section S10 for a description of the cavity geometry). 

A film of Ag (Kurt J. Lesker, 99.99%) ~700 nm thick was then deposited on the template through 

thermal evaporation (Kurt J. Lesker, Nano36) at a base pressure of < 9 × 10−8 mbar and at a 

deposition rate of 25 Å/s while the template was rotated at 60 rpm. A microscope slide was bonded 

to the Ag film using epoxy (Epoxy Technology, EPO-TEK OG116-31) that was cured under 

ultraviolet light for ~2 h. The Ag cavities were stripped manually from the template shortly before 

alumina was deposited at 50 °C via 100 atomic-layer-deposition cycles (Picosun, Sunale R-150). The 

templates were reused multiple times. 

The gain layer involved CdSe/CdxZn1−xS core/shell NPLs with 4-monolayer-thick CdSe cores 

and 2-nm-thick shells.37 The ink for the electrohydrodynamic nanoprinting was prepared by 

transferring the NPLs from hexane to tetradecane through selective evaporation while adjusting the 

concentration to an optical density of 5.0 (measured at the lowest-energy exciton peak using a quartz 

cuvette with a 10-mm path length). A description of the nanoprinting setup can be found elsewhere.48 

Printing was performed by applying 250 V direct current between the metal-coated nozzle (+) and 

the indium-tin-oxide-coated glass sample holder (ground). The 10-µm-long NPL stripes were 

generated by moving the sample stage in a serpentine-like fashion to print nine parallel lines at a pitch 

of 250 nm. Different stripe thicknesses were achieved by varying the number of overprints. To 
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determine the required stage velocity and number of overprints to produce a given stripe thickness, a 

parameter sweep was performed before printing into cavities using the same ink-loaded nozzle. 

Stripes were printed on a flat Ag–alumina substrate and examined in reflection dark-field mode on 

an optical microscope [Nikon Eclipse LV100, 50× objective (Nikon CFI LU Plan Fluor BD) with a 

numerical aperture of 0.8]. The stripe thickness was estimated by comparing the stripe color to a 

reference image of stripes of known thicknesses. After all optical measurements were performed, the 

stripe thickness of each device was measured using atomic force microscopy (Bruker, Dimension 

FastScan). See Supporting Information, Section S10 for a more detailed description of the fabrication 

methods. 

Optical Characterization. All optical measurements were performed in a closed-cycle helium 

cryostat (Montana Instruments, Cryostation 2 with LWD option) under vacuum and cooled to 4 K. 

To obtain cavity spectra within the spontaneous-emission bandwidth of the NPLs, the cavities were 

illuminated by light from a 385-nm LED (Thorlabs, M385LP1). Lasing experiments were performed 

with 405-nm laser pulses (~340 fs pulse duration, 1 kHz repetition rate) emerging from a collinear 

optical parametric amplifier (Spectra-Physics, Spirit-OPA) pumped by a 1040-nm laser (Spectra-

Physics, Spirit-1040-8). A defocused laser spot of ~30 µm diameter was generated by employing a 

defocusing lens before the beam was directed through a 60× extra-long-working-distance objective 

(Nikon, CFI S Plan Fluor ELWD with a numerical aperture of 0.7) to the sample. 

The same objective was used to collect emission from the sample. The emission was separated 

from the excitation through a 405-nm dichroic longpass filter (AHF analysentechnik, F48-403) and 

further filtered by a 450-nm longpass filter (Thorlabs, FEL0450). Then, the image was relayed into 

an imaging spectrometer (Andor, Shamrock 303i) with an entrance slit set to 50 µm. The sample was 

placed such that the inner edge of a cavity reflector was imaged on the vertical entrance slit. The 

spectrometer dispersed the image horizontally using a 300 lines/mm grating (500-nm blaze) and 

imaged with an air-cooled electron-multiplying charged-coupled-device camera (Andor, iXon 888 

Ultra). For polarization-resolved spectra, a linear polarizer (Thorlabs, LPVISB100-MP2) was placed 
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in an image plane after the 450-nm longpass filter. A detailed description of the optical 

characterization can be found in the Supporting Information, Section S11. 

Multilayer-Waveguide Model. The multilayer-waveguide model was implemented following a 

theoretical model described in Ref. 49 (see Supporting Information, Section S12 for details). We 

solved the eigenvalue equation for TM and TE polarized waves by a minimization algorithm. From 

the resulting propagation constant, kz, we can derive the effective mode index, neff, the modal gain, 

Gmod, and the electric- and magnetic-field profiles. As input into the model, the free-space wavelength 

was set to λ0 = 635 nm (1.95 eV) for all calculations except for the FSR calculations, where λ0 was 

varied over a range of 500–700 nm (1.48–1.77 eV). The relative permittivity of each constituent 

material was obtained from ellipsometry (see Supporting Information, Section S13). 

