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Outline 
•  Overview of photovoltaics 
•  Advanced concept approaches for 

high efficiency 
•  Nanotechnology enabled 

approaches 
•  Hybrid photovoltaics/solar thermal 

approaches 
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Overview of Photovoltaics 
§ Direct conversion of sunlight into electricity via the 

photovoltaic effect 
§  Photovoltaic effect first discovered by Bequerel 

(1839); Se/Au solar cell (C. Fritts, 1883)  
§ Modern junction solar cell (R. Ohl, 1946)  
§  Silicon junction formation allowed formation of first 

practical devices, at Bell Labs (1954) 
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Solar Electricity Opportunity 

Solar energy is a unique 
source of energy: 

–  Large resource & 
renewable 

–  Distributed generation 

30%	US	Electricity	from	PV	
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Photovoltaics (PV) 

First Generation 
single crystal Si PV 
technology 
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Why and Where to Use Photovoltaics 

§ Features of Photovoltaics 
– High efficiency 
– Distributed energy source 
–  Low energy payback time 
– Clean energy source 
–  Low water usage 
– Modular 

§ Markets 
– Remote area power 
– Grid-connected: residential  

and utility 
– Niche markets 
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Solar Cell Technologies 
Established technologies 
§   First Generation: Silicon 

(single and polycrystalline) 
    and III-V solar cells 

–   GaAs/AlGaAs 
–   GaAs/InGaAsP 
–   InP 

§   Second Generation: Thin 
Film 

–   CuInSe2 (CIS) 
–   CuInGaSe2 (CIGS) 
–   CdTe 
–   Amorphous Si (a-Si) 
–   Organic  

•  Third Generation 
–   Multijunction  
–   Advanced concepts 
–   Organic/Perovskite  
–   Dye sensitized solar cells  
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Solar Cell Efficiencies 
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Efficiency as Critical Metric 
§ Why is efficiency 

important? 
§ Cost of electricity  
§ Reducing PV costs 

ineffective if PV 
costs go below BOS 
costs 
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NSF/DoE  Quantum Energy for Sustainable 
Solar Technologies (QESST) Engineering 

Research Center  
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Single Gap Solar Cell Efficiencies 

W.	Shockley	and	H.	Queisser,	JAP32,	510	(1961)	
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Overcoming the Shockley-Queisser Limit 
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Multijunction (Tandem) Solar Cells 

Triple	Junc3on	Technology		

1.43eV	

0.67eV	

1.82eV	

GaInP	laSce	matched	to	Ge	and	GaAs	

Issues:	GaInP:	(4-1.82)=2.18	eV	heat/waste	
														GaAs:	(1.82-1.42)=0.4eV	heat/waste	
												Ge:	(1.42-0.67=0.75	eV	heat/waste		

Current record: 46% 4J 
(SOITEC, ISE, Helmholtz, LETI)  

Challenges : 
•  Lattice matched materials 

with ideal bandgaps (series 
connected) 

•  Material quality 
•  Poor Voc in small bandgap 

materials (Voc=Eg-0.4) 
 
Approaches: 
•  Dilute nitrides 
•  Multi-quantum well systems 
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  Advanced Concepts 

Intermediate	Band	(IB)	Mul3-Exciton	Genera3on	(MEG)	

Hot	Carrier	Solar	Cell	 Hybrid	PV	

Spectral	spli,ng	for	electrical	
and	thermal	energy	

Electrical	Thermal	
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Nanotechnology Components 
Nanowires, Nanotubes, 
Molecular wires   Nanoparticles, 

Quantum dots 

Heterojunctions, QWs, superlattices 

Tandems 
 

IB, MEG 
 

Tandems, 
IB, MEG, 
TEs 
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Nanotechnology and Energy 

17	
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Nanotechnology Advantages 

§ High surface to volume ratio of nanostructured 
materials means surface defects may dominate 

§ Recombination generally degrades 
performance of solar cells reducing both 
photocurrent and voltage: Passivation  

•  New materials with bandgaps and 
electronic structure different than bulk 
materials: multigap devices 

•  Surface effects lead to new material 
and chemical properties 

•  Light management using 
nanophotonics to increase absorption 

Disadvantages 
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Nanostructures for Light Trapping  

Le[:		Micrograph	of	nanosphere	lithographically	defined	
nanopillars.	Right:	FDTD	Simulated	(solid)	and	measured	
(dashed)	reflectance	spectra	from	a	regular	hexagonal	array	of	
Si	NPs	with	period,	p=600	nm,	for	cylinder	heights	of	a)	100	
(red)	and	200	nm	(blue)	(C.	Jeayeong	and	N.	Vulic,	ASU)	

