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ABSTRACT 

 

Gas-phase aggregation represents a significant problem in nanoparticle synthesis by vapor 

phase techniques. In this letter we show how gas-phase aggregation is inhibited by 

electrostatic effects in the synthesis of ZnO nanoparticles by laser evaporation in 

background gases. This technique, which allows high-purity and large-scale synthesis of 

nanoparticles of a variety of technologically important materials, produces a highly 

charged aerosol whose agglomeration is significantly retarded due to electrostatic repulsion 

between the particles. Direct measurements of the ZnO aerosol size distribution using a 

differential mobility analyzer are compared with the results of a simple particle dynamics 

model. The mean diameters of measured size distributions can only be explained if 

Coulomb corrections to the Brownian coagulation coefficients are included in the model. 
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1. Introduction 

 Nanoparticles of the direct-gap semiconductor zinc oxide (ZnO) have attracted 

much attention recently because their increased surface area and quantum confinement 

effects allow tunability of optical [ 1 ], vibrational [ 2 ], and chemical properties [ 3 ], 

affording great freedom in the engineering of light emitting and memory devices [4,5], 

sensors [6], actuators [7], and other complex nanoscale systems [8]. Although many of 

these applications require high-purity ZnO nanoparticles with well controlled surfaces, 

most studies to date have employed particles synthesized by colloidal and flame pyrolysis 

methods that may present significant contamination problems [9,10]. High purity synthesis 

of ZnO nanoparticles has been reported by several chemical [11] and physical vapor 

methods [ 12 ] that nonetheless have the serious limitation of aggregation between 

nanoparticles in high throughput synthesis. Electrostatic interaction between charged 

particles in the gas phase has long been known to inhibit particle aggregation. However, 

the possibility of using this effect to control the aggregation of ZnO during gas phase 

synthesis has been the object of little investigation. In this letter we report on 

measurements of the size distribution of ZnO nanoparticles generated by laser ablation in 

background gases and on how an explanation of their aggregation behavior requires that 

electrostatic interactions be considered in the description of the problem.   

 

2. Experimental 

 Gas-phase laser synthesis of ZnO nanoparticles was carried out using the 

experimental system illustrated in Fig. 1. The beam of a KrF excimer laser (248 nm 

wavelength; 10 Hz repetition rate) was focused to a spot with an area of 0.02 cm
2
 and used 
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to ablate a rotating disk-shaped hot-pressed ZnO powder ceramic target (99.99% purity) 

mounted inside a windowed cell kept at a pressure of 1 Bar. The nanoparticles formed 

during ablation were entrained as an aerosol by a continuous flow of purified Ar gas 

(99.9995% purity) and after passing through a 
85
Kr neutralizer where introduced into a 

differential mobility analyzer (DMA) operated in association with an aerosol electrometer 

for size distribution measurements. This measurement configuration has been described in 

detail elsewhere [13].  Briefly, the DMA with geometrical parameters R1 = 25 mm, R2 = 32 

mm and L = 18 mm, where R1 and R2 are the diameters of the inner and outer electrodes, 

and L is the length of the classified region, was operated with an aerosol flow rate of 1 

SLM (standard liter per minute) of Ar and 5 SLM of N2 allowing measurements of the 

nanoparticle size distribution in the 1-60 nm range at 1 Bar. The flow rates were 

maintained constant during measurements by mass flow controllers. Inversion of the DMA 

mobility data was carried out using equilibrium charge distributions calculated according 

to Fuchs theory by the procedure described in Ref. 13.  

 

3. Size Distribution Measurements 

 During ablation at low laser fluences (<2 J/cm
2
), the gas-suspended nanoparticle 

populations consistently exhibited bimodal size distributions. A typical example is shown 

in the inset of Fig. 1 where the population produced using a pulse energy of 2.5 mJ was 

found to be well represented by a superposition of two log-normal distributions with 

geometric mean diameters of 14 nm and 39 nm, and geometric standard deviations of 1.55 

and 1.65, respectively. Fig. 2 shows the effect of pulse laser energy on these bimodal size 

distributions. As the laser energy increases, the mean diameter of the “smaller-particle 
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mode” seems to shift to lower values whereas the “bigger-particle mode” remains largely 

unchanged. The relative concentrations of the two modes are also observed to change. 

