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 ABSTRACT 

We report substantial improvements in the photoluminescence (PL) efficiency

and Fabry–Perot (FP) resonance of individual GaAs nanowires through surface 

passivation and local field enhancement, enabling FP peaks to be observed even

at room temperature. For bare GaAs nanowires, strong FP resonance peaks can

be observed at 4 K, but not at room temperature. However, depositing the 

nanowires on gold substrates leads to substantial enhancement in the PL intensity

(5X) and 3.7X to infinite enhancement of FP peaks. Finite-difference time-domain

(FDTD) simulations show that the gold substrate enhances the PL spectra

predominately through enhanced absorption (11X) rather than enhanced

emission (1.3X), predicting a total PL enhancement of 14X in the absence of

non-radiative recombination. Despite the increased intensity of the FP peaks,

lower Q factors are observed due to losses associated with the underlying gold 

substrate. As a means of reducing the non-radiative recombination in these 

nanowires, the surface states in the nanowires can be passivated by either an

ionic liquid (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMIM TFSI)) or an AlGaAs surface layer to achieve up to 12X enhancement of

the photoluminescence intensity and observation of FP peaks at room temperature

without a gold substrate. 

 
 

Semiconductor nanowires with high surface-to-volume 

ratios possess several advantageous optoelectronic 

properties such as enhanced light absorption [1, 2], 

electrostatic gate tenability [3], and enhanced carrier 

collection [4] that are beneficial for a variety of appli-

cations including detectors [5, 6], sensors [7, 8], energy 

storage[9], and lasers [10]. Nanowire lasers based  

on binary semiconductor materials are of particular 

Nano Research 2014, 7(8): 1146–1153 

DOI 10.1007/s12274-014-0477-0 

Address correspondence to scronin@usc.edu 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1147 Nano Res. 2014, 7(8): 1146–1153 

interest because of their wide range of band gaps. 

GaN, GaAs, ZnO, and CdS are a few of the materials 

widely studied as nanolasers [11]. The first electrically 

pumped nanowire laser was presented by Duan et al., 

where the electroluminescence spectra and lasing  

of an n-type CdS nanowire were observed under an 

applied current of 200 μA [12]. ZnO electrolumin-

escence and photoluminescence (PL) were reported 

at room temperature by Chu et al. [13]. Fukui and 

coworkers reported the observation of Fabry-Perot (FP) 

resonances and lasing of InGaAs/GaAs core–shell 

nanopillars [14, 15]. One of the main challenges 

associated with GaAs nanowire-based optoelectronic 

and photonic devices is the non-radiative recombination 

associated with surface states, which is particularly 

pronounced in GaAs nanowires with high surface-to- 

volume ratios [16]. While many studies discuss the 

effects of surface passivation of bulk GaAs [17–19] and 

GaAs nanowires, none have investigated these effects 

on the FP resonance. 

Here, we report a systematic study of the environ-

mental effects on the FP resonance and photolumines-

cence intensity of n-type GaAs nanowires, including 

both AlGaAs-passivation and ionic liquid-passivation. 

The PL intensity and FP resonance quality factor are 

studied as a function of passivation and substrate 

material. PL spectra are collected at 4 K and room 

temperature in order to assess the carrier recombina-

tion dynamics. Finite-difference time-domain (FDTD) 

simulations are carried out in order to separate the 

effects of local field enhanced absorption from enhanced 

emission in the overall photoluminescence process and 

provide a deeper understanding of the environmental 

dependence of the intensities and quality factors of 

the PL and FP resonance. 

In the work presented here, n-type GaAs nanowires 

are synthesized by metal organic chemical vapor 

deposition (MOCVD) with selective area growth (SAG). 

Trimethylgallium (TMGa), trimethylaluminum (TMAl), 

and arsine are used as precursors for Ga, Al, and   

As deposition, respectively, and disilane is used as   

a precursor for Si doping [20]. A thermally grown 

silicon oxide layer is used as a mask for the SAG 

growth. An array of holes (1 mm  1 mm) with 600 nm 

pitch are patterned with silicon nitride using electron 

beam lithography (EBL) and wet chemical etching.  

