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 Ultralight High-Effi ciency Flexible InGaP/(In)GaAs Tandem 
Solar Cells on Plastic  
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        Paul   Lauro  ,         John A.   Ott  ,         Marinus   Hopstaken  ,         Michael   Gayness  ,             and   Devendra   Sadana      
 Flexible solar cells are envisioned to open up a myriad of pos-
sibilities for enabling new applications in consumer electronics 
and space satellites. [  1–3  ]  Organic and amorphous semiconduc-
tors hold a great promise for realizing bendable and light-weight 
solar cells, largely due to their fairly strong light absorption 
properties, process temperature compatibility with fl exible sub-
strates and potentially inexpensive processing cost. [  4–6  ]  However, 
the poor minority carrier lifetime in these materials, inherent 
to their highly disordered and defective crystalline structure, 
inhibit their use for making high effi ciency and reliable solar 
cells. This limitation becomes more pronounced in applica-
tions with stringent specifi cations in terms of the total area and 
weight of the photovoltaic (PV) module. 

 Conversely, the exquisite optical and electrical properties 
of III–V semiconductors permit the fabrication of extremely 
high-effi ciency solar cells exploiting thin III–V layers. [  7–9  ]  For 
example, multijunction III–V solar cells have currently reached 
 ≥ 36% conversion effi ciency at one sun intensity, for which the 
total thickness of the solar cell structure is  ≤ 10  μ m. [  10  ]  How-
ever, III–V solar cells are conventionally grown on mechanically 
rigid gallium arsenide (GaAs) and germanium (Ge) substrates 
that serve as an epitaxial template. Therefore, the release of thin 
III–V layers from the growth substrate is essential for rendering 
the solar cell structure fl exible. Furthermore, there has been a 
growing interest in exploiting inverted metamorphic structures 
to attain higher conversion effi ciency, in which the removal of 
the solar cell structure from the growth substrate is necessary 
for the proper function of the device. [  7  ,  10  ]  It is also important to 
consider that the use of a viable layer transfer scheme will ide-
ally lead to substantial reduction in material cost by enabling 
(i) substrate reuse and (ii) thinner solar cell structures with poten-
tially higher conversion effi ciency utilizing back refl ectors. [  11  ,  12  ]  

 In order for the widespread adoption of a layer transfer tech-
nology, it should offer process simplicity and compatibility 
with an incumbent solar cell technology, while making it more 
cost-effective. Recently, there has been an enormous effort to 
revive the epitaxial layer lift-off (ELO) technique for separating 
III-V solar cell layers from a GaAs host substrate. [  12–17  ]  This 
technique, in principle, relies on the selective lateral etch of an 
embedded sacrifi cial layer – usually an Al-rich AlGaAs layer. [  18  ]  
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From a practical standpoint, an additional apparatus is required 
to progressively pull the lifted layer away from the host wafer 
while the sample is immersed in the etch solution – generally 
concentrated hydrofl uoric acid. [  14  ]  This is to enhance the inher-
ently slow lateral etch rate of the embedded sacrifi cial layer and 
avoid the sudden halt of the etch process. Hence, these practical 
pitfalls combined with diffi culties in handling the free-standing 
thin layers – particularly fi lm cracking issues during the release 
process – severely hamper the simplicity and applicability of 
this method when larger size wafers are used. 

 We have previously demonstrated the use of our novel layer 
transfer technique, called controlled spalling for realizing thin-
fi lm tandem junction InGaP/(In)GaAs/Ge solar cells rigidly 
bonded on silicon (Si) handle substrates. [  19  ]  This technique 
works based on the propagation of a spalling mode fracture 
inside the substrate parallel to the surface, wherein the frac-
ture front is mechanically guided using a fl exible handle layer 
in a controllable manner. [  20  ,  21  ]  The equilibrium fracture depth 
inside the substrate and the fi nal residual strain in the trans-
ferred fi lm is engineered by adjusting the intrinsic proper-
ties of the stressor layer, which is generally nickel (Ni) owing 
to its superb fracture toughness. Most notably, the Ni stressor 
in conjunction with the fl exible handle layer provides a robust 
mechanical support that remarkably facilitates manipulation of 
very thin layers. The details of the controlled spalling have been 
described elsewhere. [  20  ,  21  ]  

 We report here ultralight fl exible dual-junction InGaP/(In)
GaAs solar cells on plastic with conversion effi ciency  ≥ 28% 
employing the controlled spalling technique. Our solar cells 
exhibit remarkably high specifi c power and excellent stability 
under different bending conditions, thus demonstrating their 
suitability for applications requiring light-weight and high-
effi ciency fl exible PV. Finally, we demonstrate that the integrity 
of the entire device structure is maintained during the layer 
transfer process. 

