
Center	Participants
LANL: V.	I.	Klimov	(Director),	
J.	M.	Pietryga (POC),	I.	Robel,	K.	Velizhanin
NREL: M.	C.	Beard	(Associate	Director),	A.	
J.	Nozik,	J.	C.	Johnson,	J.	M.	Luther	
UC	Irvine: M.	Law
University	of	Minnesota: U.	Kortshagen
George	Mason	University: Al.	L.	Efros,	A.	
Shabaev
University	of	Chicago:	G.	Galli
University	of	Pennsylvania: C.	Kagan

New Scientist 
May	27,	2006	

Focus: Fundamental	physics	and	chemistry	of	solution-
processible semiconductor nanocrystals specifically	
designed	to	exhibit	novel	phenomena	that	will	enhance	
the	conversion	of	sunlight	into	electricity.	The	desired	
outcomes	of	this	work	are	effective,	low-cost	schemes	for	
light	harvesting	and	conversion	using	approaches	such	as	
up- and	down-conversion,	carrier	multiplication,	and	
controlled	coupling	in	mesoscopic nanocrystal assemblies.http://casp.lanl.gov

Goal: To	explore,	design	and	apply	
the	unique	interactions	of	
nanomaterials with	light	to	enable	
disruptive	advances in	the	efficiency	
of	solar	energy	capture	and	
conversion.

Center	for	Advanced	Solar	Photophysics (CASP)



CASP:	Research	Themes

Ø Advanced	Photon	Management for	more	efficient	capture	of	the	full	spectrum	of	
solar	radiation	via	approaches	such	as	Auger	up-conversion	and	luminescent	solar	
concentrators.	

Theme	Coordinator:	Victor	Klimov
Ø Harnessing	carrier	multiplication	(CM)-by-design	to	achieve	the	goal	of	reaching	

the	energy	conservation	limit	in	photon-to-charge-carrier	conversion.
Theme	Coordinator:	Matt	Beard

Ø Functional	Mesoscale Assemblies of	strongly-coupled	quantum	dots	(QDs)	to	
achieve	control	over	energy	flow	in	mesoscopic systems.

Theme	Coordinator:	Matt	Law
Ø Advanced	Architectures	for	Practical	Photoconversion in	PVs	exploiting	the	unique	

physical	and	chemical	properties	of	semiconductor	QDs.
Theme	Coordinator:	Joey	Luther
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R	=	10—50	Å,		ΔR/R	=	4—7%

Colloidal quantum dots

Eg(bulk) Eg(NQD)

1Se
1Pe
1De

1Sh
1Ph1Dh

 

Eg (NQD) = Eg (bulk)+

+
2π 2

2mehR
2

quantum 
confinement 

term
(> 200 meV)

Quantum	Dots	as	Tunable	Fluorophores	for	
Luminescent	Solar	Concentrators	(LSCs)
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Stokes-Shift	Engineering	with	Quantum	Dots:	
Three	Flavors	of	Engineered	QDs
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LSC	quality	factor:	QLSC =	σabs/σem >>	1
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Quantum-Dot Multilayered	LSCs:	On	the	Road	to	
“Ultimate”	Efficiencies

H. Li, K. Wu, V.I. Klimov, Nature Energy 1 (2016)

CASP’s	research	into	QD	
LSCs	proves	the	feasibility	
of	technology	scale-up	
from	palm-sized	
demonstration	models	to	
window-sized	devices

Doctor-blade deposition of 
QD-LSC layers

Spectral splitting with QD tandem LSCs 

15x15	cm2

EQEsolar = 6.4%; PCEsolar = 3.1%
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Carrier	Multiplication-by-Design	
Matt	Beard
(NREL)

Exploring new frontiers for 
applications

CM-enhanced	solar	fuel	generation

Nature Energy 2, 
17052, 2017

EQEhy >	100%	
core/shell	QDs	

“Janus”	QDs
Nat. Commun. 5, 4148, 2014
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the first few electron levels are very similar and vary
only weakly with H (Figure 1a), in stark contrast to the
behavior of the hole states, which quickly shift up in
energy. Important differences are also seen in the
localization of electron and hole states. As expected
for a quasi-type II QD, electron states remain delocal-
ized over the entire QD regardless of H. On the other
hand, as shown in Figure 1b, the core localization
probability of the four lowest hole states changes
dramatically with H, with the higher-lying states ex-
pelled from the core one-by-one as shell thickness
increases. For H > 2 nm, only two widely separated

levels, 1Sh and 1Ph, remain in the core, while the others
contribute to a dense quasi-continuum of states above
the CdSe band edge (Figure 1a). The combination of
both energetic and spatial separation between this
collection of largely shell-localized hole states and the
lower-lying core-based states (see spatial distributions
of the 1Sh and 2Sh wave functions for H = R/2; inset of
Figure 1b) can be expected to facilitate the reduction in
the rate of phonon-mediated cooling necessary for
activating a high-energy emission channel.
This analysis suggests that dual emission is not

