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Rochester Institute of Technology

* Private university in upstate New York
— ~18,000 students
— 5.5 km? campus in suburban Rochester

— Specialize in engineering and science
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| -V Epitaxial growth

* 50,75, 100 mm capability
* Sources include: Ga, In,Al, P, As, Dopants include: Zn, Si, C and Te
* In-situ “Real-Temp” control and in-situ stress measurements

I l1I-V Processing technology

* Wet/Dry Etching, lithography
* Dedicated lllI-V metallization tools
* Annealing furnace up to 150mm

I Characterization
Device Characterizatio

T s EE By * TS Space systems 300 mm close-match solar simulator
r i : * Bruker D8 HRXRD and XRR,Veeco D3100 AFM/STM
* Agilent BI500 Parametric Analyzer

 Cascade RF probe station

* Optronics and Newport spectral response

* Janis cryogenic (2K) probe station

* Photoluminescence and Photo-reflectance

* DLTS, FTIR, Raman, Hall

* Hitachi FE-SEM and Zeiss LEO SEM

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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* Solar Energy Overview

e Nanostructured
Photovoltaics

* S) QD Solar Cells
* InAlAsSb Top Cells

e Conclusions

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Average insolation kWh/mZ/day

» Enough energy from the sun hits the Earth every hour to power
mankind’s entire energy needs for an entire year.

* The U.S. has the best solar energy resource of any industrialized
country on the Earth.

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Solar Energy Potential

Worldwide Solar Energy

Currently, solar provides less than 0.1% of
Theoretical: 120,000 TW the electricity used in the U.S.

Energy in 1 hour of sunlight & 14 TW-yr
Practical: =600 TW
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Solar resource for a concentrating collector

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



Alternatives to Fossil Fuels

or. Seth Hubbard

—== FIGURE 11. SOLAR PV GLOBAL CAPACITY, 19952012
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Photovoltaic Technologies

Thin Films Crystalline Silicon

MARKET MATERIAL STRUCTURE

or. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Colloquia, University of Oklahoma, March 27,2014



Research...going forward
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Increased Efficiency and/or

it Lower Cost

Efficiency,%

| US$1.00/W

Al AN S s, e — Present limit
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Amorphous Silicon, CdTe, CIGS

D Seth Hubbard

\

Silicon

Efficiency (%)

100
90 + Thermodynamic limit
80 + (maximum concentration) |4+
70 4+ Thermodynamic limit
(one sun)
60 + How to bridge
50 4 these gaps?
4 e
e Existing tandems
30 + (concentrator
I
20 +
ne-sun silicon
10+ /ghr_wnu;
Now Time

Colloquia, University of Oklahoma, March 27,2014




Next Generation Strategies

Next Generation PV

NP

L

Less

Photovoltaic

Materials

Concentration PV

Light Trapping

Increased
work per
photon

Multi-junction IlI-V
Multi-exiton

IBSC

Cheaper

Photovoltaic

Material
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Thin Film PV
Organic materials

4

D Seth Hubbard

Colloquia, University of Oklahoma, March 27,2014
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Best Research-Cell Efficiencies I NI
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = lattice matched © CIGS (concentrator) I
MM = metamorphic ® CIGS
IMM = inverted, metamorphic O CdTe
¥ Three-junction (concentrator) O Amorphous Si:H (stabilized) I
¥ Three-junction (non-concentrator) # Nano-, micro-, poly-Si
A Two-junction (concentrator) O Multijunction polycrystalline I
A Two-junction (non-concentrator) Emerging PV
Bl Four-junction or more (concentrator) O Dye-sensitized cells
O Four-junction or more (non-concentrator) O Perovskite cells I
Single-Junction GaAs @ Organic cells (various types)
AgS | tal A Organic tandem cells I
A Cgr?cir?{'}g; @ Inorganic cells (CZTSSe)
V' Thin-fim crysta < Quantum dot cells I

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)

O wmulticrystalline faria

4 Thick Sifilm (

® Silicon heterostructures (HIT) AA

V' Thin-film crystal il
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* Solar Energy Overview

e [1I-V & Nanostructured
Photovoltaics

* S) QD Solar Cells
* InAlAsSb Top Cells

e Conclusions

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Solar Cell Electrical Model

Single junction

solar cell band diagram J9 Dark
/
1 e - h* pair/photon; full hot carrier relaxation .7 |Light
ek = > V|
2’ AN v
Energy Vo heat loss nmax = 3204, I oc
5 o i . Jpholo
| e- (in radiative limit)
l JM ______
Maximum
hy A power point
PN Jic Vo)
-type — usable photo-
_i_. _p_tyﬁ i /. n-type 1 — voltage (qV)
. qV /KT

heat loss

P J V
FF — max — max " max
"I_ECVGC JSCVGC

d Solar Cell Loss Mechanisms
|. Thermalization Loss (33%)

