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Outline

 Prerequisites for efficient absorber materials for direct water splitting
« Can we exceed the detailed balance limit of efficiency?
« Absorber, diffusion lengths, charge separation

« Current state of 1lI-V on Si(100) growth: Costs|

« Interfacial control: /n s/itu spectroscopy
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« Can we exceed the detailed balance limit of efficiency?
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Inherent losses in a ‘normal’ photo absorber

solar spectrum

thermalization losses
AM1,5

black-body radiator
T = 6000 K

'y CBM
> VBM

d(photon flux)

t=101s

absorption Ercs
losses

pye dE
P. Wiirfel [voirs]
- 40
Can we exceed the 30 1
detailed balance thermodynamic limits : ' s Detailed_Batance 1
limit of EfﬁCiency ? only 1 absorber g 29] , <
~30% (1 Sun)’ ”Bu:e:plrimon:;}
Nol! ~ 45 % (max. concentration) ok ’,‘Iéﬁiz‘.’..“f’ for N\ \
- / Semi-Emplrica\!\
Limit
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The detailed balance principle

But we might improve thermalization losses

constraints, which are:

t=101s
1. Tg,,= 6000 K

2. T.=300K

3. only radiative

. . CBM
recombination

absorption Ercs
losses

4. only 1 absorber VBM dn,
complete absorption dE
of photons above | [""']40
band gap [%] ' ' '

6. 1e-h pair/incident o o
phOton: QY 100% thermOdynamIC I|m|tS ' l i Deiuile:imia'alonce b

20} e
7 ultrafast only 1 absorber 7 ! .
. - ~30 % (1 Sun)’ ”Bu:-ex lrimon\?'
thermalization ~ 45 % (max. concentration) io} ,"g‘;t*g‘:,;;gv o\
{ 8. complete conver- | oy VAN
. Optlmum SyStem Sem:l-_;c.'r::;;:lricai

sion of free energy } ~ 66% (1 sun) S

~ 86% (max. concentration) Xg—

ﬁb‘ US-German WS on Shockley, Queisser,
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Outline

 Prerequisites for efficient absorber materials for direct water splitting

« Absorber, diffusion lengths, charge separation
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Considering the integrated functionality

Requirements for I) Production of appropriate chemical
semiconductor device potentials for e in CB and VB (voltage)
structure o ]
Efficient direct
0 ..
“eg water splittin
! ater sp g
éc

prerequisits

— °  Fermi-Energy &
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Considering the integrated functionality

Requirements for I) Production of appropriate chemical
semiconductor device potentials for e in CB and VB (voltage)
structure
o1 be Chemical potential p; of
l-eg electrons p, and holes
3vac
r"i
M = o+ KT In N
éc ‘ ne |
B . —H,/H, for electrons: 1, — € @ = &
forholes: ,+€ @ = —&gy
U 1.23eV
ek 0./H.0 under illumination
Erv - ATl
etk et s o m— —  —r — zue_l_:uh:gFC_gFV>O
&v o n,

— ° Fermi-Energy ¢
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Considering the integrated functionality

Dynamics: continuity of electrons _ ]

and holes in steady-state I) Production of appropriate

5 chemical potentials in CB and VB (voltage)
ne

-G, -R, —divj, =0

ot jQ:e(jh_je)

on,
ot

=G, —Ry—div), =0 integrated over cell volume:

_ jQ interface, jQ = _e(Geh,tot - Reh,tot)
? Je ” contact

see also: P. Waurfel
Physics of solar cells
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Considering the integrated functionality

Dynamics: continuity of electrons _ ]

and holes in steady-state I) Production of appropriate

5 chemical potentials in CB and VB (voltage)
ne

£=G, ~R, -div], =0 | o
@I’;[ JQ:e(Jh_Je)
— =G, -R, —divj =0

ot Integrated over cell volume:
- jQ Interface, jQ = _e(Geh,tot - Reh,tot)
) ? Je ” contact
+ n,
_ H aq/HZ My = Mgt KT |H£W')
Fermi-level splitting (~ voltage)
i _eU EFC ~ SRy = He T [y
Ery O,/H,0
see also: P. Wiirfel

Physics of solar cells
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AP, 29.06.21 Thomas Hannappel1
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Considering the integrated functionality