typically seen in PbSe/CdSe QDs because it requires
very thick shells that have proven unattainable via

cation exchange performed atmoderate temperatures
(e100 !C). While it has been shown that the extent of
cation exchange is temperature dependent,29 use of
even higher reaction temperatures carries potential
complications. The band structures calculated above
rely on an abrupt core/shell interface; in fact, further
calculations show that, just as in CdSe/CdS QDs, struc-
tures featuring an interfacial alloy layer (in this case, a
Pb1!xCdxSe layer between the PbSe core and CdSe
shell) will likely not exhibit slow intraband hole relaxa-
tion (see Supporting Figure S2). For CdSe shells grown
at low temperatures (<100 !C) no clear evidence of
such an alloy has ever been reported.29,32,33 In bulk
films, however, the solubility of CdSe in PbSe increases
with temperature,36 an effect that could be exacer-
bated in nanocrystals due to their ability to accommo-
date strain; thus, some degree of alloying can poten-
tially occur at the high temperatures necessary to
achieve thicker shells. This suggests that while the
sparser distribution of hole states seen in PbSe/CdSe
QDs with an abrupt interface can be expected to
lead to slow phonon-mediated hole cooling,37 po-
tentially allowing dual emission and/or enhanced
CM,34 even the introduction of a thin intermediate
alloy layer will likely result in typically fast intraband
relaxation.38

Accordingly, pursuant to our attempts to create
PbSe/CdSe QDs with thick CdSe shells, we sought to
establish experimentally the relationship between ion-
exchange temperature and achievable shell thickness.
Previous studies of ion exchange in PbSe/CdSe struc-
tures depict this process in terms of the temperature-
dependent formation of vacancies or vacancy!
interstitial pairs.31 To probe the dynamics of this
process, we performed temperature-controlled Cd ex-
change on PbSe QDs of total radius R = 3.5, 4.1, 4.8, and
6.6 nm.29 The exchange was initiated by adding excess
Cd-oleate to purified PbSe QDs at room temperature
and then heating sequentially to 100, 130, 150, and
finally 200 !C. Shell growth was monitored by a com-
bination of transmission electron microscopy (TEM,
Figure 2a and Supporting Figures S16!S20), PL spec-
troscopy (Figure 2b), and elemental analysis by induc-
tively coupled plasma optical emission spectroscopy

Figure 1. Calculated dependence of band structure param-
eters of PbSe/CdSe QDs on shell thickness, H, for QDs of
total radius 4 nm. (a) H-dependence of the energy (relative
to the bulk conduction band minimum) of the lowest-
lying electron (dashed lines) and hole (solid) states. (b)
H-dependence of the core localization probability for the
lowest-lying hole states; inset depicts the calculated mod-
ulus squared of the radial wave functions of 1Se, 1Sh, and
2Sh states (H = R/2), highlighting the different localizations
exhibited by each state, with green and red arrows repre-
senting the recombination pathway for visible and IR PL,
respectively. (c) H-dependence of the energies of several
transitions potentially contributing to QD absorption and/
or PL; symbols are extracted peak positions from IR absorp-
tion (solid symbols; see Supporting Figure S6 for complete
spectra), IR PL (open diamonds), and visible PL (open
triangles) spectra of sequential shell thicknesses during
cation exchange of 4 nm QDs performed at 130 !C.
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resources across the Center

CM	in	ultrafast	photocurrent
Nature Physics 13, 604, 2017
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Quantum	Dots	and	Solar	Energy	Conversion:	
Focus	on	Charge	Transport	&	Exploratory	Devices

Functional	Mesoscale Assemblies
Cherie	Kagan	(Penn)
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Exploratory	Quantum	Dot	Devices	
Joey	Luther	(NREL)

n Record-efficiency QD solar cells
Science 354, 92, 2016
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CASP	Poster	Presentations

PI-H-9.	Joey	Luther:	Quantum	Dot	
Device	Structures	for	High	
Efficiency	Photoconversion,	
Tuesday,	11:00-11:20	a.m.

PII-H-4.	Matt	Beard:	Carrier	
Multiplication	in	Semiconductor	
Nanocrystals	for	Photovoltaics	and	
Photochemistry,	
Tuesday,	3:30-5:00	p.m.

PII-H-12.	Victor	Klimov &	Uwe	
Kortshagen:	High-Performance	
Luminescent	Solar	Concentrators	
Using	Engineered	Quantum	Dots,	
Tuesday,	3:30-5:00	p.m.

PI-J-10.	Juliette	Micone:	Charge	
Transport	in	Mesoscale	Assemblies	of	
Quantum	Dots,	
Monday,	5:00-6:30	p.m.

PII-J-13.	Greg	Pach,	
Marton Voros:	The	Role	
of	Interfaces	and	Defects	
within	Quantum	Dots	
and	Quantum	Dot	Films,	
Tuesday,	3:30-5:00	p.m.	


