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Abstract. Localized surface plasmon resonances can increase the quantum efficiency of photon 

emitters through both absorption and spontaneous emission enhancement effects. Despite 

extensive studies, experimental results that clearly distinguish the two plasmonic enhancement 

effects are rarely available. Here, we present clear spectral signatures of the plasmonic 

enhancement effects on the absorption (excitation) and  spontaneous emission (Purcell factor) by 

analyzing the temperature dependent photoluminescence (PL) properties of InGaAs/GaAs single 

quantum well (QW) coupled to colloidal gold nanorods (AuNRs) at different GaAs capping layer 
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thickness (d). We find that when the emitting InGaAs layer is close to the AuNRs (d = 5 nm), the 

plasmonic enhancement effect on the QW PL is dominated by the Purcell factor that significantly 

increases the external quantum efficiency of the QW that otherwise barely emits. When d is 

increased to 10 nm, the temperature dependence of the PL enhancement factor (F) reflects 

absorption enhancement in the capping layer followed by carrier diffusion and capture by the 

well. First F increases with temperature and then decreases following the temperature 

dependence of the carrier diffusion coefficient in GaAs. By factoring out the contribution of the 

captured carriers to F, it is shown that carrier transfer to the well reaches saturation with 

increasing incident laser power. In addition to providing insight into the plasmonic enhancement 

mechanism, the results presented in this work suggest that colloidal plasmonic nanoparticles can 

be used as simple probes for understanding carrier transport phenomena in arbitrary 

semiconductor heterostructures.

1. INTRODUCTION

Understanding the fundamental photophysical processes at the interfaces of coupled 

plamonic and excitonic systems is essential in conceptualizing and designing plasmonic hybrid 

devices for a variety of applications including photon emission,1-13 photodetection,14-19 lasing,20-

22 photovoltaics,23-25 photocatalysis,26-30 photon upconversion,31 and energy transfer.32 When 

optically active molecules and semiconductors are photoexcited in the proximity of plasmonic 

metal nanoparticles, their photon absorption and emission efficiencies can be enhanced 

significantly by the high density of localized surface plasmon field provided that the plasmon 

resonances spectrally overlap with the excitation and emission frequencies of the active 

materials.33, 34 The contribution of the absorption and spontaneous emission enhancements to the 
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3

external quantum efficiency of an emitter have been theoretically described by Khurgin and co-

workers.35, 36 It is, however, difficult to experimentally quantify the contribution of absorption 

and emission enhancements as both effects can result in the overall increase of the measured 

intensity.37, 38 That is, the total PL intensity enhancement factor (F) is determined by the product 

of absorption enhancement factor (Fa) and emission enhancement factor (Fe) as F = FaFe, where 

Fe is determined from the Purcell factor (FP) using the following relation.36  

                                                                                              (1)𝐹𝑒 =
1 + 𝐹𝑃𝜂𝑝𝑟

1 + 𝐹𝑃𝜂𝑟

where  is the radiative efficiency of the emitter without the plasmonic enhancement effect, 𝜂𝑟

which is determined by the rate constants of the radiative (kr) and nonradiative (knr) excited state 

decay processes as , and  is the efficiency of converting internal modes to 𝜂𝑟 =  𝑘𝑟/(𝑘𝑟 + 𝑘𝑛𝑟) 𝜂𝑝𝑟

photons through the surface plasmon modes.  

In this work, the contributions of absorption and spontaneous emission enhancements to the 

measured PL intensity are investigated as a function of temperature using InGaAs/GaAs single 

QW coupled to colloidal AuNRs as model system. The sample is excited using 1.96 eV photon 

energy, which is above the bandgap energy of GaAs (<1.52 eV depending on temperature39, 40). 

It is important to note that plasmon enhanced absorption is limited by the near-field decay length 

into the GaAs capping layer, and becomes insignificant deeper than 10 nm at 633 nm excitation 

wavelength.41 In general, in plasmonic coupling to semiconductors, the excitation action is 

confined at the metal-semiconductor interface.42 As a result, the QW PL enhancement due to 

plasmon enhanced excitation involves diffusion and transfer of carriers from the GaAs capping 

layer to the InGaAs well. At the emission wavelength ( ~920 nm), GaAs is transparent and the 

QW-plasmon coupling length can be longer. The discussion in this work includes consideration 
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4

of absorption enhancement, carrier diffusion/capture and plasmon enhanced spontaneous 

emission. 