Nanowires are grown in a Thomas Swan MOCVD 

system at a pressure of 0.1 atm. The total flow rate of 

the carrier gas is 7 standard liters per minute (SLM), 

and the partial pressure of TMGa, arsine, and disilane 

are 7.56 × 10–7 atm, 2.14 × 10–4 atm, and 1.43 × 10–8 atm 

during the growth of the nanowire core. During the 

growth of AlGaAs passivation layer, the arsine partial 

pressure was increased to 1.07 × 10–3 atm, and the 

partial pressures of TMGa and TMAl were kept at 

3.78 × 10–7 atm and 1.51 × 10–6 atm for 120 seconds, 

resulting in an approximate AlGaAs thickness of 

20 nm. The growth temperature was fixed at 760 °C for 

both the nanowire core and passivation layer. These 

nanowires are grown vertically along the (111)B 

direction, as shown in Fig. 1(a), sonicated in isopropyl 

alcohol, and then deposited onto various substrates 

including Si substrates with 300 nm of SiO2 and Si/SiO2 

substrates with 200 nm of Au (Fig. 1(b)). Micro-Raman 

and photoluminescence spectroscopy were collected 

using a 40X objective lens, an 1,800 l/mm grating, and 

a silicon charged-couple device (CCD) detector to 

detect the PL in the range of 750 nm to 950 nm. Low 

to moderate power excitation (102–105 mW/cm2) using 

a 532 nm laser was used to avoid optical heating. 

 

Figure 1 SEM images GaAs nanowires (a) as grown and (b) 
deposited on a Si/SiO2 substrate. 
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Figure 2 shows the PL spectra of individual GaAs 

nanowires deposited on Si/SiO2 and Au substrates. In 

Fig. 2(a), spectra from both substrates were taken at 

4 K and exhibit strong FP peaks. The spectrum taken 

on the Au film is significantly enhanced with respect 

to that of the Si/SiO2. The integrated areal intensity of 

the dominant PL peak is 5X larger for the nanowire 

on the Au film, whereas the relative strength of the 

FP peaks are also enhanced by a factor of 3.7X. 

Figure 2(b) shows the PL spectra of individual nano-

wires at room temperature. Here, the Au substrate 

results in strong FP resonance peaks, which are 

completely absent from the nanowire deposited on 

the Si/SiO2 substrate. As observed in the 4 K dataset, 

the integrated intensity of the main PL peak increases 

by a factor of 5X due to the presence of the Au 

substrate. The increased PL intensity is attributed   

to the local field enhancement from the underlying 

Au substrate. The Q-factor of the FP peaks of the 

nanowires deposited on the Au film is 140, and 181 

for nanowires on Si/SiO2. This decrease in Q-factor  

 

Figure 2 Photoluminescence spectra of individual GaAs nano-

wires taken at (a) 4 K and (b) room temperature under 532 nm 

excitation (3.5 µW), deposited on Si/SiO2 and Au substrates. 

can be attributed to the lossy nature of the Au substrate. 

The mode spacing of the FP peaks can be calculated 

by the relation:  
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where n is the refractive index and   is the wavelength. 

We observe a mode spacing of 8–10 nm (at 4 K)    

for this 270 nm diameter and 7 μm long nanowire 

deposited on Si/SiO2, while a calculated mode spacing 

of 11.5 nm is obtained, assuming n = 3.655, and 

dn/d= –0.822 μm–1. The difference between the experi-

mental and calculated mode spacing can be attributed 

to the lack of precision in the optical microscope image 

of the nanowire length and/or the dispersive nature 

of the waveguide, which was not considered in the 

model [15]. A similar agreement was obtained for 

nanowires on Au substrates. 

In order to understand the underlying mechanism 

of enhancement, FDTD simulations are carried out 

on a GaAs nanowire on top of both Si/SiO2 and Au 

substrates, as illustrated in Figs. 3(a) and 3(b). In both 

systems, the dispersive nature of each material is taken 

into account and perfectly matched layers (PML) are 

imposed along the simulation boundaries. The 532 nm 

optical pump is simulated using a Gaussian beam 

(1.5 μm in diameter) focused on the center of the GaAs 

nanowire. Here, we consider a GaAs nanowire 260 nm 

in diameter and 7.75 m in length. The resulting 

cross-sectional electric-field intensity distributions are 

plotted in Figs. 3(c) and 3(d), corresponding to the 

structures shown in Figs. 3(a) and 3(b), respectively. 

While these mode profiles look similar, the intensities 

obtained on the gold substrate (Fig. 3(d)) are more 

than one order of magnitude higher than those on 

the bare Si/SiO2 substrate (Fig. 3(c)). 