2. hv<E_(23%)

g
3. Carrier Recombination n= Lo — Jone Vs
4. Contact and Junction Voltage P P,

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Solar Spectrum

Solar Radiation Spectrum 2
2.5 dd 27 1

UV | Visible | Infrared —> 4604 of total energy dE  hoc? et/ _1
7%, 47%,
2+ ' ', Sunlight at Top of the Atmosphere

/

5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands
H,0 co,

Spectral Irradiance (W/m2/nm)

H,0

: Air Mass # = sec 0,
250 500 750 1000 1250 1500 1750 2000 2250 2500 AM1.5—6,=4819°

AMO — Extraterrestrial
Wavelength (nm)

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



Single-Junction Limits
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E°dE E°dE

JV) =1, hec 2_[E cENT 1 hic ZJE o (E-aV)/KT, _

jGe

~N 00
o O

g O
o O

Bandgap  Short: Ope
Material (eV% P circuit  Circuit
Current Voltage
Si 1.1 62 mA .88V

GaAs 1.4 46 mA 1.16V

N
o

Current (mA/cmZ)

N W
o O

dTe GaP 2.2 18 mA 1.81V

10

1.5
Voltage (V) /

Solar concentrations: 1x, 10x, 100x, 518x, 1000x,
5180x, 10000x, 46198x

Dr. Seth Hubbard

Colloquia, University of Oklahoma, March 27,2014
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Solar Cell Loss Mechanisms

Replace solar blackbody expression with 274 E2dE E2dE
ASTM solar data. J(V) = fQ o2 J.En QE/KT, _ - L o E-aV)/KT, _
16 Ail:2d Selar Spectitm AM1.5d Eff|C|ency vs. Bandgap
' ! ' ' ' ' ' ' ' 45 :
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o ] Bandgap e
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0.0 | . ralnsmissi?n N . \ . 20 . | . | .

500 1000 1500 2000 2500 0.5 1.0 L5 2.0

Wavelength (nm) Bandgap Energy (V)

—Shockley-Queisser Limit approaches 40% at high Concentration
—Optimal bandgap approaches 1.2eV
eBandgap tuning with QD or QW

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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The Lattice Matched Triple Junction

RESEARC

State of the art lattice matched triple junction

InGaP ~ 1.90 eV

Bandgap energy £, (eV)
Wavelength A (pum)

GaAs =1.42 eV

Ge =0.66 eV

Lattice constant a;, (Angstroms)

Fig. 12.6. Bandgap energy and lattice constant of various I1I-V semiconductors at room
temperature (adopted from Tien, 1988).

N L aotom Contact
, .
2500 —— | | ,

E 2000 - AMO Spectrum ]
\ 4 -
2 1500 - - Three series
m -
£ connected diodes
'.E 1000 !
S
T so0 Current-matching
3 required
(7] o

Cc1 ns 1.0 1.5 2.0

BraSethyHubbard Colloquia, University of Oklahoma, March 27,2014
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g 25
=
“~ o . .
e 225 | Increasing the current of middle
~ -
= s i i
E LE A Junction
LM-GalnP S : :
Ge = _§ 1.75

andgap Engineering
!

0200 400 600 800 1000 1200 1400 1600 1800
Wavelength /nim

0.8 0.9 1.0 11 1.2 1.3 1.4
Middle Cell Bandgap (eV)

e Extra current generated from QW or QD regions can aid in current
matching in multi-junction solar cells

Ny, Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



Nanostructured Absorption
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Size dependent absorption

Single Quantum Well:

~ 7Z_2h2 n2

E = >
2m* L

n**-GaAs Contact
n-InGaP Window

p-type GaAs Emitter

Intrinsic region

n-type GaAs Base

n-InGaF Window

n-GaAs buffer

n-GaAs Substrate

Back Contact

QW GaAs p-i-n structure

AMO Spectral Power Flux (mW/cm?/nm)

Excitation

GaAsP strain layer
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]
1
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: sub-gap
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Wavelength (nm)
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<«—GaAs Buffer
$—Iny,,GaAs QW

InGads QW

Thermal and Tunnel
Extraction

Quantum Confined Region

| extension | N

| absorption |

GaAsg 15P strain balance

1100 1300

Dr. Seth Hubbard

Colloquia, University of Oklahoma,

ch 27,2014



A Revolutionary Approach to Bandgap NPHL

e Engineering TANorowen
* |ntermediate band due to QD- -
coupling.
— A Luque and A. Marti, Phys. Rev. Lett. He
78, 5014 (1997). "
e Allows for enhanced
photogeneration mechanisms and -
two-photon effects : Fov
— QD absorption Hy