Lower pulse energies lead to a population dominated by the smaller-particle mode while 

larger particles are predominant for higher pulsed energies.  

 The bimodal character of the observed size distributions can be explained by the 

coexistence of nucleation and accumulation processes during synthesis. This effect is 

illustrated in the inset of Fig. 2 where a size distribution generated by a hard sphere 

molecular dynamics simulation of an aerosol undergoing simultaneous nucleation and 

coagulation growth is shown. This two-dimensional simulation was carried out for 63 µs 

with a nucleation rate of 3×105 nuclei/pulse, in a 35 µm2
 area containing 4×105 background 

gas molecules [14]. A critical nucleus size of 1 nm was used and particles were allowed to 

coagulate and accumulate in the simulation domain. The inset of Fig. 2 shows that pulsed 

nucleation accompanied by accumulation leads to bimodal size distributions in qualitative 

agreement with our measured size distributions. 

 

3. Gas Phase Nanoparticle Dynamics Model 

 A population of gas-suspended nanoparticles undergoing simultaneous nucleation 

and coagulation can be characterized by the time-dependent number concentration )(tN k  

governed by the discrete aerosol general dynamic equation [15] 
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where the index k represents the number of “monomers” contained in a particle, )(0 tI is the 

nucleation rate of “monomers,” and ji ,β is the coagulation coefficient. When Brownian 

diffusion and Coulomb interactions are both at play, ji ,β  may be written as   
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where piR  and pjR  denote the radii of the colliding particles while iD  and jD  represent 

the corresponding particle diffusion coefficients. The last term in parentheses is the 

correction to pure Brownian coagulation that results from Coulomb interactions. It 

represents a weighted average of two opposing effects: (i) the inhibition of coagulation due 

to the presence of particles of “like” charge in the aerosol, accounted for by the 

coefficient 1

)(

−
lW , and (ii) the enhancement of coagulation due to particles of “unlike” 

charge, given by 1

)(

−
uW . The concentrations )(ln and )(un  represent the number of particle pairs 

with “like” and “unlike” charge, respectively. The coefficients 1

)(

−
lW and 1

)(

−
uW  are found in 

the calculation of the inter-particle flux responsible for coagulation when both Brownian 

diffusion and Coulomb interactions are considered and are given by [15] 
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where kTRRqq pjpiji )( += εκ , with qi and qj representing the charge of the colliding 

particles and ε the dielectric constant of the medium. κ can be interpreted as the ratio of the 

electrostatic potential energy at particle contact to the thermal energy kT. Therefore a 

positive κ corresponds to “like” charges, while a negative κ represents “unlike” charges.  
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 Since the aerosol in our system clearly develops a bimodal size distribution due to 

simultaneous operation of nucleation and accumulation processes, an approximate solution 

to Eq. (1) can be obtained using a simple bimodal model that represents the particle size 

distribution by two discrete monodisperse modes N1(t) (Mode 1) and N2(t) (Mode 2) [16]. 

In this approximation Mode 1 and Mode 2 are monodisperse and only three coagulation 

processes need to be considered, the coagulation between Mode 1 particles, the coagulation 

between Mode 2 particles, and the coagulation between Mode 1 and Mode 2 particles. 

Hence Eq. (1) simplifies to  
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where coagulation coefficients are expressed as β11, β22, and β12. Newly coagulated 

particles are statistically apportioned to Modes 1 and 2 according to the factors )1/( −rr  

and )1/(1 −r , where 12 vvr =  represents the volume ratio of Mode 2-particles to Mode 1-

particles. For example, when two particles in Mode 1 collide, the resultant particle has a 

volume of 2v1. If the average volume of Mode 2 particles is 2v1 there is no need to 

apportion the resultant particle. However, since this is usually not the case, the resultant 

particle must be apportioned according to the particle volume ratio, which is )1()2( −− rr  

to Mode 1 and )1(1 −r  for Mode 2. Knowledge of )(tr  requires additional equations for 

)(1 tv  and )(2 tv . These can be obtained by writing the equations for the total particle 

volume in Modes 1 and 2, i.e.,  
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where )()()( 111 tNtvtV = and )()()()( 112 tNtvtrtV = . Changes in )(1 tv  may be accounted 

for by  
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Equations (4-8) represent a system of independent equations that can be solved for the five 

unknown functions of interest )(1 tN , )(2 tN , )(1 tV , )(2 tV , and )(1 tv . A solution of this 

system provides a description of our nanoparticle population.  

