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MATERIALS AND METHODS 

Particle synthesis 

The synthesis and characterization of TOPO-capped ZrO2 nanocrystals is the same as described 

in our earlier paper1.  

Characterization  

X-ray Diffraction: Powder X-ray diffraction (XRD) was performed with Siemens D500 X-ray 

diffractometer at Materials Analysis and Research Laboratory (MARL) at Iowa State 

University. The diffraction pattern of plasma processed samples were collected from CNA spin-

coated on silicon substrate for ZrO2. XRD patterns were collected in 2θ range 20-60° by using 

0.15DS, 0.05° steps, and 3s per step. For nanoparticle size analysis, diffraction pattern was 

collected in slow scan mode (0.03° steps and 20s integration) to improve peak-to-noise ratio. 

Accurate measurement of nanoparticles size using Scherrer equation was done following the 

procedure reported2.  

Raman Spectroscopy:  Raman spectroscopy measurements were performed using an XploRa 

Plus confocal Raman upright microscope, equipped with a 532-nm laser excitation source (7 mW 

at the sample) and a Synapse EMCCD camera (Horiba Scientific/JY, France). A 50× air 

objective (Olympus, LMPlanFL) with a 0.9 numerical aperture was used to collect Raman signal 

under ambient laboratory conditions. Integrated peak areas of the C-H stretching region (2750 

cm-1 to 3100 cm-1) were an average of 3 measurements, each with a 60s acquisition time and 2 

accumulations.  
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Scanning Electron Microscopy: Scanning electron microscopy was performed with FEI quanta 

250 field-emission SEM at MARL at Iowa State University in secondary electrons mode at 10 

keV with beam spot size of 3. 

Scanning Transmission Electron Microscopy: High resolution TEM images were obtained using 

2007 JEOL 2100 200kV STEM in TEM mode. This STEM is located at Microscopy and 

NanoImaging facility, Iowa State University. Samples for TEM analysis were prepared by 

evaporating drops of dilute nanocrystals dispersion at room temperature, on a carbon-coated 

copper grid. Thin film samples were prepared by scraping off flakes of CNAs from the substrate 

using a sharp blade, and then attaching them on a carbon-coated TEM grid. 

Ion Beam Analysis: All ion beam analysis measurements were carried out at the Michigan Ion 

Beam Laboratory 3 at the University of Michigan with the 1.7 MV Tandetron accelerator.  

The elemental analysis of the samples throughout the film depth was determined by combining 

Elastic Backscattering Spectrometry (EBS) and Elastic Recoil Detection (ERD) using a helium 

beam.  

The EBS and ERD spectra were taken simultaneously at two different energies for each sample. 

A 3040-keV He++ beam was used for sensitivity to the oxygen signal through the EBS resonance 

at 3038.1 keV4. Similarly, a 4290-keV He++ beam was used for sensitivity to the carbon signal 

through the EBS resonance at 4265 keV5.  

The samples were mounted on a sample plate on the 5-axis goniometer of the 2 MV Tandem 

accelerator. The scattering angle of the EBS detector was 170° and of the ERD detector 30°. For 

each measurement the beam incident angle was 70°. The filter in front of the ERD detector was 

a 24 µm thick foil of Kapton (C22H10O5N2; density of 1.42 g/cm³). The beam current on the 

samples during these measurements was ~20 nA with a beam spot of 1.5 mm by 1.5 mm. 
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The spectra evaluation followed a self-consistent approach enabled by MultiSIMNRA6 that uses 

SIMNRA7 code as engine to calculate the simulated spectra. The MultiSIMNRA code enables 

the combination of multiple spectra by the optimization of an objective function calculated for 

all spectra. The final depth profile results from the optimization algorithm as the model that 

best describes all experimental data. The information contained in one spectra act as boundary 

condition during the optimization of all the others. 

All simulations used the SRIM stopping power8 for energy loss calculations and SigmaCalc9 

scattering cross-sections of Helium in Oxygen and Carbon. For some reason that remain unclear, 

a better agreement to the experimental data was obtained using the scattering cross-section of 

Helium on Silicon provided in10 rather than by SigmaCalc. Andersen screening function to 

Rutherford cross-sections11 and the empirical model by Yang for the energy loss straggling 

calculations12 were adopted. The geometrical straggling was accounted for in all simulations, and 

for the ERD simulations the multiple scattering was also calculated. 