I) Production of appropriate

For bias-free solar water-splitting chemical potentials in CB and VB (voltage)

band gap > 2.0eV mandatory Il) Exploitation of the sun light
&,
4 € .. :
Eveninideal case sun light
nepy = 2 2 123V @ exploitation insufficient
Pinr:/lﬁ1 with only one absorber
? ne Wlavelength [pm]
érc
S
Jo4
£
Geh| Reh %03
eU F 0.2
Ery O,/H,0 =
e n, 05 10 15 20 25 30 35 40

Photon Energy [eV]

US-German WS on
AP, 29.06.21 Thomas Hannappel1
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Principle of efficient solar energy conversion

I) Production of appropriate

Efficient bias-free solar chemical potentials in CB and VB (voltage)

watersplitting —
tandem mandatory I1) Exploitation of the sun light

ju, * 123V @
NsrH = P. =
inc/ , " interface.

@) contact
e -\\":=§\’> 0.6

H +aq/ H 2 0.5

o
H
TT T

o
(N)

Intensity [kW / m? eV]
o
w

0,/H,0 =i

o
o
AL

0.5 1.0 1.5 2.0 2.5 3.0 35 40
Photon Energy [eV]
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Principle of efficient solar energy conversion

Diffusion length

L

Dmin > CA.3/

Indispensable

Eqap2 CA. 1.1 €V

........ —AH,

I) Production of appropriate
chemical potentials in CB and VB (voltage)

Il) Exploitation of the sun light

Ill) Spatial transport of electronic excitation
high mobility, low non-rad. recombination

Diffusion length L

D min

/H2 LD min = \/Tmin Dmin
q

Einstein-Smoluchowski equation

D = Eﬁ b
e
uP: mobility Tin: MiNOrity
D: diffusion coefficient charge carrier life
o. absorption coefficient time

US-German WS on

AP, 29.06.21

Thomas Hannappel1
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Principle of efficient solar energy conversion

Charge selective contacts:
Indispensible

for electrons e.g. high conductivity for
electrons, little conductivity for holes
(low concentration) - mandatory

H*,o/H,

I) Production of appropriate
chemical potentials in CB and VB (voltage)

Il) Exploitation of the sun light

Ill) Spatial transport of electronic excitation
high mobility, low non-rad. recombination

IV) Charge separation: photovoltage ->
transformation of energy

Valence band-offset and
increase of band gap energy
prevent higher hole
concentrations

US-German WS on

AP, 29.06.21

Thomas Hannappel1
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Principle of efficient solar energy conversion

Charge transport, charge

I) Production of appropriate

separation: ldeal case chemical potentials in CB and VB (voltage)

Il) Exploitation of the sun light

Tunnel junction / recombination layer:
Quantum mechanical tunneling with QE
ca. 1; isoenergetic eh-recombination —
current matching -

Ill) Spatial transport of electronic excitation
high mobility, low non-rad. recombination

mandatory IV) Charge separation: photovoltage ->

transformation of energy

Eqap2 CA. 1.1 €V

US-German WS on

AP, 29.06.21 Thomas Hannappel1
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Specific requirements for water splitting

Su

nlight

V.V

I) Production of appropriate
chemical potentials in CB and VB (voltage)

Il) Exploitation of the sun light

O
O
OOOO
(eXe)
O o
° O
_> ono
o
o

IV) Charge separation: photovoltage ->
cat transformation of energy

Ill) Spatial transport of electronic excitation
high mobility, low non-rad. recombination

— + /H V) High catalytic activity
sufficiently low overpotentials

,ca. l.leV

US-German WS on
AP, 29.06.21

Thomas Hannappel17



Specific requirements for water splitting

I) Production of appropriate

. L1l 1| V.V V| © chemical potentials in CB and VB (voltage)
sunlight - 0.°
o phoxe I1) Exploitation of the sun light
O o
—> & : : .
&) K Ill) Spatial transport of electronic excitation
\ j high mobility, low non-rad. recombination

IV) Charge separation: photovoltage ->
transformation of energy

V) High catalytic activity
sufficiently low overpotentials

VI) High photochemical stability:
corrosion-resistant and/or surface
passivation

gap1Ca. l.7ev g, ,ca lleV

US-German WS on

AP, 29.06.21 Thomas Hannappel1
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Potential efficiencies of tandems for water-splitting

« Bias-free solar water splitting requires voltage > ca. 1.7 eV

« Above that: maximisation of the current 2H* +2e- = H,
> Two junction cells for efficiency optimum ANPO, |
AllnP
mo = | 77
:ﬂi g_) _8
403
o0 =
D
‘:: -
Jn

