
1

Mechanical Engineering

Nonthermal plasma synthesis of
nanomaterials for energy applications

Uwe Kortshagen
University of Minnesota, Mechanical Engineering



2

Mechanical Engineering

2

Overview

• Introduction: Why nanocrystals?
• Plasma synthesis of nanocrystals
• Silicon luminescent solar concentrators
• Conclusions
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Introduction: Why nanocrystals?
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Quantum confinement

Pi, X. D. et al. Nanotechnology (2008).

“Si Quantum dots”

Bulk semiconductor

EVB

ECB

6 nm 1.5 nm

Why Nanocrystals?
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Vision: printed electronics

http://images.gizmag.com/hero/flexible-electronics.jpg http://news.cnet.com

Phys.org http://wikipedia.org
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Products on the market

Samsung Quantum dot TV DuPont-Innovalight Si ink
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Quantum dot syntheses

ionically bound NCs (PbX, CdX; X=S, Se, Te)

Ar + 5% SiH4 in He

H2

RF Power Input

Exhaust

Mesh for 
Si-nc Collection

Synthesis Region

Expansion Region

covalently bound NCs (Si, Ge, nitrides,…)

Liquid Phase Synthesis Gas Phase Synthesis
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L. Mangolini E. Thimsen

Plasma synthesis of nanocrystals
Mangolini, Thimsen, Kortshagen, Nano Letters, 2005
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Plasmas: Don’t do this at home!
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Ar + 5% SiH4 in He

H2

RF Power Input

Exhaust
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Si-nc Collection

Synthesis Region
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Ar + 5% SiH4 in He

synthesis zone

expansion zone

Si NC collection

pump

RF power

H2H2H2

Monte Carlo simulation

Plasma synthesis: Highly nonequilibrium environment

particle temperature

gas temperature

Nonthermal plasma:
• Nonequilibrium environment
• Selective particle heating 

through surface reactions
• Elimination of agglomeration 

by unipolar particle charging

Mangolini, Thimsen, Kortshagen, Nano Letters, 2005
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Plasma synthesis of nanomaterials

L. Mangolini, E. Thimsen and U. Kortshagen, 
Nano Letters 5(4), 655 (2005)

Z. Holman and U. Kortshagen, 
Nanotechnology 21(33) 335302 (2010)

Z. Holman
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Plasmas synthesis of group IV nanocrystals

L. Mangolini et al., Nano Letters  (2005)

R. Gresback, Z. Holman, U. Kortshagen, Appl. Phys. 
Lett. 91, 093119 (2007) (for Ge NCs from GeCl4)

• materials that require high temperature

• particle size control through residence 
time 

• relatively good monodispersity
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Heating of NCs in plasmas
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Characteristics NCs in Plasmas

particle temperature

gas temperature

L. Mangolini et al., Nano Letters  (2005) F. Galli, U. Kortshagen, 
IEEE Trans. Plasma Sci. (2010)

d=10 nm
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Experimental Study of NP Heating

• Decoupling of nanoparticle 
synthesis and heating.

• Amorphous silicon 
nanoparticles in a low 
power primary plasma.

• Heat the nanoparticles in a 
variable power secondary 
plasma.

• Study conditions 
necessary to crystallize 
the nanoparticles in the 
second plasma.

~

~

Optional Gas 
injection

Capacitance 
Probe

Ar/SiH4

Nanoparticle 
Synthesis 

Plasma

Heating 
Plasma

OES

N. Kramer et al., J. Phys. D: Appl. Phys. 47 (2014) 075202

Nic Kramer

Rebecca Anthony
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tron microscopy !TEM" and Raman scattering spectroscopy,
respectively.

