ver beaming at 1064 nm, From Cells t«
stems
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Ser

1g Distance,

v Loss

igh power

igh coherence
igh efficiency
)64 nm

Already widely used for high
power applications

Higher beam quality than GaAs
lasers

Our laser: M?2 < 1.5
Others can reach M? < 1.01

Irradiance (W/cm?)
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VPE Growth

Target 1064 nm, ~1.1 eV bandgap
Metamorphic 5x600 nm step grade

b = Growth Temps: 550-750°C. Precursors: T
s - TMIn, DEZn, CCl,, AsH,, DETe2, PH., Si,
AP *. _ .

i, e T = 300K R
% 1 =
l =
-
5 . (@)
| %\ 11 g
\_ > -
! - i2 g Ingy 1,GaAs:Zn Ll a
E lnSb% %0 Ing pgGaAs:Zn .
.|.....|...lii....,1.....:.....“.... ) "‘
54 56 58 60 62 64 66 .04 GaAs:Zn = 9
Lattice Constant (Angstrom) CELAS TEM Shoi’vf ;0[22;9'20 er fir
p-Gas substrate Plan View CL TDD:

1.6 * 10® cm ™2
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ingle Junction LPC Design

= 1064 nm = 1.17 eV laser

= 1.1 eV absorber (70 meV Au
above band edge)

“ InO_ZOGaO.SOAS In20GaAs:Si Emitter 100 nm
- Calculated absorption o0Geds LD 10nm
Coeﬁ:icient fOr 1064 nm: In20GaAs:Zn Base 3000 nm
5. ° 1/e Absorption Depth: 1118 nm GaAs:Zn Buffer 100 nm
LA = Absorber thickness for 95% p-GaAs Substrate
X LR Au/Zn/Au

absorption: 3.5 micron
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eSting Variable Power Laser llluminated |-V

Fiber coupled laser
OD filter wheel

Beam splitter and
photodiode

Translation stage, water
cooled vacuum chuck

1W 1064 nm
laser Keithley 4200

SMU

Gaussian beam, diameter 1.16 mm, some tenability of output power
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.PC Results
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| 10 20 30

cident Laser Power Density (W/cm?)

Current Density (mA/cm?)
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o
o
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o
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Quantum Efficiency
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o
w
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0.0 0.2 0.

Voltage (V)

‘\v
\:% v

= EQE
e IQE
A  Reflectance

= 0.64 W/cm?®
* 3.93W/em’ 10 g . . ! !
A 483 W/cm? i
v 7.33 Wiem? i
v ] 0.1
1 < 0.01
i £
§0.001
| g 1E-4
S 1E-5 3
: i 1E-6
- 1E-7
06 o8 %0 0z 04 o6 08
1064 Voltage (V)
—: Jo1 1.5 %1014
Jo2 8.5 x 107°
Rseries 0.077
Rshunt 1.5 * 106
= Max efficiency 39.8% with /
= Jsc at 4 W/cm? roughly 620
= Voc exceeds 0.8V, W, =(

400 600 800

Wavelength (nm)

= EQE 80% at 1064 nm
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lultijunction Approach EERE:

crease Voltage, Lower Current
X\

Vertically stack subcells

Appliance compatible-voltage s

Decreasing Joule heating losses T

Requires tunnel junctions
Higher power output |

Tunnel diode characteristic |-V _
From: S.M. Sze and K. K. Ng. Physics ) 3 -
of Semiconductor Devices, 2006. / ’
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PC Design

1064 nm = 1.17 eV laser
1.1 eV band edge (70 meV laser)

Ing,0GaggoAs

Absorber thickness: 3.7 um, 95% light
absorbed

Standard IlI-V processing
* 3.5 um front metal

Au

Ino_zocao_goAS: Si Emi

Ino_zo Gao_goAS: n Base

Ing,0GaggoAs: p++ TJ

!

Ino zoGao 80AS n++ TJ n

Ing,0Gag goAs: Si Emitter

|

Ing zoGao 80As Zn Base

Ino_zo Gao_goAS: Zn

Metamorphic G
GaAs:Zn Buffer
p — Gads Substrate

Au/Zn/Au
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Ino_zo Gao_goAS: Si Emitter

Ino_zoaao_goAS: Zn Base

Ing,0Gag goAs: p++ TJr

Ino._zoaao._goAS:n'l"l' TJ n

n teg rati O n Ing 0GaggoAs: Si Emitter

@/ ;?Ino.

Zoaao:goAS: Zn Base

GaAs:Zn Buffer
\{ TS p — Gads Substrate
B i W - : \:
] . ]
A \ R \ n/Au
S S 0
N2 N
N N
N VB
..... ‘Q %
\ N
i [N N i
N N
b \\\\\\\\\\\\\\\\\\\\\\% l%l
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De si n = Assumed material parameters equal to the fitted parameters
g the 1J device

Accounted for parasitic optical absorption from the tunnel jur
= Predicted Efficiency: 35% without, 45% with ARC

-Diffusion Modeling

100
—— J1 Sum
— |2 5um
i Dual Total
80
e 60
£
11}
o
: : . . . 11
0 1000 1050 1100 1150 1200 40
Wavelength (nm)
Jeled laser source: i
063.2 nm center S i
nm FWHM [ 'u
2 , ! . . . 3 . . i . ; . i . : L .
itegrated power 4 W/cm 0 i =7 e aon e

Wavelength [nm]
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Results NoARC