Syujeo
[|20 wonog

A2 92’}

1

; (P ',‘\ D i ",“,
Mo
Ge | , substrate
x1.23V

Solar to hydrogen 7] = & P/A =19,3% 2H,0 + 4h* = 4 H*+0,

‘La . S. Cheng, M.H. Richter, M. M. May, ...F. Dimroth,
US-German WS on T. Hannappel, H.A. Atwater, H.-J. Lewerenz.,

ILMENAU UNIVERSITY OF AP. 29.06.21
TECHNOLOGY , ACS Energy Letters 3 (2018) 1795 19



Potential efficiencies of tandems for water-splitting
. Bias-free solar water splitting requires voltage > ca. 1.7 eV
« Beyond that: maximisation of the current
> Two junction cells for efficiency optimum

AllnP GaAs Theoretical limits
. ~9.9 - —y.0 - =t
22l 12.5 12.5 : 12.5 ]
o, 15.5 1!?a||zeg5
>
3 2 18.5 185
Q 19,3%
© 21.5 21.5 —=
1.8 2 : 3 . F s
?U & 24.5 2‘-1:5 ____ @" ‘%g,
O =
= éz;;s S @ 24.8% p°
o | - 27.4% 5 5
= e?gf 29.7% b "
T P ; : o
LN s
0.7 0.8 0.9 1 1.1 1.2
Bottom band gap (eV)
1x1.23 V S. Hu et al. Energy Environ. Sci. 6:2984,
Solar to hydrogen 1) = J Po/A 19,3 % 2013. ”
in

m- US-German WS on S. Cheng, M.H. Richter, M. M. May, ...F. Dimroth,

ILMENAU UNIVERSITY OF AP. 29 06.21 T. Hannappel, H.A. Atwater, H.-J. Lewerenz.,

ACS E Letters 3 (2018) 1795
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Specific requirements for water splitting

I) Production of appropriate

. L1l 1| V.V V| © chemical potentials in CB and VB (voltage)
sunlight - 0.°
o phoxe I1) Exploitation of the sun light
O o
—> & : : .
&) K Ill) Spatial transport of electronic excitation
\ j high mobility, low non-rad. recombination

IV) Charge separation: photovoltage ->
transformation of energy

V) High catalytic activity
sufficiently low overpotentials

VI) High photochemical stability:
corrosion-resistant and/or surface
passivation

VIl) Costs

US-German WS on
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Outline

« Current state of 11I-V on Si(100) growth: Costs|
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State-of-the-art Multi Junction Cells
Industrial Standard

Only upper ~10 uym of Grown with MOVPE
solar cell active technology

n’-AllnP - window layer
n-GalnP -emitter

GalnP - undoped layer
Exchange of substrate s Sf'gggo&ge”
can lead to significant FECaiE A ea S e
: p-AlGalnP - barrier layer
savings e e
T Gahs tunnel diode 1

n-AlGalnP und AllnAs - barrier layer
n-GalnAs - emitter

GalnAs - Undoped fayer GalnAs middle cell
GaAS or Ge p-GalnAs - base )\' - 660_870 nm

p'-AlGaAs - back surface field
Su bS’[ra’[e p’-AlGalnP - barrier layer

p"-AlGaAs )
n"-GaAs tunnel diode 2

n-GaAs buffer layer

n"’- barrier and nucleation layer
450 p m n’-Ge emitter

----------------------------------------------- Ge bottom cell
< p-Ge substrate (100) { A =870-1880 nm

back contact

—
Courtesy: F. Dimroth ZZ Fraunhofer

&b’ US-German WS on

ILMENAU UNIVERSITY OF AP, 29.06.21 Thomas Hannappel .,
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Concepts with High-Efficiency Potential

Costs Cle(:(I)Cost [5/Watt] Cost advantages on module level
Ge
Ge Substrate ~100 €/6“ Wafer . .
ow cost epitaxy and Sj
@ Costs can further
. . 10 Low cost epitaxy and be decreased by
Si polished < 50 €/6” Wafer manufacturing concentration
Si etched in mass production Low cost Epitaxy
~0.3 €/6” Wafer Low cost Silicon C=2-5
| Low cost waste
A 1 Low cost BEOL
{CVXD e  a a  an

o
O GO
fh&

e
Mehrg X 0.167

’

module cost

* Mono PERC cell, high, http://pvinsights.com/ (27.09.2019)