Figure 2 is a high-resolution TEM !HRTEM" image of a
typical example of the mono-dispersed np-Si, that were pre-
pared at an annealing temperature of 1223 K and classified
as 6 nm. The np-Si had a very narrow size distribution with
a geometric standard deviation of approximately 1.1. The
HRTEM observations revealed that each particle consisted of
a single-crystalline silicon core and an amorphous-like shell.
The shell was a silicon oxide layer formed while the particles
were exposed to the air before the TEM observation; thus the
shell did not affect the crystallization of the np-Si in the
annealing process. The uniformity in size and shape of the
classified particles enabled the size dependence on the crys-
tallization temperature to be investigated by measuring Ra-
man scattering of particles annealed at various temperatures.
It should be noted that crystallization occurred simulta-
neously with the sintering of smaller primary particles.
Figure 3 shows the TEM images of the np-Si prepared at
annealing temperatures of 1223 K !a" and 573 K !b", respec-
tively. Although the particles in both cases were placed into
the same size classification, the morphologies shown in
Figs. 3!a" and 3!b" are quite different. When the annealing

temperature was insufficient for sintering, the nascent pri-
mary particles formed agglomerates that were carried in one
piece in the DMA as if they were a large particle. In such
cases, the actual size of the individual particles was unrelated
to the classification size determined by the DMA, as shown
in Fig. 3!b". However, we did not observe such agglomerates
by TEM observation around the crystallization temperatures
determined by the Raman observation, thus we assumed that
the morphological change due to the sintering took place at
lower temperature than that required for the crystallization of
the particles.

Figure 4 shows Stokes Raman spectra of the np-Si,
which were classified as 6 !a", 8 !b", 10 !c" and 4 nm !d"
after annealing at various temperatures. The 514.5 nm line of
Ar+ laser, with energy of 10 mW, was used for excitation of
the np-Si in the measurement, and all the spectra were taken
at room temperature. Because the signal intensity was differ-
ent from sample to sample, all the spectra were standardized
against the height of the sharp peaks at 520 cm−1, which was
identified as the transverse optical phonon mode in the sili-
con crystal structure. Because we observed this sharp peak
even when no annealing was carried out, some part of the
nascent particles was originally crystalline. Broad peaks
around 480 cm−1, which are typically observed in amorphous
silicon !a-Si" because of a breakdown of the momentum-
conservation rule caused by the lack of long-range order in
the crystal structure, diminished with increasing annealing
temperature. This change in the Raman spectra depended on
the np-Si size. For example, the amorphous-related peak

FIG. 3. TEM image of the np-Si prepared at annealing temperatures of !a"
1223 and !b" 573 K.

FIG. 2. TEM image of np-Si classified as 6 nm by the DMA. In the upper
left inset is a typical example of a lattice pattern observed by HRTEM.

FIG. 4. Stokes Raman spectra of
np-Si, which were classified as !a" 6,
!b" 8, !c" 10 and !d" 4 nm after anneal-
ing at various temperatures. The sharp
peaks at 520 cm−1 were identified as
the TO phonon mode in the silicon
crystal structure. The broad peaks
around 480 cm−1 originated from the
amorphous structure.

093119-2 Hirasawa, Orii and Seto Appl. Phys. Lett. 88, 093119 !2006"
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Nanoparticles as Thermometers
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Nanoparticle Raman, XRD, TEM

N. Kramer, et al., J. Phys. D: Appl. Phys. 47 (2014) 075202
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NP TEMPERATURE VS. POWER

N. Kramer, et al., J. Phys. D: Appl. Phys. 47 (2014) 
075202

4 nm particles• Electron Temperature:
spectroscopy of Ar lines

• Ion Density:
capacitive probe

• Hydrogen Density:
actinometry of H and Ar lines
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Why use low pressure plasmas?

• Suited for high melting point materials (IV, III-V NCs)
• Size-control (via residence time)
• Monodispersity (via charging)
• Capable of doped NCs
• Inherently ligand- and solvent-free 
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Timeline of plasma-synthesized nanocrystals

Plasma Synthesis

Nano Letters 2005

Thermodynamic 
colloids

Nano Letters 2011, 2018
Nature Commun. 2013

Highly conductive NC films

Nature Commun. 2014
Nature Materials 2016

Science Advances 2019
Nature Materials 2020

Luminescent Solar
Concentrators

Nature Photonics 2017

2005     2006    2007                 2009    2010     2011  2012    2013   2014    2016   2017   2020