EXPERIMENT AND OPTICAL MODELING 
 

To optimize the array and pillar geometry for enhanced absorption requires fast, efficient, 
and accurate optical modeling tools. For that purpose, we previously used the RCWA method 
due to its less time-consuming computation of full-wave reflection and transmission in periodic 
arrays. For a more detailed discussion of the RCWA method, please refer to references [4–7]. 
We previously simulated the NP arrays for a hexagonal periodicity with a period of 600 nm with 
three different diameters (344 nm, 444 nm, and 520 nm) and four different heights (100 nm to 
400 nm in 100 nm intervals). For comparison of simulated and experimental results, we 
fabricated four different pillar geometries through a combination of SNL and MaCE for a 
diameter of 344 nm and period of 600 nm at four different heights [3]. The fabrication process is 
presented in figure 1a. An SEM image of one of the fabricated samples is also shown for the NP 
height of 400 nm (figure 1b).   
 
  

        
 
Figure 1. a) Fabrication of Si NPs with a combination of solvent-controlled spin-coating SNL 
and MaCE with a metal deposition of Ni and Au. b) SEM image of a fabricated Si nanopillar 
array with hexagonal periodicity, with period of 600 nm, diameter of 344 nm, and height of 400 
nm.  

In this paper, the fabricated structures are simulated using full-wave simulation with 
FDTD method for wavelengths in the range of 300-1000 nm, using a plane wave source at 
normal incidence to the substrate. FDTD is more accurate than RCWA method, which truncates 
the number of Fourier transform terms to a chosen finite number, approximating the solution 
based on desired accuracy. For a more detailed discussion of the FDTD method, please refer to 
[8]. An open-source software package was used to perform FDTD calculations [9]. A simulation 
box of size 𝑝√3 × 𝑝 × 1.2 𝜇𝑚 where p is the array period was used with periodic boundary 
conditions (PBC) in the in-plane directions and perfectly matched layers (PML) in the vertical 
directions. The mesh grid was set to 10 nm over the entire simulation volume. The reflectivity 
spectra were calculated with a transmission monitor placed in-between the plane-wave source 
and the structure. Optical constants of Si were taken from the literature [10].  
 
 
SIMULATION RESULTS AND DISCUSSION  
 
 Simulated and measured reflectance spectra for hexagonal arrays of Si NPs are shown in 
figure 2. The simulated data shows good correlation to measured reflectance for lower aspect 
ratio NPs (figure 2a), but decreases for higher aspect ratio NPs (figure 2b) with prominent 
reflection peaks. Statistical correlation is further presented in table I for low (320 nm to 600 nm), 
high (600 nm to 1000 nm) and full simulated range of wavelengths.  
 

a) b) 
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Figure 2. Simulated (solid) and measured (dashed) reflectance spectra from a regular hexagonal 
array of Si NPs with period, p=600 nm, for cylinder heights of a) 100 (red) and 200 nm (blue) 
and b) 300 (green) and 400 nm (purple) with a diameter of 344 nm. Reflectance from a bare Si 
surface  is included for reference (black). The Si NP arrays reduce the reflectivity over the entire 
spectrum for all of the four measured heights. Simulated reflection spectra shows good 
correlation to spectrophotometry measurements for lower aspect ratio NPs (h= 100 nm and 
h=200 nm), and exhibits a higher degree of variability for higher aspect ratio NPs (h=300 nm and 
h=400 nm). The offset between reflection peaks and valleys for higher aspect ratio NPs may 
indicate some non-uniformity in height among the NPs that gets averaged over the measured area 
of the wafer.  

Table I. Correlation of simulated and measured reflectance spectra for Si NP arrays  

wavelength 
range 

bare Si 
surface 

Si NP, 
h=100 nm 

Si NP, 
h=200 nm 

Si NP, 
h=300 nm 

Si NP, 
h=400 nm 

λ < 600 nm 0.9644 0.8585 0.9429 0.0489 0.3358 
λ > 600 nm  0.9726 0.9754 0.9731 0.2373 -1.9510 
full range 0.9370 0.8340 0.9160 -0.7138 -2.6152 
 
 

 
 

 

 

 

 

 