\

~ Fraunhofer  Courtesy: F. Dimroth
ISE

US-German WS on

ILMENAU UNIVERSITY OF AP. 29.06.21 Thomas Hannappel
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Integration of -V morphic
materials with silicon GaPNAS balancing e nanowires
substrates Si(001) GahsosPos

) GaAs, 5P 25

grading
GaP
Si(001)

virtual
substrate

GaP
Si(001)

\_grading_/
GaP

Si(001)

>
- 2.5 - M e—
a X-valley O — —
(o) \ ; L-valley A\ ------
= g
g e SRR\ e
o
E 2 - 30°C
Q S 1.5
5 g 13
= J
c -
a i
1.0
06 08 10 12 14 16 1.8 0.5
Bottom cell bandgap / eV :
T llllllllllllllllll'lllll
© O.Supplie, T.H. et al., Adv. Mater. Interfaces 4:1601118, 2017; 5.4 5.6 5.6 5.7 5.8 59 6.0 6.1
calc. with YaSoFo by MM. May, bitbucket.org/YaSoFo/yasofo. Lattice constant / A

' O.Supplie, T.H. et al., Prog. Cryst.
ﬁb’ US-German WS on be s

ILMENAU UNIVERSITY OF AP, 29.06.21

Growth Character. Mater. 64 (2018)
103, review. 25




pseudo-
morphic

strain
GaPNAs balancing

GaP
Si(001) CaAsesPos

meta- nanowires
morphic

|
virtual GaAsP GaAsg 75P0 25

substrate \ grading | grading
GaP GaP GaP

Si(001) Si(001) Si(001)

2.5 - ry—
. N v g
-valley A\ -
How to reduce the defect GaPys BAC O - -
density at the IlI-V/Si >
i ? 215
L heterointerface: ) 8
3

—
o

©
n

5.6 5.6 5.7 5.8 5.9 6.0 6.1
Lattice constant / A

v
~

ﬁb’ US-German WS on

ILMENAU UNIVERSITY OF AP. 29.06.21 Thomas Hannappel2
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—_m______Wm___

I1I-V-on-Si multijunction solar cell [y

VTunne'I-Junction

cell

e ELA
v morphic "

Highest solar conversion efficiency GaAS?SPO.zs
grading

for 111-V/Si tandem cell = —
> 25.9% with GalnP/GaAs/Si [1] —

*_
4 N X—va!.fec/ O—--
How to reduce the defect GaPos e
density at the llI-V/Si >
L heterointerface? ) g 1-5-;
@ 1.0 -
Pulsed nucleation [2]: 05 -
Introduction of AlGaP/Si [4] 3 RRRERRERRRE.
5.4 5.6 5.6 5.7 5.8 5.9 6.0 6.1

Lattice constant / A

[1] M. Feifel et al., Sol. RRL 2021, 2000763 (001), 1-7.
[2] K. Volz et al., J. Cryst. Growth 315 (2011) 37.

[3] M. Feifel et al., Sol. RRL 3 (2019) 1900313. Thomas Hannappel
[4] M. Nandy et al., submitted 2
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Outline

* Interfacial control: /n situ spectroscopy
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Impact on Arsen-precursor on GaP/Si(100) nucleation

2.0 2.5 3.0 3.5 4.0 45
Photon energy / eV

source of As: _
As, clust back d i
s, clusters (background) In situ control of the prevalent

majority

H,C
H (1%2) or (2x1) domain
tertiarybutylarsine (TBAs) 2 H:C
(AsH,, AsH, AsH, As, As,) H vicinal Si(100) substrates: As, > B-type (2x1)  TBAs - A-type (1x2)
H.C *also for Si(100) 2°, 6°
3

A. Paszuk et al., Appl Surf Sci. 462 (2018) 1002
0. Supplie, et al., APL Mater. 3 (2015) 126110.1 US-German WS on

| T T 1 L) I T T T 1 I T T T I 1 T T T I T 1 T A
o [ As-modified Si(100) 4°, 50°C E, =%
ED ]
cooling down in As, | i
@ 1 -
° “"\l
2 o0k ]
\U_)’ n -
n:- T>960°C
2 1k o background | T g8oo°C
o side view Asy TBAs
[100]
[ 2xTBAs on/off
27 at 830°C 7] [011]
I | | | mm

T. Hannappel et al., J. Cryst. Growth 272 (2004) 24 AP, 29.06.21 Thomas Hannappel .
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Impact on Arsen-precursor on
GaP/Si(100) nucleation