Si NC PL QY > 60%

APL 2006
Adv. Func. Mat. 2011

Si NC PV cells

Nano Letters 2009
Adv. Func. Mat. 2010

Si/Ge NC transistors

Nano Letters 2010, 2011

In-flight Si inks

Adv. Mat. 2007

Indium Tin Oxide

LiF/Al

PEDOT:PSS
HTL

ETL
SiNC

Si NC LED, EQE>9%

Nano Letters 2010, 2011, 2012
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Plasma produced materials to-date

Plasma-synthesized nanocrystal materials
Group IV materials Silicon (Si)*1, Germanium (Ge)*2

Silicon-Germanium alloys (SiGe)*3
Silicon-Carbide
Phosphorus-doped Si, Ge, SiGe*4
Boron-doped Si, Ge, SiGe*5

Metals Bismuth (Bi)*6, Aluminum (Al) †
Zinc (Zn) †

Oxides Zinc Oxide (ZnO)*7
Aluminum-doped Zinc Oxide 
(AZO)*8

Nitrides Titanium Nitride (TiN)9, †
Gallium Nitride (GaN)*10
Silicon Nitride (SiN)†

Phosphides Indium Phosphide (InP)*11
Sulfides Copper Sulfide (Cu2S)*12

Zinc Sulfide (ZnS)*13
Tin Sulfide (SnS)*13

Current research projects:
• Si:       PV
• Si, Ge: bioimaging
• ZnO:   TCOs
• Al2O3: structural materials
• TiO2:   photocatalysis
• MoS2:  catalyst for H2
• C-Ru:  catalyst for NH3
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Semitransparent 
solar luminescent concentrators

Samantha Ehrenberg        Francesco Meinardi Sergio Brovelli

Meinardi, Ehrenberg, Dhamo, Carulli, Mauri, Simonetti, Kortshagen, Brovelli, Nature Photonics 11, 177 (2017)
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Silicon: Bulk vs. Quantum Dots

Visible emission due to quantum confinement

UV source OFF
Room light ON

UV source ON
Room light ON

UV source ON
Room light OFF
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Direct vs. indirect band gap semiconductor

en
er

gy

momentum

electron

conduction band

valence band

direct band gap
“good light emitters”

(e.g. GaN)
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Direct vs. indirect band gap semiconductor
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(e.g. GaN)
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Direct vs. indirect band gap semiconductor

en
er

gy

momentum

photon

conduction band

valence band

direct band gap
“good light emitters”

(e.g. GaN)

electron
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Direct vs. indirect band gap semiconductor

direct band gap
“good light emitters”

(e.g. GaN)

en
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conduction band

valence band

indirect band gap
“poor light emitters”

(e.g. Silicon)
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Direct vs. indirect band gap semiconductor
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Direct vs. indirect band gap semiconductor
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Wikimedia.org
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Direct vs. indirect band gap semiconductor
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Si QDs: Indirect band gap = inherent Stokes shift
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UV source OFF
room light ON

UV source ON
room light OFF

Luminescent Si nanocrystals

Ligands: octadecene, 
dodecene, styrene, …

H

H

H

H

H

H

H

H

R

R

H

H

R
H

R

R

H

+

↓

Jurbergs et al., Appl. Phys. Lett., 2006
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Si NC ensemble quantum yield

Mangolini et al., Phys. Stat. Solid C, 2007

Jurbergs et al., Appl. Phys. Lett., 2006
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LSC for building integrated PV
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Previous transparent LSC work

F. Meinardi, et al., Nature Photonics (2014) F. Meinardi, et al., Nature Nanotech. (2015)
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Si QDs: Indirect band gap = inherent Stokes shift
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Si quantum dot polymer LSCs

Si Quantum Dots

X.D. Pi, S. A Campbell, and U. Kortshagen, 
Nanotechnology 19, 245603 (2008).