Free-Spectral-Range Calculation. The FSR was calculated with50 

 𝐸𝐸FSR = ℎ𝑐𝑐
2⋅𝐿𝐿cav⋅𝑛𝑛g

 , (5) 

where h is Planck’s constant, c the speed of light, and ng the group index. The group index was 

calculated from the effective mode index and its dispersion (see Supporting Information, Section S14) 

using 

 𝑛𝑛g = 𝑛𝑛eff − 𝜆𝜆 𝜕𝜕𝑛𝑛eff
𝜕𝜕𝜕𝜕

 , (6) 

with λ being the wavelength. The mode index was obtained from the multilayer-waveguide model, 

where the absorption in the NPL layer was taken into account as obtained from ellipsometry (see 

Supporting Information, Section S13). 

Modal-Gain Calculation. For the modal-gain calculation, the material gain of the gain layer was 

swept over a range of values. Therefore, the imaginary part of the relative permittivity was set to 

negative values, while the real part was kept constant. For a given Gmat, the corresponding imaginary 

part of the relative permittivity, εgain
'' , was calculated using39 

 𝜀𝜀gain′′ = −𝐺𝐺mat𝑛𝑛NPL
𝑘𝑘0

 , (7) 
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with nNPL being the real part of the refractive index of the NPL film as measured from ellipsometry 

(see Supporting Information, Section S13) and k0 = 2π/λ0 being the wavevector of the free-space 

wavelength λ0. 

Laser Rate Equations. To model the power-dependent laser characteristics, we used a coupled rate-

equation model50,51 that describes an excited-carrier population, and two modal populations (surface 

plasmon and photon) or one modal population (surface plasmon) for laser cavities with a gain-layer 

thickness above or below the photonic-mode cutoff, respectively (see Supporting Information, 

Section S15 for details). The carrier population is fed by a time-dependent pump pulse [and 

reabsorption (corresponding to negative gain)] and decays through spontaneous emission (radiative 

and non-radiative) and stimulated emission. The surface-plasmon and photon populations grow 

through spontaneous and stimulated emission and are depleted by Ag and reflection losses (and 

reabsorption). Note that the Purcell enhancement is being neglected here, as it has been shown that, 

in cavities of this size, the Purcell effect plays a minor role.29,52 All model parameters were estimated 

from experimental data or retrieved from literature reports. The rate equations were solved through 

numerical integration for a range of pump fluences. The output-photon number was obtained by 

integrating the mirror loss rate over time. 
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Figure 1. Laser device and waveguide model. (a) Scanning-electron-microscope image of a laser 

device (tilted view). The Ag reflectors protrude from a smooth, flat Ag surface. A stripe of NPLs is 

printed into the center of the cavity. Plasmonic and photonic cavity modes with transverse-magnetic 

(TM, blue) and transverse-electric (TE, red) field components can be distinguished through the 

polarization of the leakage radiation that is out-scattered at the inner edge of the reflector, as shown. 

The black arrows denote the propagation direction. The coordinate system indicates the surface 

normal of the planar multilayer-waveguide model (x) and the two in-plane directions (y and z) from 

which z is chosen as propagation direction. (b) Calculated mode profiles along the surface normal (x) 

of the TM (plasmonic, blue) and TE (photonic, red) modes in a planar multilayer-waveguide structure 

at a free-space wavelength of λ0 = 635 nm. The mode profiles are plotted as the time-averaged electric 

energy density, ⟨uE⟩. For each mode, ⟨uE⟩ is normalized by the total energy, UEM, in the mode. The 

layers are: Ag (grey), 10-nm-thick alumina (purple), 74-nm-thick gain layer (orange), and air (light 

blue). (c) Effective mode indices of the TM (plasmonic, blue) and TE (photonic, red) modes as a 

function of gain-layer thickness calculated for a free-space wavelength λ0 = 635 nm. The photonic 

mode ceases to exist below ~70 nm. (d) Polarization-resolved cavity spectra within the spontaneous-

emission bandwidth of the NPLs excited by a 385-nm LED at 4 K. The unpolarized emission (grey) 

is composed of cavity modes originating from plasmonic (TM, blue) and photonic (TE, red) 

propagating modes that are resolved by analyzing the orthogonal polarizations individually. (e) 