[ As-modified Si(100) 0.1°, 50°C | E E. |
r A-type . -
1 :_ yp A\
o m ] O
= 0F .
ER: | |*® i
T 1 ]
© L ]
g | :
e 2} 7
N T b . - » .
-3
4 F

Atomically flat, single domain Si(100):As-(1 %X 2)
surfaces with well ordered, regular double-layer

2% Si(100):As 0.1°
: A-type
= — >
St [011]
N
o 0i 0.14°
RMS 0.87 A I

0 200 400 600 800

Low offcut Si(100) substrates: As, - A-type (1x2) sross section /' nm

A Paszuk et al. US-German WS on

Appl. Surface Sci. Thomas Hannappel
462 (2018) 1002 AP, 29.06.21



P-rich GaP/Si(100):As

A type and B type S|(100) AS 'SOOC ECl;'aP ' . .G;P;S| As'A'type EGaP l o ':
2 —— l L 10 GaP/Si:As B-type -
50°C ] I )
s 1F 1 _. s5F .
'c‘:_b [ ] ::3 \
? 0 4 1= Ofp= ~
€-1F 1 °F
w [ 1w
é 2 [ As-modified: h é"‘o L m b
—— Si(100) 6° B-type ] ke | @Ga (2x1)
3 S|(1 00) 6° A-type E E 15 F oP 011] -like ]
: PR S T T S N 1| 2 N 2. E L m °H )El]
25 3.0 35 4.0 _20'..|.. .|....|....|.I. [ 1
Photon energy [eV] 2.0 2.5 3.0 3.5 4.0 4.5
° 9y Energy [eV]
_~(1x2)-like~
LEED:

> ~q-;i. -

1428V

ILMENAU UNIVERSITY OF
TECHNOLOGY

US-German WS on
AP, 29.06.21

Thomas Hannappel
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Experimental set-up

- - ° - - - \
(reflection anisotropy ultra-high vaccum surface-sensitive techniques
spectrosco RA spectrum "fingerprint" low ener
P Py p rrrr g‘ s XPS X-ray LEED electron % Fourlia-l[:t[risformed

photoelectron  Si 2P |

diffraction  jnfrared spectroscopy

Xe lamp spectroscopy .«
bench  °u Q e\
< ’neﬁ interface *© il v\’\.\._./’
white light —_—— '(’/,) [011]

@ .

101 100 99

w - _\. Si(100):As (1+2)
Binding energy / eV |

-

. STM

scanning
tunneling
microscopy

linearly
polarised

direction

dimerized
surface

. in operando / in situ
\sam : B ‘ ' characterization
N of solid/liquid heterointerface [§

metalorganic chemical
vapor deposition

: 2
19jsueIN

| _ b
—_— T exsitu characterization _——
-

HR-XRD ECCI AFM/SEM ECV tr-PL
iah- i electron channeling atomic force/ electrochemical P
Q_'?all, Ejei?f"rgugt'ﬁ,?, contrast o scanning electron capacitance ume hrgtsg_lved
imaging microscopy voltage profiling Ium'i)nescence
\sample preparation, H, ambient, 50 - 950 mbar/ L crystallinity defect analysis morphology doping profile recombinatiorj
Method: D.E. Aspnes et al., Phys. Rev. Lett. 54 (1985) 1956; J. Vac. Sci. Technol. A6 (1988) 1327 ﬁi )
Review: P. Weightman et al., Rep. Prog. Phys. 68 (2005) 1251 .
32 T. Hannappel et al., Rev. Sci. Instrum. 75 (2004) 1296 The SPIRIT ~ TECHNISCHE UNIVERSITAT

of science ILMENAU



Summary

n,
M = o +KT In N

Mo + Hy = Egc =gy >0

I) Production of appropriate
chemical potentials in CB and VB (voltage)

Il) Exploitation of the sun light

Ill) Spatial transport of electronic excitation
high mobility, low non-rad. recombination

IV) Charge separation: photovoltage ->
transformation of energy

Might be realized with epitaxial
materials, e.g. with IlI-V on Si

S " " EEESas " " S " ® F— +
ne‘ . Lp min > Ca.3/a " H aq/HZ
min
e . . ... Research needed to control interfacial
/ / reactions strain meta-
h balancing morphic

ILMENAU UNIVERSITY OF

GaAs, Py 5

GaAsP
\_grading_/
GaP
Si(001)

GaAs; 5Py 25
grading
GaP

Si(001)

US-German WS on

Thomas Hannappel

TECHNOLOGY

AP, 29.06.21
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