 
The simulated reflectance data for higher aspect ratio nanowires (h=300 nm and h=400 

nm) shows strong interference effects as if the nanostructured portion behaves as a smooth, thin 
layer with an effective index between that of air and the silicon substrate. The phase differences 
between the reflected waves from the two interfaces create interference between the waves, 
leading to the high and low reflection peaks due to constructive and destructive interference, 
respectively. At the simulated heights of 300 and 400 nm, this region behaves as an anti-
reflection (AR) coating optimized for a small range of wavelengths. We further modeled the 
higher aspect ratio Si NP arrays as thin films with an effective refractive index, neff, and 
thickness corresponding to the height of the NPs. The simulation set-up is shown in figure 3b. 
The effective refractive index used a simple approximation based on the fill fraction of the Si 
NPs for diameter of 344 nm and period of 600 nm in a hexagonal array (~30%). The two 
simulations set ups (figure 3a and figure 3b) exhibit similar oscillatory responses due to 
interference effects (figure 3c). However, it also suggests that the NP geometry still exhibits light 

a) b) 
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20 Stanford	(Michael	McGehee),	ASU	(Zachary	Holman)	
Si	HIT	boeom	cell	with	Si	nanoparfcle	layer;	Perovskite	top	cell		
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Quantum	efficiency	
of	Si	boMom	cells	
with	and	without	Si	
nanopar&cle	rear	
reflector	
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Heterojunction with Intrinsic Thin 
Layer (HIT) Solar Cells 
 

•  HIT	cell	is	presently	highest	efficiency	Si	device	at	26.3%	
(Kaneka	2016)	

•  Record	open	circuit	voltage	of	0.76	V	(ASU	2015)	
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Electronic Structure of  a-Si/c-Si 
•  Electronic	structure	of	a-Si	from	DFT	and	molecular	dynamics	
quenching 
 

R.	Vatan,	S.	Bowden,	S.	M.	Goodnick,	MRS	2015,	Submieed	to	PRB	

Radial	distribufon		
funcfon	

VB	Density	of		
States	

H	addifon	
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Transport at the a-Si/c-Si Interface 
•  Con3nuum	transport	coupled	with	par3cle	based	simula3on	at	
interface	(EMC+KMC) 
 

P.	Muralidharan,	D.	Vasileska,	S.	M.	Goodnick	and	S.	Bowden,	PVSC	2015	
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Multi-Exciton Generation Solar Cells 

Ø Ultrafast	energy	relaxa3on	
processes	a	major	loss	
mechanism	in	photovoltaic	
devices	

Mul3-Exciton	Genera3on	(MEG)	

Ø Impact	ioniza3on	or	mul3-
exciton	genera3on	uses	the	
excess	photon	energy	to	
increase	the	quantum	yield	
above	100%	
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§  Multiple other QD and nanowire materials 
show substantial quantum yields 

§  Due to lack of crystal momentum, 
threshold for impact excitation =nEg 

§  Si QDs, CdSe; > 600 % QY with PdSe; PdS; 
PdTe; InAs systems 

 

M.C. Beard, et al, “Multiple Exciton Generation in 
Colloidal Silicon Nanocrystals,” Nano Letters, vol. 7, no. 
8, p. 2506-2512, (2007). 

R. D. Schaller, et al, APL, 87, 25, 253102, (2005). 

J. E. Murphy, et al, Journal of the American 
Chemical Society, 128, 10, 3241-3247, (2006). 

Multiple Exciton Generation (MEG) in QDs 

Science 334, 1530 (2012) 
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MEG in Nanowires 

P.	D.	Cunningham	et	al.,	Proc.	SPIE		
Vol.	8256,	2012,		
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Nanowires Solar Cells 

(G.	Kobelmüller,	G.	Abstreiter,	et	al.,	2015)	

Ø  Enhancement	of	light	trapping	
Ø Mul3ple	bandgap	materials	with	relaxed	labce	matching	issues	
Ø  Realiza3on	of	advanced	concepts	such	as	mul3-exciton	genera3on	

(MEG)	

•  Lund	University	(2015):	𝜼=𝟏𝟓.𝟑%	
•  TU	Eindhoven	(2016):	𝜼=𝟏𝟕.𝟖%	
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Simulation of Impact Ionization Event in 
III-V Nanowires 

Full	band	NW	Monte	Carlo	simula3on	(MRS	2016,	R.	Hathwar	et	al)	
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Hybrid Solar Systems 

Spectral	spli,ng	for	electrical	
and	thermal	energy	

Electrical	Thermal	

Z.	Holman	group,	IEEE	JPV	5,	1791	(2015)	
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Agua Caliente 
(NRG/First Solar) 
250-397 MW PV 

APS Solana  
280 MW CSP 

PV and CSP 
CSP-Concentrating solar thermal 
§  Currently more expensive than 

PV in $/watt 
§  Thermal storage in molten salts 
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“Duck	curve”,	showing	hourly	system	load	for	a	typical	March	day	for	the	
California	ISO,	less	projected	yearly	rise	in	renewable	(including	PV)	
genera3on.		Problems	of	increased	renewables	include	poten3al	over-
genera3on	in	late	ajernoon	and	high	ramp	rates	(14000	MW	in	~1	hour).		