Comparison of the calculated (shaded areas between lines) and experimentally measured (filled 

circles) free spectral ranges (FSRs) for 1.85–1.91 eV for the plasmonic (blue) and photonic (red) 

modes. The experimental data points represent various cavities probed at 4 K under LED 

illumination. 
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Figure 2. Lasing behavior as a function of NPL-stripe thickness. (a, b) Laser device emission spectra 

as a function of pump fluence for two devices with NPL-stripe thicknesses, dNPL, of 56 and 74 nm, 

respectively. The devices were excited at 4 K using a pulsed laser excitation at 405 nm. (c, d) 

Polarization-resolved lasing spectra reveal the plasmonic (TM, blue) and photonic (TE, red) nature 

of the lasing emission from (a) and (b), respectively. (e) Twelve probed devices are marked as tick 

marks on the axis denoting their NPL-stripe thickness. The colored shading indicates which type of 

mode, plasmonic (blue) or photonic (red), lased in each device. The tick mark at 24 nm, outside of 

any colored shading, represents a device for which lasing could not be observed. 
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Figure 3. Modal gain as a function of gain-layer thickness. The modal gain for the plasmonic (TM, 

blue lines) and photonic (TE, red lines) modes at a free-space wavelength λ0 = 635 nm is plotted as a 

function of gain-layer thickness for various material-gain values. The calculations are based on the 

multilayer-waveguide model. The lines represent material-gain values, Gmat, of 0 cm−1 

[corresponding to a transparent gain layer (dotted lines)], 1500 cm−1 (dashed lines), and 2500 cm−1 

(solid lines). The grey horizontal line indicates the reflection losses for a 10-µm-long cavity with 

mirror reflectivity R = 0.9. The grey shaded area marks a regime where the plasmonic modal gain is 

larger than the photonic modal gain for Gmat = 2500 cm−1. The horizontally distributed tick marks 

indicate experimentally measured devices (the same as in Figure 2e) with colored shading marking 

which type of mode, plasmonic (blue) or photonic (red), lased in each device. For the device at 24 nm, 

lasing could not be observed. 
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Figure 4. Influence of the gap-layer refractive index on the modal gain. (a) The modal gain of the 

plasmonic mode plotted as a function of gain-layer thickness for a device with a NPL gain layer and 

a 10-nm-thick high-index (HIG; n = 2.13; dark green) or low-index (LIG; n = 1.42; light green) gap 

layer at a free-space wavelength λ0 = 635 nm. The modal gain is plotted for Gmat = 0 cm−1 (dashed 

lines) and Gmat = 2500 cm−1 (solid lines). The structure that experiences a larger modal gain depends 

on the actual material-gain value. (b) Material gain at which the modal gain is larger for the HIG 

(dark-green area) or LIG (light-green area) structures for the plasmonic mode. The threshold gains, 

Gth, for the plasmonic modes of the HIG and LIG structures are plotted as solid and dashed blue lines, 

respectively. They are calculated for a 10-µm-long cavity with mirror reflectivities R = 1.0 and 0.5. 

The arrow at dgain ≈ 43 nm indicates the crossing point of the threshold gains for R = 1.0. For 

increasing reflection losses, αR, the threshold-gain crossing moves along the mode-condition border 

in the direction of the arrow. The difference in threshold gain, ΔGth, for R = 0.5 and dgain = 40 nm is 

18.4% (vertical bar with caps). The black vertical solid and dashed lines indicate the photonic-mode 

(TE) cutoff thickness for the HIG and LIG structures, respectively.  
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Figure 5. Light–light curves and mode switching. (a, b) Spectrally integrated output intensity (filled 

circles) as a function of pump fluence for a device with dNPL = 56 nm (same device as in Figure 2a,c) 

and a device with dNPL = 74 nm (same device as in Figure 2b,d) measured at 4 K under pulsed 

excitation at 405 nm. Calculated output-photon numbers from the rate-equation model (dotted lines) 

agree well with the experimentally obtained values. The linewidth of the emission spectrum [obtained 

by fitting a single Gaussian to the laser device emission spectra under pulsed excitation (spectra 

presented for a few pump fluences in Figure 2a,b)] indicates the transition from a spontaneous-

emission-dominated output to an output with a predominant narrow lasing peak (empty circles). (c) 

Calculated output-photon number of the plasmonic (TM, blue) and photonic (TE, red) modes for a 

cavity with dgain = 74 nm. The dotted line indicates the sum of the two. (d) Time evolution of the 

output-photon rate for the plasmonic (TM, blue) and photonic (TE, red) modes at three different pump 

fluences, as indicated by the diamonds in (c). The primary lasing mode switches from photonic 

(diamond 1 and 2) to plasmonic (diamond 3) as the pump fluence increases.  
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