F. Meinardi, et al., Nature Photonics (2014)
F. Meinardi, et al., Nature Nanotech. (2015)

Quantum Dot LSCs
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12 cm
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polymer matrix: poly lauryl metharyclate (PLMA) (n=1.49)
optical conv. eff.:  ! = Pout /Pin = 2.85%
quantum efficiency: !Q = Nph

out /Nph
in = 30%

light trapping eff.: !tr = (1-1/n2)1/2 = 74.1%

Meinardi, Ehrenberg, Dhamo, Carulli, Mauri, Simonetti, Kortshagen, Brovelli, Nat. Photon.11, 177 (2017)



42

Mechanical Engineering

42

Monte Carlo-ray tracing

losses (considering the same quantum dot concentration in the final
slab). Increasing the LSC area to one square metre leads to the
expected mild reduction of the optical efficiency due to the com-
bined effect of weak reabsorption and scattering losses (respectively
1.1% and 0.6% per cm). However, the optical efficiency is preserved
at larger than 3% for 2-cm-thick slabs (Fig. 4a,c), and the device
peak power output increases with the LSC dimensions, reaching
over 30 W for the largest and thickest simulated waveguide (Fig. 4b).

To estimate the ultimate device performances achievable using
these LSCs, we also simulated the situation in which the emission
efficiency of the Si quantum dots reaches the fully optimized
value ΦPL = 100%. In this regard, we highlight that a recent study
by Linnros and co-workers47 has made a critical step towards this
fundamental milestone for LSC technology, by reporting colloidal
Si quantum dot ensembles with external ΦPL = 70%, which is
among the highest efficiencies reported for Stokes shift engineered
quantum dots emitting in the NIR spectral region8,20. Size-selective
photoluminescence measurements by the same authors further
demonstrate unity internal ΦPL over a broad range of emission
wavelengths47, indicating that the deviation from the ideal emission
efficiency is due to a relatively small subpopulation of ‘dark’ or
blinking quantum dots, rather than to non-radiative processes
affecting the whole quantum dot ensemble. This suggests that per-
fectly emissive Si quantum dots could be achieved by increasing

the fraction of bright particles through suitable passivation strat-
egies. Our calculations, shown in grey in Fig. 4a,b, indicate that
η = 15% would be obtained by increasing the thickness of the exper-
imental 12 × 12 cm2 LSC to 2 cm (corresponding to approximately
35% transparency in the visible spectral region) and that efficiency
as high as η = 7% would be achieved even for the 1 × 1 m2 device,
which would therefore generate over 70 W of peak optical power.
Interestingly, we note that increasing the quantum dot luminescence
efficiency from ΦPL = 46% to ΦPL = 100% enhances the calculated
LSC performances by slightly more than the factor of two expected
by doubling the emission probability after the primary absorption.
This effect, which is particularly evident for large LSCs, is ascribed
to the mitigation of the small reabsorption losses, as demonstrated
by the extension of the mean propagation length for larger ΦPL
and by the increased probability to collect light resulting from
more than one absorption event (Supplementary Figs 5 and 6).

Flexible LSCs for curved BIPV elements
We next explore the potential of our QD-LSCs for realizing curved
or flexible BIPV elements48,49. To this end, we fabricated testbed
P(LMA-co-EGDM) rectangular LSCs (4.5 × 20 cm2) doped with Si
quantum dots (0.09 wt%) following the same procedure used for
the rigid devices in Fig. 2, but selecting a monomer:crosslinker
P(LMA-co-EGDM) ratio of 90:10% wt/wt, which yields flexible
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Figure 4 | Monte Carlo ray-tracing simulations. a,b, Three-dimensional plots of optical power efficiency η (a) and peak power output (at 1.5 AM Global
irradiance) calculated through Monte Carlo ray-tracing simulations (b) as a function of LSC area and thickness (shaded in red for ΦPL= 46% and in grey for
ΦPL= 100%). c,d, Theoretical trends of η (open circles) and peak power output (filled red circles) for square LSCs with the experimental thickness (0.26 cm)
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ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2017.5

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics6

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

experiment: 2.85%

Meinardi, Ehrenberg, Dhamo, Carulli, Mauri, Simonetti, Kortshagen, Brovelli, Nat. Photon.11, 177 (2017)
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Silicon LSCs in agriculture
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Power conversion efficiency and transmission

a b



45

Mechanical Engineering

45

Levelized Cost of Energy
Cost of 1 kg Si QD in 100 kg PMMA 

mass (kg) cost ($) mass (kg) cost ($)
Argon ($0.24/kg) 100 24 100 24
Hydrogen ($2.30/kg) 10 23 10 23
Silane ($10/kg) 1 10 1 10
Mesitylene ($1.80/kg) 800 1440 9 16
10-undecenoic acid ($1/kg) 200 200 2 2
hexane ($1/kg) 1000 1000 0 0
radical initiator ($2/kg) 1 2 1 2
MMA ($2.3/kg) 100 230 100 230