 An inverted dual-junction InGaP/(In)GaAs solar cell struc-
ture, schematically illustrated in  Figure    1  a, was devised and 
grown on germanium substrates. In this structure, Ge wafer 
serves only as an epitaxial template and is not part of the solar 
cell. However, the growth of an (In)GaAs buffer layer on Ge 
is necessary to terminate anti-phase boundary defects prior to 
the growth of the solar cell structure. Because of slight lattice 
mismatch between GaAs and Ge, it is imperative to incorporate 
precisely 1% indium in GaAs while growing the buffer layer 
and the bottom cell in order to avoid the formation of misfi t dis-
locations. It has been previously reported that the misfi t dislo-
cations result in the degradation of the open circuit voltage ( V  oc ) 
without causing an apparent change in the spectral response 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 566–571
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     Figure  1 .     (a) Schematic illustration of the inverted dual-junction InGaP/(In)GaAs tandem solar cell grown on Ge substrates. (b),(c) Depth profi ling 
SIMS results demonstrating the abruptness of the p-n junctions in (In)GaAs and InGaP cells, respectively.  
of the GaAs cell. [  22  ]  The small indium content of the (In)GaAs 
layer will however prevent the  V  oc  loss as a result of the misfi t 
dislocation formation, while extending the absorption edge to 
slightly longer wavelengths due to its smaller bandgap com-
pared to GaAs. Another important growth consideration for 
dual-junction solar cells is to account for the infl uence of var-
ious growth conditions including growth temperature, growth 
rate, nucleation layer, and Ge miscut angle on the bandgap of 
the top cell and the resulting conversion effi ciency due to the 
ordering related effects in InGaP. [  23  ,  24  ]  Therefore, the growth 
conditions were optimized to obtain a bandgap of 1.86 eV for 
the InGaP absorber layer in the top cell. Furthermore, com-
pared to the upright tandem InGaP/(In)GaAs/Ge solar cells, the 
p-n junctions in the inverted dual junction structure are sub-
jected to larger thermal budget since the thick absorber layers 
are grown after the thin emitter layers. Consequently, 10-nm-
thick unintentionally doped layers were inserted between the 
emitter and absorber regions for both the InGaP and (In)GaAs 
cells to suppress the intermixing of dopants at the junctions 
during the growth. Figure  1 b and c illustrate the secondary ion 
mass spectrometry (SIMS) depth profi ling of dopant atoms at 
the p-n junctions in the (In)GaAs and InGaP cells respectively, 
confi rming the abruptness of the p-n junctions.    

 Figure 2  a–c schematically depicts our fabrication scheme 
for realizing fl exible high-effi ciency solar cells on plastic. First, 
the controlled spalling was performed at room temperature to 
© 2013 WILEY-VCH Verlag GmAdv. Energy Mater. 2013, 3, 566–571
separate the top 14  μ m of the structure from the Ge growth 
substrate, wherein the removed surface layers consists of the 
entire III–V solar cell structure, the buffer layer and  ∼ 7  μ m of 
Ge. It is important to note that the integration of the entirety of 
the elements used for the controlled spalling process into the 
fi nal PV module is appealing because of strong demands for 
reducing the fi nal cost of solar cells. Uniquely, in our fabrica-
tion scheme, the Ni stressor layer that was used for removing 
the solar cell structure from the growth wafer simultaneously 
functions as the back ohmic contact. In addition, a thin poly-
imide tape was utilized as the fl exible handle layer to further 
serve as the support substrate throughout the device fabrication 
process owing to its exceptional high-temperature stability. Next, 
the residual Ge fi lm and the buffer layer were selectively etched 
to expose the (In)GaAs contact layer. A low-temperature fabrica-
tion process ( ≤ 200  ° C) was devised due to the temperature limi-
tation imposed by the polyimide tape. The fabrication process 
involves the formation of the lithographically defi ned front 
contact grid consisting of Pd/Ge/Au/Ag layers (100 Å/400 Å/
1000 Å/3  μ m) with a shadowing loss of  < 2%. The cell area 
was defi ned by chemical mesa etch, followed by annealing at 
175  ° C to form low resistivity ohmic contacts – with specifi c con-
tact resistance of  ≤ 6  ×  10  − 6   Ω .cm 2  – to the n  +   (In)GaAs contact 
layer. [  25  ]  The cell fabrication was completed by selective removal 
of the (In)GaAs layer between metal grid contacts followed 
by the evaporation of a double layer ZnS/MgF 2  antirefl ection 
567wileyonlinelibrary.combH & Co. KGaA, Weinheim



