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Efficiency potential of tandems on Si!

Si bottom cell!

Independent!
operation of cells!
(4-terminal)!

serially !
connected!
(2-terminal)!

top cell, 
Eg2>1.12eV!

I. Almasouri, JPV, 5, 3 (2015)!

Detailed balance limit for multijunctions on Si!
ALMANSOURI et al.: SUPERCHARGING SILICON SOLAR CELL PERFORMANCE BY MEANS OF MULTIJUNCTION CONCEPT 969

Fig. 3. Maximum efficiency contours under 1 sun AM1.5G (ASTM G173-03) spectrum for dual junction under (a) four-terminal independently connected and
(b) two-terminal series connected configurations, as well as and for triple junction under (c) six-terminal independently connected and (d) two-terminal series
connected configuration with the lowermost subcell in the triple-junction design being Si. A step function absorption profile is assumed for all cells.

operating point [see (1a)]. Under the two-terminal configura-
tions, current of the tandem stack is constrained by the subcell
with the lowest current J , such that the tandem efficiency is
given by (1b). The highest records to date for triple-junction de-
sign under 1 sun AM1.5G and 302 sun, respectively, are 37.9%
and 44.4% [6]

P out =
r∑

i=1

J iV i (1a)

P out = J
r∑

i=1

V i. (1b)

This study reports the potential efficiency limits of tandem
solar cells using the silicon as an active substrate with more
emphasis on a two-junction solar cell stack design. Crystalline
silicon (c-Si) substrate is chosen as it is lightweight, scalable,
available in large wafer size, is nontoxic, and has been a well-
developed technology over the past decades. It has a favorable
bandgap when operating as a single-junction device (see Fig. 1),
and in a double stack [see Fig. 3(a) and (b)]. Currently, typical
substrates for state-of-the-art multijunction solar cells include
Germanium (Ge) [7], Gallium Arsenide (GaAs) [8], and Indium

Phosphide (InP) [9], all of which are more expensive than
Si [10], [11].

II. EFFICIENCY LIMIT

A. Radiative Limit

Application of the principle of detailed balance in the
radiative limit is used to calculate conversion efficiency
limits of single-junction solar cell (see Fig. 1), as well as
multiple-junction multiterminal independently connected and
two-terminal series connected tandem systems [12]–[14]. The
limiting efficiency for infinite tandem is 85.2% [15]. Fig. 3
represents the radiative efficiency limit for two- and three-cell
stacks under AM1.5G (ASTM G173-03) spectrum [2] using
the same method approach in [13] and [14] for multiterminal
devices [see Fig. 3(a) and (c)] and monolithic current-matched
[see Fig. 3(b) and (d)] configurations. The absorptions for each
subcell are assumed to be stepwise functions, whereby photons
with energies above the bandgaps will be fully absorbed, while
those below the bandgap will be fully transmitted. The bandgap
of Si is favorable when it operates as the bottom subcell in
either a four-terminal or two-terminal double stack achieving
efficiency limits above 45% (very close to the maximum

2J	
  

3J	
  



3 

Realizing III-V/Si tandem solar cells	
  

+ Few process steps!
+ Lowest costs !
+ Simple module 

integration!
-  Mismatch of lattice 

(4%) thermal expansion 
coefficients à defects 
in top cell!

- Performance of Si 
subcell can be reduced!
!
!

Epitaxial growth!
!
!

T. Soga et al., J. Cryst. !
Growth (1997)!

eff.= 21.2%!
   (1-sun)!

AlGaAs 
(1.6 eV)!

Si!

Mechanical stacking!
!
!

+  Subcells fabricated 
separately, joined at low T!

+  Any Si bottom cell (textured) 
can be used !

- Lift-off and re-use of growth 
!substrates required!

- Intermediate conductive layer  
   and metal grids 
    à optical losses !

T. Soga et al.,  
J. Crys. Gro. 
1997)!

eff. = 29.6%!
 (350-suns)!

GaAs 
(1.4eV)!

Si!

GaInP !

Si!

eff. = 29.8%!
   (1-sun)!

S. Essig, NREL & 
CSEM, JPV 2016!

Direct wafer-bonding!
!+!Subcells fabricated 
separately, joined at low T!

+!Simpler module integration!
 - Lift-off and re-use of growth 

substrates required!
- !Mirror-polished clean 

surfaces required (RMS < 
0.5nm) à CMP necessary!

AlGaAs 
(1.6 eV)!

Si!

eff.= 25.2%!
    (1-sun)!

K. Tanabe et al.,!
 Sci. Rep. (2012)!

GaInP !

Si!

GaAs !

eff. = 30.0% !
(112-suns)!

S. Essig et al.,!
 IEEE JPV 
(2015)!

NREL	
  is	
  working	
  on	
  all	
  three	
  approaches	
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Mechanically stacked GaInP/Si tandem solar cells!