Our analysis reveal the dominance of the Purcell factor or absorption enhancement effects 

depending on the thickness (d) of the GaAs capping layer that serves as active medium at the 

excitation wavelength and transparent spacer at the emission wavelength. For d = 5 nm, the 

plasmonic enhancement effect on the QW PL is dominated by the Purcell factor that improves 

the radiation efficiency of otherwise dark states as evidenced in about 30 fold intensity 

enhancement accompanied by drastic spectral narrowing. For d = 10 nm, the PL enhancement 

factor has an interesting temperature dependence that can be described by a Gaussian function, 

and up to 80 fold intensity enhancement is observed at the peak temperature. For d = 10 nm, the 

intensity enhancement is accompanied by spectral broadening, indicating the dominance of 

absorption enhancement and free carrier diffusion from the barrier to the well. The temperature 

dependence of the PL enhancement factor parallels that of the carrier diffusion coefficient in 

GaAs. We note that in addition to providing insight into the enhancement mechanism, the 

experimental approach described in this work can be extended to determine carrier diffusion 

lengths and lifetimes in semiconductor heterostructures.

2. METHODS

2.1 Coupling geometry and sample fabrication. The coupling geometry of a gold 

nanorods and InGaAs/GaAs single QW is shown in the schematic in Figure 1a. QWs with GaAs 

capping layer thicknesses of 5, 10 and 15 nm are grown in a VG V80 molecular beam epitaxy 

(MBE) reactor on epi-ready semi-insulating GaAs (001) substrates. The substrate temperature is 

measured using an optical pyrometer and the surface is monitored using reflection high-energy 

electron diffraction (RHEED). Prior to growth, the native oxide on the substrates is thermally 
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5

desorbed at 630 oC for 20 minutes under a constant AS3 overpressure. The substrate temperature 

is then brought down to 580 oC and a 150 nm thick GaAs smoothing layer is grown. At this 

point, a 2×4 reconstruction is observed on the RHEED pattern, indicating a smooth GaAs 

surface. Next, the temperature is further decreased to 475 oC for the growth of the active 

medium. The active medium consists of an 8.35 nm thick In0.18Ga0.82As layer capped with 1.55 

nm GaAs layer. The thin GaAs cap is included to protect the QW during the subsequent 

temperature transition. Following the growth of the active medium, the substrate temperature is 

increased back up to 580 oC to grow a high-temperature GaAs cap. Three different samples are 

grown with varying thicknesses of the high-temperature GaAs cap so that the total cap (thin cold 

GaAs + high-temperature cap) thickness adds up to 5, 10 and 15 nm. In all cases, the In and Ga 

growth rates (calibrated by RHEED oscillations) were kept constant at 0.065 and 0.3 ML/sec and 

a constant As:Ga beam equivalent pressure (BEP) ratio of 13 is maintained. 

Aqueous solution of gold nanorods was obtained from Nanopartz, Inc. After removing the 

excess surfactant through centrifugation and re-suspension procedures, the AuNRs were drop-

casted on some portion of the GaAs capping layer surface that has been exposed to ambient air. 

The drop-casting procedure produces random distribution of AuNRs, resulting in 5 – 10 % 

coverage of the GaAs surface on which the solution is applied and dried.41  

2.2 Optical measurements. The optical responses of the AuNRs on GaAs surface is 

characterized using dark-field scattering spectroscopy as described elsewhere.41, 43 The 

temperature-dependent PL (TDPL) measurement is performed using a home-built optical setup, 

which is shown by the schematic in Figure 1b. The InGaAs/GaAs QW was mounted on a 

cryostat chamber (CTI-Cryogenics, Model 22), two stage, closed-cycle helium refrigeration 

system. The temperature can be varied from 10 K to room temperature at user defined intervals. 
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6

The output of a HeNe laser,  = 633 nm, is used for exciting the sample at incidence angle of 10 

degree with respect to the surface normal. The spectra are acquired using conventional lock-in 

technique utilizing 50 cm focal length monochromator (ARC SpectraPro-500). The excitation 

light is focused using 0.2 NA lens to a spot diameter of 400 m as determined using knife edge 

method. The PL signal is collected using the same lens and detected by a Femtowatt 

Photoreceiver (New Focus, Inc., Model 2153). The TDPL measurement is automated by 

developing LabVIEW program in-house. The PL spectra are recorded at every 2.5 K or 5 K 

increment. After each increment, sufficient time (at least 5 minutes) is allowed for stabilization 

so that the accuracy of the temperature is within 0.2 K. The plasmonic enhancement effect is 

studied by comparing the PL spectra of the sample region where about 0.5 – 5% of the area (see 

Figures S1) is covered with the AuNRs to the spectra of the region where there are no AuNRs.