568

C
O

M
M

U
N

IC
A
TI

O
N

www.MaterialsViews.com
www.advenergymat.de

     Figure  2 .     Pictorial representation of the key process steps for making the fl exible III–V solar cells involving (a) controlled spalling to separate the solar 
cell structure from the growth wafer, (b) selective removal of the excess Ge and the buffer layer to expose the solar cell structure, (c) front grid and ARC 
depositions and cell isolation. (d) Photograph of the fi nal 100-mm-diameter fl exible InGaP/(In)GaAs tandem solar cell on plastic.  
coating (ARC) (see Experimental Section for more details on 
the fabrication process). Figure  2 d illustrates the photograph 
of a 100 mm diameter fl exible dual-junction InGaP/(In)GaAs 
solar cells on plastic.  

 Current matching between the top and bottom cells is imper-
ative for achieving the highest total current in series connection 
and is obtained by adjusting the thickness of the top InGaP 
cell. [  26  ]  The inset in  Figure    3  a shows the theoretical calculations 
for the air mass (AM) 1.5 solar spectrum after passing consecu-
tively through  ∼ 30 nm InAlP window layer, and an InGaP layer 
with thickness of 400 and 600 nm, assuming a single pass of 
the light. The absorption coeffi cients for the InAlP and InGaP 
layers were estimated from the equations described by H. Kato 
 et al.  [  27  ]  From these calculations, it was found that  ∼ 48.6 and 
51.4% of the total absorbed solar spectrum by the dual-junction 
solar cell are respectively absorbed in the 400 and 600 nm thick 
top InGaP cells. The remaining photons with an energy ranging 
from 1.405–1.86 eV are subsequently absorbed by the bottom 
cell, assuming an infi nitely thick (In)GaAs absorber layer. In this 
work, the thickness of the bottom cell was chosen to be 3  μ m in 
order to allow the absorption of  > 96% of the incoming photons 
in a single pass of the light, calculated from the Beer-Lambert 
law using the absorption coeffi cient of GaAs. [  28  ]  As a result, 
we have grown and fabricated two fl exible dual-junction solar 
cells (structures A and B) with an InGaP base layer thickness 
of 400 and 600 nm, respectively. Figure  3 a shows the current 
density-voltage ( J–V)  characteristics of the champion fl exible 
cells for the structures A and B, measured under the simulated 
AM 1.5 solar spectrum at one sun intensity. As can be seen, 
the champion cells demonstrate similar conversion effi ciency 
of  ∼ 28.1%. In order to obtain further insight about the current 
matching between the cells, the external quantum effi ciency 
(EQE) of the champion cells were measured (Figure  3 b) and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the integrated current density of the top and bottom cells was 
then estimated for each device from its respective EQE curve. 
The summary of the light  J–V  characteristics for the champion 
cells and their corresponding EQE analysis are listed in  Table    1  . 
The EQE analysis indicates that the  J  sc  in the structures A and 
B is limited by the top InGaP and the bottom (In)GaAs cells, 
respectively. Additionally, the difference in the total integrated 
current density of the top and bottom cells suggests that further 
improvement in  J  sc  can be obtained by tailoring the thickness 
of the InGaP absorber layer in the range of 400 to 600 nm.   