[Photo by Dennis Schroeder]! S. Essig et al., IEEE JPV 2016!
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Characteristics of GaInP/Si tandem cell (1 Sun)!

cell JSC [mA/cm2] VOC [mV] FF [%] eff. [%] 

GaInP top cell 14.15 1456 87.9 18.1 ± 0.5 
bottom cell when 
top cell at VOC 23.53 678 75.9 12.1 ± 0.4 

bottom cell when 
top cell at Jsc 

22.68 677 76.0 11.7 ± 0.4 

bottom cell when 
top cell at Pmpp 

22.70 677 76.2 11.7 ± 0.4 

cumulative eff. 29.8 ± 0.6 

NREL certified 
JV curves, !
A=1.006 cm2!
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GaInP 
cell!

Si cell!

Si cell 
before 
stacking!

S. Essig et al., IEEE JPV 2016!
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Developing	
  new	
  transparent,	
  conducEve	
  adhesives	
  
(TCA)	
  for	
  mechanically	
  stacked,	
  two-­‐terminal	
  tandems	
  

ConducEve	
  Adhesives	
  for	
  2T	
  Stacked	
  Tandems	
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TCA 

Promising	
  iniEal	
  properEes	
  demonstrated	
  
•  Next:	
  iniEal	
  devices,	
  modeling	
  in	
  Sentaurus	
  Device	
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Realizing III-V/Si tandem solar cells	
  

+ Few process steps!
+ Lowest costs !
+ Simple module 

integration!
-  Mismatch of lattice 

(4%) thermal expansion 
coefficients à defects 
in top cell!

- Performance of Si 
subcell can be reduced!
!
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Epitaxial growth!
!
!
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+  Subcells fabricated 
separately, joined at low T!
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!substrates required!

- Intermediate conductive layer  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Direct wafer-bonding!
!+!Subcells fabricated 
separately, joined at low T!

+!Simpler module integration!
 - Lift-off and re-use of growth 

substrates required!
- !Mirror-polished clean 

surfaces required (RMS < 
0.5nm) à CMP necessary!

AlGaAs 
(1.6 eV)!

Si!

eff.= 25.2%!
    (1-sun)!

K. Tanabe et al.,!
 Sci. Rep. (2012)!

GaInP !

Si!

GaAs !

eff. = 30.0% !
(112-suns)!
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 IEEE JPV 
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NREL	
  is	
  working	
  on	
  all	
  three	
  approaches	
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GaP	
  NucleaEon	
  on	
  AsH3	
  pretreated	
  Si	
  	
  

•  Reciprocal	
  space	
  maps	
  show	
  
that	
  ~75nm	
  film	
  is	
  coherently	
  
strained	
  	
  
•  No	
  significant	
  relaxaEon	
  

through	
  misfit	
  dislocaEons	
  
•  Visible	
  Pendellsung	
  fringes	
  

indicates	
  flat	
  interface	
  
224(GI)	
  RSM	
  

E.	
  Warren,	
  et	
  al.	
  APL.	
  107,	
  8	
  (2015)	
  

•  Cross-­‐secEon	
  TEM	
  shows	
  flat	
  GaP/Si	
  
interface	
  

•  Plan-­‐view	
  TEM	
  
o  No	
  APDs	
  observed	
  (upper	
  limit	
  6	
  x105	
  cm-­‐2)	
  
o  No	
  misfit	
  dislocaEons	
  observed	
  (upper	
  limit	
  
2	
  x106	
  cm-­‐2)	
  	
  

Si	
  

GaP	
  

HRTEM	
  

Goal:	
  Incorporate	
  in	
  metamorphic	
  tandem	
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SelecEve	
  Area	
  Growth	
  of	
  GaAs	
  on	
  Si	
  

Silicon master! PDMS stamp! Patterned sol gel 
SiO2 on Si samples!

Goal:	
  Cheap	
  III-­‐V/Si	
  triple	
  
juncEon	
  
•  Compress	
  graded	
  buffer	
  into	
  

nanometers	
  using	
  nanoscale	
  
aspect	
  raEo	
  trapping	
  

•  Enable	
  Si	
  surface	
  passivaEon	
  
•  Use	
  sob	
  nanoimprint	
  

lithography	
  for	
  cheap	
  large-­‐
area	
  nanopacerning	
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Nanoscale	
  selecEve	
  area	
  growth	
  of	
  GaAs	
  on	
  Si	
  

SiO2!

Pt!

GaAs!

Si!

GaAs!
Si!

GaAs grows selectively, is 
epitaxial and partially relaxed!

Next	
  steps:	
  opEmize	
  growth,	
  pacerns	
  
for	
  high	
  quality	
  GaAs	
  devices	
  on	
  Si	
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Moving	
  to	
  ternary	
  basis	
  increases	
  tunability,	
  phase	
  space	
  
•  Nitrides:	
  materials	
  in	
  visible	
  space	
  
•  Phosphides:	
  materials	
  lafce	
  matched	
  to	
  Si	
  

Beyond	
  III-­‐Vs:	
  II-­‐IV-­‐V2	
  materials	
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Growing	
  films	
  of	
  a	
  new	
  material	
  is	
  hard	
  