3. RESULTS AND DISCUSSION

The near-field and far-field properties of AuNRs on GaAs are illustrated in Figures 1c and 

1d, respectively. The spectral line shape of the individual AuNRs on GaAs can vary depending 

on the size distribution44 and sub-nanometer variation of the inherent dielectric spacing between 

the AuNRs and the GaAs due to the native oxide on GaAs and the surface ligand on the AuNRs. 

As discussed in detail in our earlier report,41 the scattering spectra of individual AuNRs on GaAs 

ranges from weak scattering intensity non-Lorentzian line shapes (dotted blue line in Figure 1d) 

to strong intensity Lorentzian shapes (dashed blue line in Figure 1d) presumably due to the 

variation of the interfacial dielectric spacing. Our measurement is based on aggregates (Figure 

S1) of AuNRs on the GaAs capping layer. For aggregates, interparticle dipole-dipole plasmon 

coupling can shift the plasmon resonance energy to the red significantly depending on the 

proximity and orientation of the nanorods.45-49 This distance and orientation dependent red-
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7

shifting results in spectral broadening as shown by the solid blue line in Figure 1d, and improves 

the spectral overlap with both excitation and emission energies. Starting from its bandgap 

energy, the absorption coefficient of GaAs increases with photon energy as shown by the black 

line in Figure 1d, and the excitation of the plasmon resonances increases the local electric field 

intensity resulting in plasmon-enhanced absorption.34, 35 Hence, the coupling of the AuNRs to the 

QW as shown in Figure 1a is expected to enhance carrier generation inside the GaAs capping 

layer close to the metal-semiconductor interface, where the plasmon field is localized.
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Figure 1 (a) Schematic showing the QW-AuNR coupling through the GaAs capping layer of 
thickness d. (b) Schematic of the optical layout used for the temperature dependent PL 
measurement. SPF ≡ shortpass filter; P1, P2 ≡ polarizers; L1, L2, L3 ≡ lens; M1, M2, M3 = 
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8

mirrors; LPF ≡ longpass filter. (c) Near-field localization and enhancement at the excitation and 
emission wavelengths as determined using finite-difference time-domain simulation (image size 
= 110 nm × 110 nm). The propagation (k) and electric field (E) vectors of the excitation source 
are indicated on each panel using single and double headed arrows as labeled. (d) Dark-field 
scattering spectra of single (dashed and dotted blue lines) and aggregated (solid blue line) of 
AuNRs on GaAs. The excitation energy (dashed vertical red line, 1.96 eV) overlaps with the 
plasmon resonances that can increase the absorption coefficient of the GaAs (black line). The 
plasmon resonance also has appreciable overlap with the PL spectrum of the QW. 

This localized plasmon pumped excitation creates carrier concentration gradient (  along 
𝑑𝑛
𝑑𝑦)

the y-direction (see Figure 1) going from the AuNR-GaAs interface region to the InGaAs layer. 

The flux of carriers flowing toward the well, in which radiative recombination takes place, is 

proportional to the product of the concentration gradient and the carrier diffusion coefficient (D), 

which can be calculated using the Einstein relation. 

                                              (2)𝐷 =   (
𝑘𝑇
𝑞 ) 𝜇

where T is temperature, k is the Boltzmann constant, q is the charge on electron or hole, and  is 

the mobility of electron or hole. 