We can calculate the relative enhancement in the 

optical absorption of the nanowire due to the presence 

of the metallic substrate by integrating the electric- 

field intensity inside the hexagonal nanowire cross- 

section of each system and taking the ratio:  
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For an incident wavelength of 532 nm, the total electric  
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field enhancement is 11X, indicating the gold substrate 

concentrates 11 times more total electric field intensity 

within the nanowire than the Si/SiO2 substrate. If one 

considers the Au film simply as a mirror, then one 

would naively expect an enhancement on the order 

of 2X. Instead, the metal structure appears to form   

a cavity that traps light and results in this large 

enhancement factor. The mode profiles presented in 

Figs. 3(c) and 3(d) depend sensitively on the diameter 

of the nanowire, and as a result, the absorption 

enhancement factor (
ABS

EF ) varies significantly with 

nanowire diameter. A graph of the diameter depen-

dence of the absorption enhancement is shown in  

the Electronic Supplementary Material (ESM). Within 

a diameter range of 200–300 nm, we found that a 

diameter around 260 nm produced the largest absorp-

tion enhancement.  

PL emission is modeled in the GaAs nanowire 

using electric dipoles, as illustrated in Figs. 4(a) and 

4(b). Each electric dipole emits at a center wavelength 

of 850 nm and possesses a bandwidth of 200 nm. A 

Gaussian distribution is superimposed upon the 

emission spectra in order to resemble the PL data 

collected experimentally. Again, we assume our 

nanowire maintains a diameter of 260 nm and a 

length of 7.75 m. The total dipole power (TDP) is 

defined as the power emitted by the dipole, calculated 

using a surrounding flux box (black, dashed box). 

The TDP is strongly affected by the local density of 

states, and therefore, will depend upon the dipole’s 

position within the nanowire and its surrounding 

environment. The extracted power (EP) is defined as 

the total power collected from the top of the GaAs 

nanowire (black, dashed line). In order to obtain 

realistic spectra, nine cross-sectional dipole positions 

are included along with two orthogonal polarizations 

per position. By taking advantage of the mirror 

symmetry of the structure, this equates to 26 effective 

dipole positions. In order to avoid coherence effects, 

only one dipole is included per simulation. An 

incoherent summation is later performed on the 

emission results.  

 

Figure 3 Schematic diagrams illustrating the two simulated pump geometries: GaAs nanowire on (a) bare Si/SiO2 substrate and (b) 
200 nm Au film on top of Si/SiO2. The nanowire is 260 nm in diameter and 7.75 m in length. The green spot in each diagram 
represents the 532 nm optical pump focused on the nanowire with a beam waist of 1.5 m. (c) and (d) Cross-sectional electric field 
intensity distributions for the geometries in (a) and (b), respectively. The white outline in each plot indicates the hexagonal boundary of 
the nanowire. Note: The intensity scale in (d) is 14X higher than in (c). 
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Figures 4(c) and 4(d) show the TDP and EP results 

for both structures. FP fringes are clearly visible in the 

simulated spectra. The average peak-to-peak spacing 

and quality factors of the resonances closely resemble 

those found experimentally. By integrating both EP 

spectra and taking their ratio (     2Au SiO
EP  d / EP d  

1.3 ), we find that the gold substrate produces roughly 

the same emitted power as the bare Si/SiO2 substrate. 

This is somewhat surprising since one would expect 

the Au film to act like a mirror, reflecting light upward 

that would otherwise be lost to the underlying substrate. 

However, the losses in the Au film slightly decrease 

the emitted power that is collected, resulting in a 

combined effect near unity.  

 
Figure 4 Schematic diagrams of the two systems simulated for PL emission: GaAs nanowire on (a) bare Si/SiO2 substrate and (b) 
200 nm Au film on top of Si/SiO2. The dashed lines indicate flux monitors. The nanowire is 260 nm in diameter and 7.75 m in length.
Incoherent summation results for (c) the total dipole power (TDP) and (d) the extracted power (EP) of each competing topology.
(e) Electric field intensity profile of the HE11 FP modes of the Si/SiO2 system. (f) Electric field intensity profile of the HE11-like FP modes
of the Au system. (g) Electric field intensity profile of the higher-order, TE01/TM01 FP mode of the Si/SiO2 system. 
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In Figs. 4(c) and 4(d), we observe two sets of peaks, 

particularly on the Si/SiO2 substrate where the Q 

factors are higher. The dominant Si/SiO2 substrate 

peak corresponds to a symmetric HE11 mode, while 

the weaker side peak has a six-fold symmetric 

TE01/TM01 mode profile. Figures 3(e) and 3(g) show 

the electric field intensity profiles of each mode, 

respectively. Figure 3(f) shows the electric field intensity 

profile for the dominant peak in the Au substrate 

system. The electric field profile obtained on the Au 

film displays high intensity at the Au/GaAs interface, 

substantiating the losses associated with the gold 

film. We can quantify the absorptive power loss using 

the following formula:  