T ' S " " ||Incident Laser 10000 s I Incident L
| IPower Density 9000 [ | neident -ase
'------...._.,_\.' \ J 5 : 1 Power Densit
.o, 0% || " 2Wem 8000 1= 2 Wiem
'::::::::::::::::::::::::::::::::::::.;q.d ¢ 1] ¢ 5 Wiem 5 <~ 7000 1 —=— 5 W/emr
S 10 Wiem' 5 6000 J —— 10 Wren
W’. 11 v 14 Wiecm E 5000 | 114 Wien
» ] ¢ 18Wiem* = : 1—+— 18 Wien
A , = 4000 ]
i N R L ] —+— 26 Wien
"”"""""""""""""""""“"\:.* 11 » 36 Wiem? —»— 36 W/en
=0, 1) ¢ 50 Wiem? 2000 1 —e— 50 Wien
W..‘Yi I | 1000 b
" 1 " 1 " | " 1 " | " 1 1 0 N 1 N 1 N | N 1 N | 1 1 1
02 04 06 08 1.0 12 14 16 00 02 04 06 08 1.0 12 14 186
Voltage (V) Voltage (V)
)ue to Gaussian beam, at center of beam current
ensities are >20X a uniform illumination of the * Voc-25 = 1.95 Voc-1;
ame power over the full cell area = 28% efficient at 3.6 W/cm?

nproved current match and tunnel junction needed = Comparable J;- and V.
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“Mask Design

Physically isolate performance of
each junction by creating a third
terminal

Create diagnostic test structures
* QE pads

Dark diode pads

TLM pads

Metal resistance bars

Metal height and etch depth bars

Re-optimize grid for high current
density
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onclusions

1J LPCs reached 40% efficiency at 4 W/cm?

Temperature testing showed junction
temperatures up to 80°C over ambient

2J LPCs were designed with a 3T mask to help
deconvolve variables

3T testing shows significant series resistance and
material quality concerns in the top cell

Future testing will further identify the source of the |
Issue.
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1d Testing (DARPA’

N L
——\

| 1700 8600

1000 Igekheed Chergling (2024) POWER Regsiver
325 Seife, Continveus Power bEaming — Optical (2021)
Power TRansmitiad Over Laser (2019)

Distance
(Meters)

s://www.darpa.mil/news/2025/darpa-program-distance-record-power-bean
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nneling Junction Development
ants, pre-flows, diffusion barriers

Original Zn/Si devices
= |nitial tunneling curr
Alcm”2at 0.1V
* Upto~ 100 W/cm?
irradiance for 2J

= Resistive after top L
[ - growth-> low efficie
L u 1 LPCs

100 [

Top LPC

|

10 &
10_80AS: /n p++ -

Current (A/em’)

10_80AS: Si n++

= Failure at <<100 W/
050 025 000 025 050 075 100 125 150 = Ideally, order of
Voltage (V) magnitude hlgher o
current

yottom LPC
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C Tunnel Junction
lemory Effect Accommodations

= Te reaches higher doping

than Si in InGaAs 750
= Challenges: m'
» Surfactant memory effect 5
» Surface quality ggsso
0.goAs:C p++ - Indium incorporation alteration &
= Approach Eeoo
* 40 sec DETe pre-flow §

lo_soAS: Te n++

% —

* 5 min DETe post-bake
+ Surface quality DOE
500

* kln variation 1000 1500 2000 2500 3000 3500 4000

AN\

ottom LPC Final doping = 3.4 e19 cm3
DETe flow (sccm) 0 0.5 1.5
TMin/lll ratio 0.9186 | 0.9186 0.9186

Est doping (cm™3) --- 1e17 1e18
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12 Growth Te/C Tunnel Junction

—
o
o

nGaAs:Te Growth

SMU compliance

Current Density (A/cm?)

1000 _ ! | 1 ' 1 | | 4

e Preflow — 40 sec : :
. [ — 23R223_255um ]

under arsine ; — 25R175_C5_105um| ]

i —— 25R175 _C5_255um| |

Visible NDR and valley

—

)st-Te bake 5 min at

650C

10 § — :
GaAs:C Growth — ]
9/5C 1
1 . I . I . I ; I \ I //‘
xamp back to 650C 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)
J1 Growth " ]peak > 500 A/cm?

= Voltage loss at 15 A/cm?: 10 mV
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nealing Effects

wing an LPC changes TJ properties

Top LPC 100

_;'
()]
13
ot

ao_goAS: C p++ w0k

ao_goAS: Si n++

t
Current Density (A/lcm?)

—=—no anneal| |
annealed | -

0.1 . 1 . 1 \ 1 , | \
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

3ottom LPC

\\\\\\l;

2gion prevents compensation of dopants at interface
ickness of diffusion barrier impacts current
doping still never surmounted 1e19/cm”2

25

N
o

Average J_, (A/cm?)
o

0

0

‘\’/

-
o
T

I
I
| | —

S O S O
\/ \/ \
i-thickness (nm) / annealed (Yes/No

Varied parameters:
* i-region thickness = 1, 3, 5
* annealed? = no, yes

= Afpeqr 0f 6.8 t0 10.7 A/cm
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) = Regardless of bias, seeing J1
J LB QE imiting QE
S . = In models, too many variables t

SRS EE - deconvolve, not enough data
4 J1, 1200 nm bias
= J2, 656 nm bias il 100
—— J1Sum
— |2 Sum
] i Dual Total
80
- 60 -
— W
2
40 -
' = 20 -_ i
§
% !
| | | 0 ' — - —
0 500 st!m 7t|m 800 sclm 10IDD 1100 1200 400 600 800 1000 1200

Wavelength [nm]
Wavelength (nm)



disang Institute for Sustainability

lanoPower Research Laboratories Rochester Institute of Techn

IG Analysis

N (224)GE

5-101

= RSM: 97% relaxed

490 492 494 496 498 5.00
gx [110] nm~*!