— QD doping ® ©
— QD carrier lifetime

E, (eV)

Front
Contact

Quantum
Dot Arrav

Colloquia, University of Oklahoma, March 27,2014

Dr. Seth Hubbard
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1.16
__________________________ Oi2t=—= -
InAs/GaAs
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InAs/InGaP

1.85

H

0.6

4

=

InAs/GaAsSb/AlAsSb

\-\

QD height: 2 nm

1.5 nm 2 nm

4.1 nm

* 8-band k.p simulation of materials systems currently under consideration
* For InAs in GaAs System, two-photon effect difficult due to thermal

escape

— Wider bandgap matrix or thicker GaAsP strain compensation!?

* InAs in InGaP shows better confinment and match to IBSC bandgaps, but
still many VB states.

Dr. Seth Hubbard

Colloquia, University of Oklahoma, March 27,2014
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* Solar Energy Overview

e Nanostructured
Photovoltaics

* S) QD Solar Cells
* InAlAsSb Top Cells

e Conclusions

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



InAs QD Enhanced GaAs Growth NPRL
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InAs Quantum Dots
w/ GaAs spacer

Contact Contact
Window
GaAs Emitter

Intrinsic region

GaAs Base
p-type aD embaddod n-typo
region intrinsic region region
InGaP Window : :

GaAs huffer

InGaP Window
GaAs buffer

GaAs Substrate

GaAs Substrate

Back Contact “fNL[

Baseline GaAs p-i-n GaAs p-i-n with InAs QDs T SO

Back Contact

Dot Densitz/:
5x1010 cm-
Dot Size:
5nm x 30nm

* Increased stacking to increase absorption

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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~7.2% compressive mismatch, InAs on GaAs
~3.6 % tensile mismatch, GaP on GaAs

2
jo]
0=
o) (N (2) (3)
2 AsH3 N A O
s — T/
a - TMin
S
ﬁ TMGa
time
(1) GaAs Buffer (2) 2D InAs (3) SK Formation

Growth Growth of InAs Dots

GaAs

* QD weighted stress

_ minimization
Tension
S.M. Hubbard, et al. Appl. Phys. Lett 92, — Target Single QD size
123512 (2008) ,
C.G. Bailey, S.M. Hubbard, et al., Appl. and den5|t)’

Phys. Lett, 95, 203110 (2009)

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Tensile < » Compressive
T T I g g I L I
(a) T T T — T T T
SL(-1) 8LO (b) —nCnE;ir CET (this work)
[004] 6 scan \ ] SL(*1)  GaP Thickness - 9 HRXRD Data
l 5.0 ML
i J| | d 6 ]
0 N ) )
— o N o |,-, /1 " i "
s I . MWJ o )J‘ NG g i 1 Assumptions:
N g — N b l\‘"k\. ——_ w | -
g w ey o - 9 , | Dot Size=6nm
e x L -
= | oL S \94'.\ Density=5X101° cm?
o | I~ _ - J
c o - l
) © - - _
E © ot R SR -
. 1] . 1 . . 1
| N 1 " 1 " 1 L 1
-4000 -2000 o] 2000 4000 -10000 -5000 0 5000 10000
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HE 20 b
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E 10|
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%] |
1!
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Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



NP

NANOPOWER

RES AR L ABS

Cell Fabrication and Testing

1 cm?
cells,

4% grid
shadowing

—— AMO ASTM E490

350 nm - 1800 nm: 119.9 mW/cm®
4+ ——— AMO RIT .

350 nm - 1800 nm: 132.8 mW/cm® |

Intensity (mW/cmz)

=

%56 | 550 | 750 | 950 .1I1I5(I) | 1I3I5(|JI1I5|5(I) | 1I7I50 ‘ TS Space Systems Dual Source
Wavelength (nm)

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



NP

NANOPOWER

Effect of Strain Balancing
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25 T T 4 g T ' 0.6 I T T T : T J T T ' T
— iy Measured
i i L - - - Emitter

20} Basel - g M Base
o~ L aseline b gt i

g GaAs p-i-n 1 < 04+ —_— ?CtRI ]
< I Voo = 1.041V = ota

£ sl n=13.8% 41 =

2 | 5

8 I 1 a

=) e 0.2

e 0 1 @

o [ 1] X

3 ©

© 5 10x QD p-i-n | -8 )

5 A 1.8ML InAs GaP SB layer ] > N T i
vV, =0.994V w0
[ n=13.5% . | | | | |
O " | L | 1 | 1 1 1 L Il L L 1 L "
0.0 0.2 0.4 0.6 0.8 1.0 1.2 300 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm)