The plasmon resonances of the AuNR aggregates also overlap with the emission energy of 

the QW as shown by the spectral overlap between the solid blue and purple lines in Figure 1d, 

although to a lesser extent compared to the overlap with the absorption band. Furthermore, the 

results of electromagnetic simulation (see Figure S2) indicate that the near-field amplitude 

around the AuNR is significant at the emission wavelength ( ~920 nm) of the QW. As a result, 

the plasmonic surface field is also expected to enhance the rate of spontaneous emission (Purcell 

enhancement effect).7, 20, 36, 50-52 It is interesting to note that the plasmon field localization at the 

AuNR-GaAs interface and at the ends of the rod is different at the excitation (633 nm) and 

emission (920 nm) wavelengths as shown in Figure 1c. The distinction is more apparent in the x-

component of the near-field amplitude and phase as shown in Figure S3. At 633 nm, the field is 
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9

mainly localized at the AuNR-GaAs interface, whereas at 920 nm, it has a dipolar character 

concentrating at the ends of the rod. As a result, at 633 nm, the AuNR-GaAs interface can serve 

as a small nanocavity to concentrate light energy thereby enhancing absorption, while at 920 nm 

the AuNRs serve as efficient dipole antenna to radiate photons to the far-field, fulfilling the 

different requirements for absorption and emission enhancements as proposed by Sun et al. 36 

We now investigate the dominant PL enhancement mechanism as d increases from 5 nm to 10 

nm and 15 nm. 
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10

Figure 2 Plasmonic PL enhancement for the InGaAs/GaAs QW with 5 nm GaAs capping layer. 
(a, b) PL intensity map representing spectra recorded at every 2.5 K temperature intervals 
starting at 12.5 K (~13 K) in the absence (a) and presence (b) of AuNRs on the GaAs capping 
layer. (c) Representative PL spectra at 13, 20, 30 and 40 K with (red lines) and without (blue 
lines) AuNRs. The inset graph shows the spectra recorded at 13 K using log scale for the 
intensity. (d) Spectral linewidth ( = FWHM) without (blue squares) and with (red circles) 
AuNRs.  is determined by fitting Gaussian function to the data as illustrated in Figure S4. (e) 
PL intensity enhancement factor F (IPL intensity of the QW with AuNRs divided by the 
corresponding intensity of the bare QW) as a function of temperature at different incident laser 
intensity P. The solid lines are Gaussian fit to the data. 

3.1 Brightening a defective photon emitter (d = 5 nm). For d = 5 nm, the combination of 

oxidized surface that is close to the emitting InGaAs layer and misfit dislocations can lead to 

high density of interface defects53 54 that become non-radiative recombination centers of 

photocarriers generated inside the heterostructure. As expected, the PL intensity for the QW with 

5 nm GaAs cap is very weak and the spectral shape is not well defined as shown in Figure 2a 

even at low temperatures. In fact, the emission intensity of the broad peak at ~1.33 eV from the 

deep level interface defect states is comparable to the intensity of the QW PL peak at ~1.36 eV. 

These poor spectral characteristics are in agreement with reported results that describe 

degradation of structural and optical quality with decreasing capping layer thickness particularly 

for d < 10 nm.55  

Despite this high defect density that is inherent to a single QW with shallow capping layer, 

our experimental observations indicate that the optical quality can be improved dramatically by 

coupling to colloidal AuNRs that support plasmon modes at the excitation and emission 

wavelengths. As can be seen by comparing the PL intensity map of the bare QW (Figures 2a) to 

the corresponding intensity map of the QW coupled to the AuNRs (Figure 2b) as well as the 

representative spectra in Figure 2c, the coupling to the plasmon modes has resulted in a 

significant increase of the PL intensity, which is accompanied by drastic spectral narrowing. The 
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11

spectral linewidth has decreased from 20 meV to 11 meV at 13 K, and the narrowing is 

maintained with increasing temperature (Figure 2d). This linewidth narrowing corresponds to an 

optical quality factor (peak energy to linewidth ratio) increase from ~67 to ~119 (~88% 

improvement). Interestingly, the plasmonic coupling has no significant effect on the intensity and 

position of the defect emission band. As a result, the PL spectrum is transformed essentially to a 

single Lorentzian peak as can be seen more clearly in the semilogarithmic plot in the inset graph 

in Figure 2c. In addition, the plasmonic enhancement effect has extended the range of the 

temperature at which emitted photons can be detected as the intensity map in Figure 2b indicate. 