Simulation of Mass Transport in the Plasma Chamber. The simulation of the plasma chamber 

was carried out in a finite element software, COMSOL Multiphysics. The domain of the 

simulation was a 2-D adaptation of the Plasma chamber. The CNA sample and the mounting 

glass plate reside inside the plasma chamber, consistent with the experimental setup. The 

simulation was performed with pure oxygen as the feed gas at 500 mTorr pressure and room 

temperature conditions. The inlet velocity was obtained from the applied oxygen flowrates 

during experimentation. The surface of the CNA film was considered to be a source of carbon 

dioxide gas influx to the chamber. The flux rate was estimated using the maximum 

experimental carbon etch rate. A steady state coupled transport of species and fluid dynamics 

multi-physics model was implemented in COMSOL.  
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A combined diffusion convection equation, in the following form, is used for solving the transport 

of the species: 

∇. (−𝐷𝐷𝑖𝑖𝛻𝛻𝑐𝑐𝑖𝑖) + 𝐮𝐮.∇𝑐𝑐𝑖𝑖 = 0 

where, D is the diffusivity, u is the velocity vector, c is the concentration and the subscript i 

denotes O2 or CO2 species. The velocity vector u in the chamber is modelled by solving the 

momentum balance and the continuity equations as follows 

𝜌𝜌∇.𝐮𝐮 = 𝟎𝟎 

𝜌𝜌(𝐮𝐮.∇)𝐮𝐮 = ∇. [−𝑝𝑝I + 𝜇𝜇(∇𝐮𝐮 + (∇𝐮𝐮)𝑇𝑇)] 

where, ρ is the density, p is the hydrostatic pressure and µ is the viscosity of the fluid. The inlet 

boundary conditions were same as the inlet stream to the plasma chamber. Zero normal flux and 

no-slip conditions were implemented at the chamber walls. The simulation domain was extensively 

meshed using physics-controlled triangular mesh.  

 

REFERENCES 

1. Shaw, S.; Yuan, B.; Tian, X.; Miller, K. J.; Cote, B. M.; Colaux, J. L.; Migliori, A.; 
Panthani, M. G.; Cademartiri, L., Building materials from colloidal nanocrystal arrays: 
preventing crack formation during ligand removal by controlling structure and solvation. 
Adv. Mater. 2016, 28 (40), 8892-8899. 

2. Cademartiri, L.; Montanari, E.; Calestani, G.; Migliori, A.; Guagliardi, A.; Ozin, G. A., 
Size-dependent extinction coefficients of PbS quantum dots. J. Am. Chem. Soc. 2006, 128 
(31), 10337-10346. 

3. Toader, O.; Naab, F.; Uberseder, E.; Kubley, T.; Taller, S.; Was, G., Physics Procedia 
2016. 

4. Leavitt, J. A.; McIntyre, L. C.; Ashbaugh, M. D.; Oder, J. G.; Lin, Z.; Dezfoulyarjomandy, 
B., CROSS-SECTIONS FOR 170.5-DEGREES BACKSCATTERING OF HE-4 FROM 
OXYGEN FOR HE-4 ENERGIES BETWEEN 1.8 AND 5.0 MEV. Nuclear Instruments & 
Methods in Physics Research Section B-Beam Interactions with Materials and Atoms 
1990, 44 (3), 260-265. 



6 
 

5. Leavitt, J. A.; McIntyre, L. C.; Stoss, P.; Oder, J. G.; Ashbaugh, M. D.; 
Dezfoulyarjomandy, B.; Yang, Z. M.; Lin, Z., CROSS-SECTIONS FOR 170.5-DEGREES 
BACKSCATTERING OF HE-4 FROM CARBON FOR HE-4 ENERGIES BETWEEN 1.6 
AND 5.0 MEV. Nuclear Instruments & Methods in Physics Research Section B-Beam 
Interactions with Materials and Atoms 1989, 40-1, 776-779. 

6. Silva, T.; Rodrigues, C.; Mayer, M.; Moro, M.; Trindade, G.; Aguirre, F.; Added, N.; 
Rizzutto, M.; Tabacniks, M., MultiSIMNRA: A computational tool for self-consistent ion 
beam analysis using SIMNRA. Nuclear Instruments and Methods in Physics Research 
Section B: Beam Interactions with Materials and Atoms 2016, 371, 86-89. 

7. Mayer, M., Improved physics in SIMNRA 7. Nuclear Instruments and Methods in Physics 
Research Section B: Beam Interactions with Materials and Atoms 2014, 332, 176-180. 

8. Ziegler, J. F., SRIM-2003. Nuclear instruments and methods in physics research section B: 
Beam interactions with materials and atoms 2004, 219, 1027-1036. 

9. Gurbich, A., Evaluated differential cross-sections for IBA. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 
2010, 268 (11), 1703-1710. 

10. Cheng, H.-s.; Shen, H.; Yang, F.; Tang, J.-y., Cross sections for non-Rutherford 
backscattering of 4He from five light elements. Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions with Materials and Atoms 1994, 85 (1), 
47-50. 

11. Andersen, H.; Besenbacher, F.; Loftager, P.; Möller, W., Large-angle scattering of light ions 
in the weakly screened Rutherford region. Phys. Rev. A 1980, 21 (6), 1891. 

12. Yang, Q.; O'Connor, D.; Wang, Z., Empirical formulae for energy loss straggling of ions in 
matter. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 1991, 61 (2), 149-155. 

 

 

 

 


	On the kinetics of the removal of ligands from FILMS of colloidal nanocrystals by Plasmas
	Supporting Information
	Materials and Methods
	REFERENCES