Manufacturing nonmaterials costs ($16/kg) 1 16 1 16
cost to produce 1 kg of Si QDs in 100 kg PMMA matrix 2945 323

Cost to produce a 1m x 1m SiQD LSC cost ($) cost ($)
2g of Si QDs in 200g PMMA 5.89 0.65
borosilicate glass / sqm 1.00 1.00
other materials / sqm 1.00 1.00
total cost of 1 sqm Si QD LSC 7.89 2.65

Current recipe Target recipe

Plasma 
Synthesis

Surface Function-
alization

PMMA matrix

At 0.7% PCE
a 1x1 m2 Si LSC window
in Minnesota would
produce 480 kWh
of electricity over 30 yrs.

LCOE= !"#$ "% #&#$'(
')'!$*+!+$& ,*"-.!'- "/'* )+%'

DOE 2030 target: 3¢/kWh

1.6¢/kWh 0.6¢/kWh
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Toward all-gas-phase processing
of quantum dots

Zhaohan Li

Zhaohan Li and U. Kortshagen, Chemistry of Materials, 31 (20), 8451-8458 (2019)
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UV source OFF
room light ON

UV source ON
room light OFF

Disadvantages or liquid phase post-processing

Ligands: octadecene, 
dodecene, styrene, …
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Jurbergs et al., Appl. Phys. Lett., 2006

• Batch process
• Slow: up to 24 hrs
• Requires solvents
• Not “green chemistry”

Ligand termination
PLQY ~50%

Ligand termination
PLQY < 5%
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Toward all-gas-phase processing of quantum dots

Lorenzo Mangolini Zhaohan Li
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Experimental Setup

§ Continuous synthesis of luminescent silicon nanocrystals
§ Si NCs diameters 3.2 ± 0.5 nm and emission peak at 828 nm

Pressure         2.2-2.6 Torr

RF Power        13.56 MHz

Ar 30 sccm

SiH4/He        14 sccm

H2 100 sccm

Ligand(1-octene) 18 sccm

Pump
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Influence of Processing Temperature on Photoluminescence

Ligand: 1-octene (C8H16)Furnace temperature profile

§ Furnace heating significantly increases PLQY (Room T to 500ºC)
§ Furnace off, PLQY <5%; furnace 500ºC, PLQY ~ 20%

Residence time ~ 100 ms

PLQY

In
cr

ea
si

ng
 T
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FTIR

§ Heating reduces dangling 
bond density and weakly 
bonded SiH3 species density

EPR

In-Flight Heating Reduces Defects

Shu et al., J. Phys. Chem. C (2015)

Increasing 
T

Increasing 
T
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In-Flight Heating Does not Change Surface Ligand Coverage

§ Heating does not increase surface ligand coverage
§ Ligand grafting is completed in the plasma

FTIR
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Is PLQY Determined by Surface Ligand Coverage ?

§ Method: Adjust 1-octene 
flow rates

§ Conclusion: Surface 
ligand coverage has little 
effect on sample PLQY

Defects are mostly 
terminated by hydrogen
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Conclusion

• Plasma Synthesis of nanocrystals:
– monodisperse nanocrystals
– size control through residence time
– suitable for high-melting point materials
– capable of nanocrystal doping

• Plasma produced Si quantum dots may be highly suited for solar luminescent 
concentrators 

• Plasmas may enable all-gas-phase “green” nanomaterials chemistry
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§ Heating improves the efficiency of each NC § Heating reduces dark NC fraction
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A Platform for Studying Silicon Nanocrystal Properties  

Pressure         2.2-2.6 Torr

RF Power        13.56 MHz

Ar 30 sccm

SiH4/He        14 sccm

H2 100 sccm

Ligand: No ligands

1-octene 

1-dodecene 

1-octadecenePump