We note that the PL spectral pattern remain the same with increasing incident laser intensity 

(Figure S5), indicating that the plasmonic enhancement effect for the defective QW cannot be 

compensated by increasing the incident laser intensity. This observation underscores the critical 

importance of the plasmonic Purcell enhancement effect to increase the external quantum 

efficiency of the defective QW that otherwise barely emits photons. Referring to Equation 1, the 

brightening effect can be explained in terms of the plasmon coupled photon emission efficiency (

) that enables conversion of internal modes to the far-field. 𝜂𝑝𝑟

For further analysis, we use the PL intensity enhancement factor (F), which is defined as the 

ratio of the integrated PL intensity of the QW with AuNR to the intensity of the QW without the 

AuNRs.  In Figure 2e, F obtained at different incident laser intensity (P) are plotted as a function 

of temperature. As mentioned in the introduction, the PL enhancement can originate from 

plasmon enhanced absorption, and the Purcell factor. We note that for d = 5 nm, the InGaAs 

layer is within the decay length of the plasmon field localized at the AuNR-GaAs interface. As a 

result, the plasmon field enhances excitation of the GaAs capping layer as well as the InGaAs 

layer directly. The initial increase of F with increasing temperature (Figure 2e) can be attributed 
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12

to free carrier diffusion and transfer from the barrier to the well.56 Hence, when the PL 

enhancement is dominated by carrier capture from the barrier, the temperature dependence of F 

follows the temperature dependence of the carrier diffusion coefficient D. The dependence of D 

on temperature is mainly determined by the carrier mobility  that, for GaAs, increases with 

temperature first and then decreases57, 58 (Figure S6), which is consistent with the temperature 

dependence of F as shown in Figure 2e. It is also important to note that with increasing 

temperature, thermionic emission of carriers out of the well and non-radiative recombination 

processes become dominant,59-61 which results in the decline of the enhancement factor. In 

addition, reported experimental and theoretical studies indicate that Purcell enhancement effect 

decreases with increasing temperature.52, 62 

The data plotted in Figure 2e show that at a fixed temperature, the enhancement factor 

increases with increasing P. As it will be discussed later, this is an indication that the plasmonic 

Purcell enhancement effect that increases proportional to the plasmon field intensity34 is the 

dominant PL enhancement mechanism for the QW with d = 5 nm. With increasing d, the 

contribution of carriers generated by plasmon pumping of the GaAs capping layer to the PL 

enhancement can become dominant as it will be discussed next.   

3.2 Plasmon pumped barrier excitation and carrier diffusion (d = 10 nm). The 

plasmonic enhancement effect on the QW with capping (barrier) layer thickness d = 10 nm is 

presented in Figure 3. The IPL intensity plot as a function of temperature exhibits different 

trends in the presence and absence of the AuNRs as can be seen comparing the data shown by 

the blue squares and red circles in Figure 3b (see also Figure S7). In the absence of the AuNRs, a 

single exponential function fits the data, while it deviates from this trend in the presence of the 

AuNRs. In particular, with the plasmonic enhancement effect, the curve has a concave down 
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shape with an apparent inflection point that appears to indicate a critical temperature beyond 

which the contribution of the plasmon generated and captured carriers to the QW PL is declining. 

The enhancement factor F, shown by the black circles in Figure 3b, increases considerably up to 

the critical temperature and then decreases rapidly with temperature further increasing. By fitting 

a Gaussian function (solid black line in Figure 3b) to the experimentally determined 

enhancement factor, the average critical or peak temperature is determined as ~47 K at 0.14 

W/cm2 excitation intensity. The observed trend of F is in contrast to the temperature dependence 

of the Purcell enhancement factor reported for ZnO films62 and InGaN/GaN QW52 that decreases 

slowly with increasing temperature. Therefore, the increase in F up to a certain temperature for 

our samples can be attributed to the contribution of carriers generated by plasmon pumping of 

the GaAs capping layer and captured by the well. Referring to Figure S6, it can be seen that the 

increase in F with temperature parallels the temperature dependence of the carrier diffusion 

coefficient as mentioned in Section 3.1. 
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Figure 3. Temperature-dependent plasmonic enhancement effects on InGaAs/GaAs QW with d 
= 10 nm at P = 0.14 W/cm2. (a) PL spectra with (red lines) and without (blue lines) AuNRs at 
different temperatures. (b) Left y-axis: IPL intensity as a function of temperature without (blue 
squares) and with (red circles) AuNRs; Right y-axis: the PL intensity enhancement factor (black 
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circles) as a function of temperature (the solid line is a Gaussian fit to the data). (c) The FWHM 
without (blue square) and with (red circles) AuNRs as a function of temperature.