2

ABS

1

2
P    E  

where    is the imaginary part of the dielectric 

function. By comparing the HE11-like modes in each 

system we find that, on average, the FP modes in the 

gold system lead to 5.8X more power loss. This 

additional absorptive loss helps explain why the Q 

factors of these modes are lower than those associated 

with the Si/SiO2 system.  

Multiplying the two enhancement factors (pump 

absorption and extracted power), we obtain an overall 

photoluminescence enhancement factor of 14, where 

the absorption enhancement (11X) is by far the do-

minant effect. These enhancement factors are larger 

than those observed experimentally (5X). The theoreti-

cal model does not include any losses associated with 

non-radiative recombination which are present in the 

experiment. 

Dangling bonds and surface states in GaAs lead to 

non-radiative surface recombination that is particularly 

pronounced in the GaAs nanowires because of their 

high surface to volume ratio [21–23]. This recombination 

lowers the photoluminescence efficiency, and results 

in a more lossy FP cavity. As a means of reducing the 

non-radiative surface recombination in these nanowires, 

the effect of surface passivation was explored. Here, 

we consider two forms of passivation: AlGaAs pas-

sivation, which leads to a core–shell structure, and 

ionic liquid passivation. In the former case, after the 

GaAs nanowire growth, a layer of AlGaAs is deposited 

as a passivation layer. The thickness of the AlGaAs 

layer is 20 nm. The PL spectra of AlGaAs-passivated 

nanowires are shown in Fig. 5(a), which exhibits the 

FP resonance peaks at room temperature. These spectra 

also exhibit two sets of peaks, as in the simulation 

(Figs. 4(c) and 4(d)), which can be attributed to different 

mode symmetries. Figure 5(b) shows the PL spectra 

taken with and without ionic liquid passivation. Here, 

we deposit approximately 30 μL of the ionic liquid 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfo-

nyl)imide (EMIM TFSI) (Sigma-Aldrich) [24] to passi-

vate the surface states in the nanowire. This form of 

passivation leads to a 12X enhancement in the PL 

intensity without applying any potential to the nano-

wire and enables us to observe the FP resonance at 

room temperature (Fig. 5(b)). Both AlGaAs-passivated 

and ionic liquid-passivated nanowires were measured 

on bare Si/SiO2 substrates, as shown in Figs. 5(a) and 

5(b). Ionic liquid passivated nanowires were also 

measured on Au covered substrates. While the FP  

 
Figure 5 Room temperature PL spectra of (a) an AlGaAs- 
passivated nanowire and (b) an EMIM TFSI ionic liquid- 
passivated GaAs nanowire taken at 8.5 µW laser power intensity. 
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resonance peak could be observed, these peaks were 

quite weak compared to those obtained on the bare 

Si/SiO2 substrate. It is likely that the ionic liquid is 

not as effective on the metal substrate due to charge 

screening, which weakens the ability of the ionic liquid 

to passivate the surface states. The PL intensity of 

AlGaAs passivated GaAs nanowires on Au substrates, 

however, results in both observation of FP peaks and 

an additional enhancement of 3.3X. 

In conclusion, we observe enhanced photolumines-

cence and FP resonance in MOCVD-grown GaAs 

nanowires by controlling the local environment of the 

nanowires, either through local field enhancement or 

surface passivation. Depositing the nanowires on Au 

films leads to a PL intensity enhancement of 5X, due 

to increased light absorption, and finite FP peaks at 

room temperature. The dominant mechanism for this 

enhancement, as established through finite difference 

time domain simulations, is in the absorption of 

incident light rather than emission. In addition to 

intensity enhancement, the Q factors of the FP peaks 

decreases due to losses in the gold substrate. FP 

resonance peaks can also be observed at room tem-

perature on bare Si/SiO2 substrates, when passivated 

with either AlGaAs or ionic liquids, which enhances 

the PL intensity by as much as 12X. Here, the 

passivation of surface states reduces non-radiative 

surface recombination substantially, resulting in 

increased PL efficiency. 
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