 The formation of the ZnO aerosol probed in our experiments may be regarded as a 

two-phase process [13]. In an initial stage, nanoparticles nucleate from gas phase species 

as the hot plasma is quenched in contact with the background gas at the expansion front of 

the plume. The high concentration of nuclei in this region leads to a rapid onset of 

coagulation growth. As the aerosol is transported away from the plume, a second stage 

follows where nucleation ceases and coagulation growth dictates aerosol evolution. The 

duration of the initial stage can be estimated by dividing the thickness of the boundary 

layer, where the vaporized atoms are quenched and nucleate, by the average streaming 

velocity of atoms in the plume. Based on plume diagnostics measurements under similar 

experimental conditions, the thickness of the boundary layer and the average streaming 

velocity was estimated to be 1.0 mm [17] and 5.0 × 10
4
 cm/s [18], respectively, at 

atmospheric pressure.  Using the values above, we estimate this initial stage to last for a 

time of approximately 2=τ µs. For τ>t  the aerosol evolves only due to coagulation 

until rest τ= , the residence time of the system between the plume region and the point of 
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neutralization. In our configuration 15≈resτ s. We have modeled this process by solving 

Eqs. (4-8) in two steps: In the initial stage ( τ<< t0 ) the nucleation rate is set to a constant 

value 0I . Since Mode 1 here represents nucleation, the volume of the individual particles 

1v  is also fixed to the volume of the critical nuclei while Mode 2 is allowed to grow as a 

result of coagulation. In the second stage ( rest ττ << ) the nucleation rate is set to zero 

while both Mode 1 and Mode 2 are allowed to develop as a function of time due to 

coagulation.  

 Figure 3 shows a comparison between the measured diameters of Modes 1 and 2 

and those predicted by the model of Eqs. (4-8) assuming a critical nucleus diameter of 1.2– 

3.6 nm [19] and a nucleation rate 16

0 100.6 ×=I cm
-3
. Under the condition of aerosol 

neutrality, the model predicts diameters that are significantly larger and number 

concentrations that are significantly lower than those observed experimentally (not shown 

in figure). This suggests that electrostatic effects retard coagulation. By adjusting the 

ratios )()( ul nn , which quantify by how much the aerosol charge state deviates from 

neutrality, the model predicts diameters and concentrations that approach those measured. 

The best match between the model and the experiment is obtained for values of )()( ul nn  

equal to 400, 160, and 10 for 11β , 12β , and 22β , respectively. Results are particularly 

sensitive to the ratio )()( ul nn  for inter-mode coagulation )( 12β  as shown in Fig. 3. A 

value for )()( ul nn  of 350 leads to a decrease in the final diameter of Mode 2 from 47 nm 

to close to 39 nm which represents the experimental value. The number concentrations of 

nanoparticle population of Mode 1 and Mode 2 ware found to be consistent with the DMA 

measurement results.  
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4. Conclusion 

 Measured bimodal size distributions of laser-generated ZnO nanoparticle 

populations generated due to simultaneous nucleation and coagulation were compared with 

a simple particle dynamics model. Model results can only be matched with experiments if 

significant electrostatic effects are considered in the description of the problem.  
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Figure Captions 

 

Figure1: Schematic of the experimental apparatus used for measurements of the ZnO 

aerosol. The data points in the inset correspond to a typical bimodal size 

distribution measured during ZnO ablation. The data is well represented by a 

superposition of two log-normal functions with geometric mean diameters of 14 

and 39 nm and geometric standard deviations of σg = 1.55 and 1.65, respectively.  

 

Figure 2: Effect of laser pulse energy on the relative intensities of the two modes of the 

size distribution. The inset shows a qualitatively similar bimodal distribution 

generated in a hard sphere molecular dynamics simulation accounting for 

simultaneous particle nucleation, coagulation, and accumulation.  

 

Figure 3: (a) Number concentration of Mode 1 and Mode 2 particles with changing like- 

and unlike- particle ratio. (b) Mobility diameter of Mode 1 and Mode 2 particles 

with changing like- and unlike- particle ratio. 
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Fig. 1 - Matsumura et al. 
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Fig. 2 - Matsumura et al. 
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