As the free carriers are transferred from the GaAs barrier to the well, the linewidth is 

expected to increase proportional to the free carrier concentration  ( , where  is the 𝑛 ∆𝐸 =
ℎ2𝑛

4𝜋𝑚 𝑚

effective mass of electron, and h is Planck’s constant).63-65 As can be seen in Figures 3c, at 15 K, 

 = 5.8 ± 0.5 meV without the AuNRs, and 8.3 ± 0.3 meV with the AuNRs, corresponding to 

~41% plasmon-induced linewidth broadening, which is in contrast to the spectral narrowing 

observed for the QW with d = 5 nm (Figure 2d), indicating the dominance of absorption 

enhancement to the measured PL intensity as opposed to the dominant spontaneous emission 

enhancement for d = 5 nm. Similar to the trend for F, the plasmon-induced linewidth broadening 

appears to increase up to a certain temperature, confirming free carrier concentration increase 

inside the well because of enhanced rate of carrier capture from the capping layer. 

Further evidence for the mechanism of the plasmonic enhancement of the QW PL can be 

obtained by analyzing the temperature dependence of the IPL intensity at different P as shown in 

Figure 4a. In the presence of the AuNRs, the deviation from a linear trend in the semilogarithmic 

plot is apparent even at the lowest P (0.1 W/cm2), and the degree of the deviation increases with 

increasing P. Small deviation from the linear trend is also observed in the absence of the AuNRs 

(open symbols) when P is increased above ~2 W/cm2, indicating that the plasmon pumped 

excitation can be compensated by increasing the incident laser power. However, the deviation 

observed at the lowest P value (solid squares) in the presence of the AuNRs is more pronounced 

than the deviation observed at the highest P value (open stars) in the absence of the AuNRs, 

which underscores the contribution of the free carriers generated by plasmon pumping of the 

GaAs capping layer. We note that for d = 10 nm, the material thickness including the InGaAs 

layer is 18 nm, which is much smaller than the penetration depth of the incident light that can be 
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estimated as ~250 nm from the absorption coefficient of the GaAs at  = 633 nm (Figure 1d). As 

a result, generation of carriers by the incident light can be assumed uniform within the depth in 

which the InGaAs layer is embedded. Hence, no significant concentration gradient of carriers is 

expected in the absence of the AuNRs on the GaAs capping layer, making diffusion less 

important. Therefore, the different curvatures of the IPL intensity as a function of temperature in 

the presence and absence of the AuNRs as shown in Figure 4a can simply be explained in terms 

of the temperature dependence of the carrier diffusion coefficient.  
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Figure 4 (a) IPL intensity (in log scale) as a function of temperature without (open symbols) and 
with (solid symbols) at different excitation intensities as labeled. (b) The PL intensity 
enhancement factor as a function of temperature at different excitation intensity. The solid lines 
are Gaussian fit to the data. (c) The enhancement factor normalized by the corresponding values 
at T = 10 K. (d) The contribution of plasmon generated and captured carriers determined using 
Equation (3). 

At low P (e.g. 0.10 W/cm2), the signal-to-noise level is very small in the absence of the 

plasmonic enhancement effect and decreases rapidly with increasing temperature approaching 

the background level for T > 30 K (see Figure S8). This is because of the dominance of the 

nonradiative recombination processes at low carrier concentration.66 With the plasmonic 

enhancement effect, the signal-to-noise ratio increases significantly at low temperatures but 

again it decreases to the background level for T > 65 K (Figure S8), suggesting that the carrier 

concentration is still not high enough to saturate the nonradiative recombination active sites that 

increases with increasing temperature.59 As a result, at low excitation intensity, the PL 

enhancement is limited to a narrow temperature range as shown by the black line in Figure 4b. 

With increasing P, the enhancement factor peaks at progressively higher temperatures as the 

saturation of nonradiative recombination sites extends to higher temperatures with increasing 

carrier concentration. 

The contribution of the plasmon generated and captured carriers to the QW PL can be 

quantified at least partially by analyzing the dependence of F on T and P. To this end, we assume 

that carriers created by plasmon excitation of the region close to the AuNR-GaAs interface 

cannot migrate to the well at 10 K, the lowest temperature that can be achieved using our cryo 

system. As a result, the PL enhancement at the lowest temperature is assumed to originate from 

the Purcell enhancement effect. The results reported by Estrin et al52 indicate that the Purcell 

enhancement factor decreases with temperature only slowly. The fact that F increases up to 

certain temperature for our sample indicates that the temperature dependence of the PL 
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enhancement factor is dominated by the contribution of carriers captured from the capping layer, 

and hence the Purcell factor can reasonably be assumed constant. We note that these assumptions 

underestimate the contribution of the PL enhancement due to plasmon generated and captured 

carriers. With this in mind, the enhancement factors obtained at different P in Figure 4b can be 

normalized dividing by the corresponding value at 10 K to get the results plotted in Figure 4c. 