è Start	
  by	
  using	
  bulk	
  samples	
  
Measured	
  PV	
  properEes	
  of	
  bulk	
  single	
  
crystals	
  in	
  a	
  photoelectrochemical	
  
configuraEon	
  
•  Conversion	
  efficiency	
  ~	
  1%	
  
•  Limited	
  by	
  parasiEc	
  absorpEon	
  in	
  

soluEon,	
  wide	
  band	
  gap	
  
•  High	
  Voc	
  measured	
  –	
  shallow	
  defects	
  

ZnSiP2	
  –	
  Possible	
  Top	
  Cell	
  Material	
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A.	
  MarEnez	
  et	
  al.,	
  Energy	
  Environ.	
  Sci.	
  9,	
  1031	
  2016	
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II-­‐IV-­‐V2	
  film	
  growth:	
  Methods	
  

2.52.01.51.0
Energy (eV)

0.40
1x1020 cm-3

0.60

0.55

0.50

0.45

0.40

Zn
/(Z

n+
Sn

)

103
2
4

104
2
4

105

Ab
s.

 C
oe

ff.
 (c

m
-1

)

2.52.01.51.0
Energy (eV)

0.40
2x1020 cm-3

103
2
4

104
2
4

105

Ab
s.

 C
oe

ff.
 (c

m
-1

)

0.60

160°C

9x1018 cm-3

103

104

105

Abs. C
oeff. (cm

-1)

230ºC

0.60
3x1018 cm-3

(a)

(c)

(b)

(f)

(e)

(d)

2.52.01.51.0
Energy (eV)

0.40
1x1020 cm-3

0.60

0.55

0.50

0.45

0.40

Zn
/(Z

n+
Sn

)

103
2
4

104
2
4

105

Ab
s.

 C
oe

ff.
 (c

m
-1

)

2.52.01.51.0
Energy (eV)

0.40
2x1020 cm-3

103
2
4

104
2
4

105

Ab
s.

 C
oe

ff.
 (c

m
-1

)

0.60

160°C

9x1018 cm-3

103

104

105

Abs. C
oeff. (cm

-1)
230ºC

0.60
3x1018 cm-3

(a)

(c)

(b)

(f)

(e)

(d)

280
260
240
220
200
180

G
ro

w
th

 T
em

pe
ra

tu
re

 (º
C

)

106
107
108
109
1010
1011

Log(Intensity)

Lo
g(

In
te

ns
ity

)
Lo

g(
In

te
ns

ity
)

45403530
2Θ(degrees)

Pna21

300ºC

160ºC

(a)$

(c)$

(b)$

10

2

4

6
8

100

2

4
6
8

1000

2

 In
te

ns
ity

 (a
.u

.)
10080604020

 2θ (˚)

ZnSiP2 (004)

Si substrate (400)

ZnSiP2  (008)

Combinatorial	
  Spucering	
   Epitaxial	
  Growth	
  on	
  
Oriented	
  Substrates	
  

A.	
  Fioref	
  et	
  al.,	
  J.	
  Mat.	
  Chem.	
  C	
  3,	
  11017	
  2015;	
  see	
  also	
  talk	
  by	
  A.	
  Zakutayev	
  on	
  Oct.	
  18	
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Advanced	
  CharacterizaEon:	
  

CollaboraEons	
  

Theory:	
  S.	
  Lany,	
  V.	
  Stevanović	
  
(NREL)	
  

Phase	
  space,	
  
anEsite	
  
formaEon	
  
energies	
  

MarEnez	
  et	
  al.,	
  Energy	
  
Environ.	
  Sci.	
  2016	
  

MoEf-­‐based	
  
disorder	
  model	
  

(002) 

Stannite 

Qualitatively Different Resonant 
Behavior for Different Phases. 

Kesterite Zn 

Cu 

 CZTS is a promising inorganic PV material 

 Indium-free material made from earth-abundant elements  

 Identifying the Kesterite phase from routine diffraction methods is impractical  

 Resonant diffraction may be used to distinguish such closely-related phases  

BL 2-1: Resonant Diffraction for CZTS 

HR-­‐XRD,	
  
Resonant	
  X-­‐ray:	
  
site	
  disorder	
  
(M.	
  Toney,	
  SSRL)	
  

@	
  SLAC:	
  

@	
  NREL:	
  
•  Photoelectrochemical	
  measurements	
  
•  Microscopy:	
  TEM,	
  etc	
  
•  XPS	
  
•  Raman,	
  PL,	
  TRPL	
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LogisEcs	
  
•  Time	
  frame:	
  at	
  least	
  3	
  months,	
  up	
  to	
  several	
  years	
  

o  Currently:	
  6	
  students	
  doing	
  their	
  PhD	
  work	
  with	
  me,	
  all	
  
plan	
  to	
  spend	
  at	
  least	
  2	
  years	
  at	
  NREL	
  

•  Start	
  date:	
  Summer	
  2017	
  or	
  later	
  

Contact:	
  
Adele	
  Tamboli	
  –	
  adele.tamboli@nrel.gov	
  	
  
-­‐	
  (any	
  topic	
  covered	
  here)	
  
Emily	
  Warren	
  –	
  emily.warren@nrel.gov	
  	
  
-­‐	
  (III-­‐V/Si	
  growth,	
  tandem	
  device	
  modeling)	
  