Challenges for PV: Intermittency 
Intermittency (rapid fluctuations, diurnal) limit penetration solar 
onto current grid without: 
§  Storage 
§  Geographic averaging, mixed renewables 
§  Load demand management 



High Temperature InGaN Thermionic 
Topping Cells 
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TECHNOLOGY SUMMARY 
•  A two junction InGaN based tandem solar cell operating up to 450 C 
•  Advanced device structures and fabrication methods such as refractory 

metal contact metallurgy with low specific contact resistance and all nitride 
based semiconductor components 

•  Novel heterostructure carrier selective contact structures in the absorber 
layer to increase Voc and relax doping requirements 

•  Thermionic escape from “shallow” quantum wells (QWs). 
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Opportunities for III-Nitride Solar 
•  Tunable bandgap 
•  High absorption coefficients 
•  High thermal stability 
•  Existing $6 Billion+ dollar industry with existing Infrastructure 

•  Blue and UV LEDS, Lasers 
•  White Lighting 
•  Power Switching, RF Electronics 

•  Falling Price Structure 
•  III-Nitrides are substantially cheaper and safer to produce than traditional III-V’s 

Why InGaN? 
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Multi-Quantum Well (MQW) Cells 

MQW Advantages: Large open circuit 
voltage of high bandgap materials, current 
collection of smaller bandgap material 

MQW problems: transport across MQW is 
difficult, reduced mobility and diffusion 
length, enhanced carrier recombination 



High Temperature InGaN MQW Devices  

•  Multi-quantum well InGaN (13%)/
GaN single junction 

•  Little degradation with testing now 
up to 700 C 

•  Suitable for power tower application 

J-V vs. Temp  EQE vs. Temp  Temperature dependent  performance 
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Summary 
•  Achieving high efficiency solar cells requires 

overcoming limitations of traditional single bandgap 
junction solar cells 

•  Nanostructured materials provide multiple 
opportunities for both high efficiency and low cost 
energy converters circumventing S-Q limits. 

•  Requires materials advances, fundamental 
advances in physical understanding, technological 
improvements. 

•  Central challenges are improved physical 
understanding, materials, transport and surfaces 
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   Hot Carrier Solar Cells 
§  Energy of electron (hole) extracted before thermal relaxation 

occurs; optimal Te,h is on order of 3000K 
§  Energy selective contacts (wide bandgap, resonant tunneling QW, 

QDOTs) 
§  Efficiency improves with concentration, absorber electron 

temperature 
§  Suppression of energy loss critical: reduced dimensionality, 

nonequilibrium phonons 

Schematic of a hot-
carrier solar cell 
(Würfel 2005) 

Ross	and	Nozik,	JAP	53,	3813	(1982)	

( ) ( ) )/1(/// HaextphHaHphout TTqITTqIP −+Δ= εµ
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Hot Carrier Solar Cell Realization in 
Nanostructures 

§  In order to realize sufficiently high TH, must have greatly reduced 
electron-phonon relaxation time 

§  Quantum dot systems show strong reduction in cooling 
§  Reduced energy loss rates have been observed in QW systems: 

–  Pelouch et al., PRB 45, 1450 (1992) 
–  Hirst et al., PVSC 2011 
–  Le Bris et al., Energy and Einv. Sci. 5, 6225-6232 (2012)   

Le	Bris	et	al.		
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Monte Carlo Simulation of Energy Decay 
Times 

Ø  Relaxa3on	3mes	
extracted	from	the	
exponen3al	tail	of	the	
energy	3me	curve.	

Ø  Higher	relaxa3on	3mes	
for	NW	compared	to	
Bulk.	

Ø  Relaxa3on	3mes	for	
different	excita3on	
energies	of	the	same	
NW	are	similar.	

(R.	Hathwar	et	al.,	EDISON	2015)	



43 

Nonequilibrium Phonons  

Another way to keep 
energy in the system is to 
trap phonons and keep 
the energy in the coupled 
electron-phonon system 
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Solid	 lines	 correspond	 to	 calculated	 carrier	 temperatures	 for	 different	 phonon	
lifefmes	 for	 a	 GaSb	 quantum	 well	 system.	 Data	 points	 correspond	 to	 carrier	
temperature	measurements	made	of	a	GaSb	quantum	well	system.	

τLO=0.25	ps	
τrec=1.0	ns	

Carrier Relaxation in GaSb QWs 

Le	Bris	et	al.,	2012	