The normalized plots show that the contribution of captured carriers increases with increasing P 

as more carriers are generated inside the capping layer and the nonradiative recombination sites 

are saturated. We can then quantify the contribution of plasmon generated and captured carriers 

using a parameter  that is defined as follows. 

                                                                                   (3)𝜌(𝑃) =
𝐹𝐶(𝑃)
𝐹0(𝑃)

Where  is the PL enhancement factor at the lowest temperature (10 K), and  is the 𝐹0 𝐹𝐶

enhancement factor due to carriers generated by plasmon pumping of the capping layer and 

transferred to the well.  is determined by subtracting F0 from the total F at the peak 𝐹𝐶

temperature, . As shown in Figure 4d,  increases from about 50% at P = 0.1 𝐹𝐶 = 𝐹𝑝𝑒𝑎𝑘 ― 𝐹0

W/cm2 to about 250% at P = 0.95 W/cm2. Interestingly, the value slightly decreases with P 

further increasing due to saturation of the efficiency of carrier transfer to the well, similar to 

efficiency droop in light-emitting diodes.67 

The enhancement factors for the QWs with d = 5 nm and d = 10 nm are compared in Figure 

5, where F values are mapped on T-P axes using color scale. The different trends for the two 

QWs reflect different contribution of absorption and emission enhancements by the plasmonic 

coupling. For d = 5 nm, in which the Purcell factor is the dominant enhancement mechanism, F 

increases with the increasing P at all temperatures as shown in Figure 5a. The normalized map in 

Figure 5b shows that the contribution of plasmon generated and captured carriers is important 
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only at high incident laser power, indicating the need for high carrier density to saturate the high 

defect density before carriers can be captured by the well. For this barely capped QW, the 

contribution of captured carriers becomes negligible for T > 40 K (Figure 5b) as more 

nonradiative recombination sites are activated and the shallow capping layer does not provide 

efficient confinement. 
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Figure 5 Two-dimensional map of the PL intensity enhancement factor F on T-P axes, 
representing the F values with color scale for the QW with  d = 5 nm (a, b), and d = 10 nm (c, d). 
The color scale in (b) and (d) represent the ratio F (P, T)/F(P, T0) that indicate the contribution of 
plasmon generated and captured carriers to the PL enhancement. Representative line plots are 
provided in Figure S9. 

For d = 10 nm, the dependence of F on P may appear complicated at first sight of the 2D 

map in Figure 5c because of the different enhancement mechanisms depending on temperature. 

For T < 50 K, F decreases exponentially as shown in Figure 5c (see also Figure S9c). This is 

because the increase in the PL intensity as a function of P without the AuNRs is faster than the 

intensity increase due to the plasmonic enhancement. Because at low temperature only very 
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small fraction of the carriers generated by the plasmon field confined at the AuNR-GaAs 

interface are expected to migrate and captured by the well due to the small diffusion coefficient 

(Figure S6). For 45 < T < 95, F first increases as a function of P and then decreases (Figures 5c 

and S9c). The normalized plots indicate that the contribution of plasmon generated and captured 

carriers continue to be important even at relatively high temperatures with increasing P (Figures 

5d and S9d). However, at sufficiently high temperature, carrier confinement becomes inefficient 

and the overall trend of the PL enhancement is essentially determined by the Purcell factor that is 

expected to increase with increasing P.  

3.3 QW-plasmon coupling length. From the results discussed in Sections 3.1 and 3.2, we 

conclude that plasmon pumped excitation of the barrier close to the AuNR-GaAs interface 

appears to have the dominant contribution to the PL enhancement when d is increased from 5 nm 

to 10 nm. However, it is important to note that the absorption and Purcell enhancement effects 

are not mutually exclusive. The absorption enhancement increases the carrier concentration 

inside the well and the Purcell enhancement effect increases the photon extraction efficiency. 