AUD)

7, (NS)

. (cm?/\V/s) g (cm?/Vs)
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40 1500 350 1.70 5.70

 Fit indicates no emitter degradation

Dr. Seth Hubbard

Colloquia, University of Oklahoma, March 27,2014
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Time Resolved Photoluminescence iy

QD emission 1000 nm

) 1.8 0.93
: 21 114
E 217  1.07
; 1 224 017
B 231 0.8

6 7tﬁne/n58 9 10

* Parasitic recombination processes increase at ML coverage above ML = 2.2

Working hypothesis: fast non-radiative processes scale with QD
areal density and coalescence.

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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25 T T T T T T ! I v |
|
sc \"/ FF
o mA/cm? oc o %
c : (me ™ @ 1%
2
= Control 22.47 1.039
> :
7 Baseline . 1 0x 23.21 0.997
c — 10 period QDSC
® 10}  ——20 period QDSC ]
e —— 40 period QDSC 20x 23.42 0.986
c i i
B sl | 40x 2378  0.990
-
O
0 L | M | : | : 1 "
0.0 0.2 0.4 0.6 0.8 140
Voltage (V)

40 period QD solar cell showed a 0.5% abs (3.6% rel)
efficiency improvement over control GaAs cell

C.G. Bailey et. al., IEEE Journal of Photovoltaics, v.2, 2012

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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al Quantum Efficienc

Wavelength (nm)

I I | GaAs | £ ' ' ' ' : ' '

& | Bandedge | - — 40 period QDSC
< [ 'A=880nm| = 30| —— 20 period QDSC
S ) § —— 10 period QDSC
.g o 25 Baseline
O (]
5 s 1 &
£ I £ 20
2 40 : 1 2
c —— 40 period QDSC =
& sl —— 20 period QDSC e T
= _ —10 pe_rlod QDSC =
= Baseline £ 10}
o 20 L
x . i

10 |- -

0 i ) ! , ! . | ) ] M > 0 L . .

400 500 600 700 800 900 1000 880 900 920 940 el

Wavelength (nm)

Integrated
mA/cm®

0.87
0.46
0.26

980 1000

Consistent improvement in sub-GaAs-bandgap
absorption with increasing # of QD layers

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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Quantum Dot Epitaxial Lift-off

PreELO !\
8 —---PostELO | \

.

Handle layer Handle Layer "
Solar Cell Solar Cell r .

Release Layer

Epi Growth

Solar Cell

Handle layar

ELO
Solar Cell

———

Temporary Chuck

Handle Layer
Deposition

Handle layer

Solar Cell
Processing

After ELO

|

= =
Handle layer

Temporary Chuck

Transfer to
Temporary Chuck

* Substrate removal allows for reduced weight and
direct light management at rear surface to
enhance QD absorption

« Other methods to improve absorption involve
increasing the optical path length of light (OPL)
through the QDs. This can be taken advantage of
with a back reflector and a thin cell, which is
accomplished through epitaxial lift-off (ELO).

Colloquia, University of Oklahoma, March 27,2014

Dr. Seth Hubbard
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QD ELO Quantum Yield

70 T T T T T . .
[ QD contribution to short
i ] circuit current density
%07 ) past the GaAs bandedge
< aoff 1.00 : : is 0.23 mA/cm? for QD
g 30 g'gg' o _ ELO cell when compared
ol o rive ] to ELO baseline.
0.25¢ Y
WMU L\
10 | OOO ! ; _
900 1000 1100 e -
0 | . ki T QDELO
400 500 600 700 800 900 1000 _ o Umamtan
Wavelength (nm) 10" : —— FDTD Simulation _%
* Cavity resonance enhances : 2
QD absorption 02) <
* Further improvement in 2
rear surface reflectance 10°] -
possible 800 850 900 950 1000 1050

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014



\ W ’;) .I: L

* Investigated strategic placement of QDs within the
intrinsic region and how this affects device performance

* Positional dependence of sub-Eg QE, J.~, Vo

e Position and background doping must be considered in design
and optimization of QD-enhanced solar cells

* Demonstrated QD doping using MOVPE

— Successfully increased Voc of QD cell through reduction of
SRH recombination

— Explored minority carrier action as QDs are removed from a
region of high electric field

— Deeper confinement necessary for 2-photon effect at room
temperature

* Epitaxial Lift-Off QD solar cells show enhanced absorption
due to Faber-Perot cavity effects and enhanced backside
reflectance

Dr. Seth Hubbard Colloquia, University of Oklahoma, March 27,2014
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