The results in Figure 6 shade some light into this. The enhancement factor decreases drastically 

when d is increased from 10 nm to 15 nm. For the specific example shown in Figure 6, the 

average F has decreased from ~31 (for d = 10 nm) to ~2.5 (for d = 15 nm). The enhancement 

factor for d = 10 nm can be as high as ~80 depending on the AuNR distribution within the 

illuminated area (see Figure S10), while the maximum F value observed for d = 15 nm is ~4. As 

shown by the red circles in Figure 6, for d = 15 nm, F increases with increasing temperature 

achieving a maximum at ~73 K, compared to ~47 K for d = 10 nm. The shift in the peak 

temperature indicates improved carrier confinement and suppression of nonradiative losses with 

increasing thickness of the GaAs capping layer. It is interesting to note that the peak value of FC 
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has decreased from 17.2 to 1.3 when d is increased from 10 nm to 15 nm. This corresponds to 

FC,15nm/FC,10nm ratio of 0.08, which is much smaller than 1/e that is commonly used to define 

decay lengths. 

20 40 60 80 100 120

1

2

3

10

20

30

40

F 
fo

r d
 =

 1
5 

nm

Temperature (K)

F
C,10nm

 F
 fo

r d
 =

 1
0 

nm
d = 15 nmd = 10 nm

F
C,15nm

Figure 6 Temperature dependence of the PL intensity enhancement factor for InGaAs/GaAs QW 
with d = 10 nm (left y-axis) and d = 15 nm (right y-axis) at P =  0.14 W/cm2. For each QW, the 
contribution of the plasmon generated/captured carriers to the overall PL enhancement factor is 
indicated by the vertical dashed line with double arrows. 

This drastic decline of enhancement factor per 5 nm increase of capping layer cannot simply 

be attributed to short carrier diffusion length (Ld) that is related to short carrier lifetime (),  𝐿𝑑 =

. It is rather characteristic of the near-field decay length. It appears that the QW-plasmon 𝐷𝜏

coupling at the emission wavelength is still strong at 10 nm separation and becomes negligible at 

15 nm. The near-field and diffusion lengths can be extracted by repeating similar measurements 

on broad range of GaAs capping layer thickness as illustrated for InAs/InGaAs/GaAs quantum 

dot sample at room temperature.41 Determining the carrier diffusion length provides a simple 

route for determining the carrier lifetime. 
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According to eq. (1), the emission enhancement factor  becomes large when the initial 𝐹𝑒

radiative efficiency  is small. As shown in Figure S11, the QW with d = 5 nm has the lowest 𝜂𝑟

relative quantum yield.  However, the highest overall PL intensity enhancement is observed for d 

= 10 nm, indicating the significance of absorption enhancement. These observations suggest that 

the capping layer thickness can be optimized to maximize the enhancement further. In addition, 

the dielectric spacing between the semiconductor and the metal should be optimized such that 

hot electron transfer is blocked and near-field coupling is maximized.

We note that further insight into the PL enhancement mechanism can be obtained by 

measuring the emission lifetime as a function of temperature.52 The plasmonic enhancement 

effect is expected to increase both the radiative and nonradiative decay rates.68 As a result, the 

PL intensity enhancement is accompanied by lifetime reduction. By comparing the intensity 

enhancement and lifetime reductions for different samples, the significance of nonradiative 

processes may be quantified as demonstrated by Murphy and co-workers.69

4. CONCLUSION

In summary, plasmon enhanced absorption, carrier diffusion and capture, and plasmon 

enhanced photon extraction are systematically investigated by analyzing the temperature 

dependence of the PL properties of InGaAs/GaAs single QW coupled to colloidal AuNRs. It is 

shown that the contribution of the absorption and emission enhancement factors to the PL 

enhancement depends on the GaAs capping layer thickness d.  For d smaller than the near-field 

decay length, the Purcell enhancement factor results in dramatic increase of the external quantum 

efficiency of the QW that otherwise barely emits photons. When d is reasonably increased, for 

example to 10 nm, such that both absorption and emission enhancements due to coupling to the 

plasmon modes are strong, the rates of carrier capture by the well and photon extraction out of 
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the well are enhanced considerably leading to up to 80 fold PL enhancement depending on 

temperature and distribution of the plasmonic gold nanorods. The temperature dependence of the 

PL enhancement factor appears to follow the temperature dependence of carrier diffusion 

coefficient in GaAs. Our analysis suggests that colloidal plasmonic nanoparticles can be used as 

simple probes for investigating carrier transport phenomena in arbitrary semiconductor 

heterostructures.
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