 The specifi c power is considered a key parameter while 
assessing the suitability of a PV technology for light-weight 
applications. The specifi c power of our fl exible dual-junction 
solar cells was calculated to be  > 1995 W/kg, assuming power 
output of 28 mW/cm 2  under AM 1.5 solar spectrum. There-
fore, this remarkably high specifi c power makes our fl exible 
PV devices an attractive candidate for light-weight and high-
effi ciency PV modules. For fl exible electronic applications, 
it is also important to examine the stability and endurance of 
fl exible devices under different bending radii of curvature and 
repeated bending cycles. Bending tests were performed using 
circular cylinders with different radii of curvature (from 10 to 
20 mm), illustrated as the inset in  Figure    4  a. The  V  oc  of the cells 
remained unchanged under tensile bending conditions, while 
the  J  sc  begins to drop as the radius of curvature was reduced, 
shown in Figure  4 a. We surmise that slight change in the 
refl ection properties of the ARC layer is accountable for the 
observed reduction in  J  sc , caused by the change of the light path 
length in the ARC layer over the curved regions. Furthermore, 
the bending endurance of the fl exible dual-junction solar cell 
was successfully demonstrated up to 1000 cycles at the radius 
of 10 mm without any noticeable change in device characteris-
tics, shown in Figure  4 b.  
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 566–571
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     Figure  3 .     (a) Light  J–V  characteristics of the 1cm  ×  1 cm champion fl ex-
ible cells on structures A and B. The inset shows (i) the normalized AM1.5 
spectral irradiance after consecutively passing through (ii) 30 nm InAlP 
layer and InGaP absorber layers with a thickness of (iii) 400 nm and 
(iv) 600 nm. (b) The corresponding EQE data for the devices in (a), illus-
trating the spectral response of individual sub cells.  

     Figure  4 .     Our fl exible solar cells exhibit excellent stability (a) under 
bending at different radii of curvature and (b) repeated bending up to 
1000 cycles.  
 Finally, to elucidate the possible effects of the spalling 
process on the structural and electrical properties of the solar 
cells, we have performed extensive material and electrical 
characterizations. Transmission electron microscopy (TEM) 
© 2013 WILEY-VCH Verlag GmAdv. Energy Mater. 2013, 3, 566–571

   Table  1.     Summary of the light  J–V  and EQE measurements for the cham-
pion fl exible cells on the samples A and B .

Structure  J  sc  
 mA/cm 2 

 V  oc   
mV

FF 
 %

 η  
 %

 J  InGaP cell  a)  
 mA/cm 2 

 J  (In)GaAs cell a)

   mA/cm 2 

A 14.0 2312 86.8 28.1 14.2 14.8

B 13.9 2313 87.4 28.1 15 14.1

    a) ((Current density of individual sub cells estimated from the EQE data shown in 
Figure  3 b.))   
was used to study the structural integrity of the fl exible solar 
cells after spalling.  Figure    5   illustrates the representative cross-
sectional TEM images taken from different parts of the solar 
cell structure, revealing abrupt interfaces and no clear evidence 
of defect formation as a result of the spalling process. It is also 
notable that the electrical characteristics of devices can readily 
provide important information about vital device parameters 
over a large span of a sample. In particular, it is possible to 
verify subtle changes in the intrinsic material properties such 
as minority carrier lifetime in the absorber layer and surface 
recombination velocity at different interfaces using various 
electrical measurements. For example, quantum effi ciency 
measurements can be used as a means to evaluate the front 
and back surface passivation, tunneling junctions and bulk 
minority carrier lifetimes in a solar cell structure by analyzing 
different regions of a quantum effi ciency curve. Furthermore, 
the degradation of material properties as a result of defect for-
mation or channel cracking will directly impact the solar cell 
dark current, which will result in  V  oc  degradation. To investi-
gate the effect of spalling on the electrical properties of the fl ex-
ible solar cells, a monitor sample was prepared by bonding an 
inverted dual-junction solar cell sample on a Si handle wafer 
using a silver-based conductive epoxy, followed by the chemical 
569wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Representative cross-sectional TEM images of the (a) bottom and (b) top portions 
of a fl exible solar cell, indicating the formation of no visible crystalline defects as a result of 
the spalling process.  

     Figure  6 .     Comparison of the (a) light  J–V  and (b) EQE characteristics 
of champion cells on the fl exible and its counterpart monitor samples 
reveals the equivalency of the solar cell devices.  
removal of the Ge wafer and the (In)GaAs buffer layer to expose 
the solar cell structure. The bonded sample then underwent 
similar processing steps as the fl exible solar cells.  Figure    6   
illustrates the comparison of the light  J–V  characteristics and 
the spectral responses for the bonded sample and its fl exible 
counterpart prepared using the controlled spalling process. The 
nearly identical  J  sc  and  V  oc  of the champion cells on both the 
bonded and fl exible samples and their overlapping EQE curves 
confi rm the equivalency of the bonded and fl exible samples. 
The equivalency of the electrical data further suggests that 
the intrinsic material properties throughout the entire fl exible 
solar cell structure have remained unchanged during the layer 
transfer process. It should be noted that the slightly lower fi ll 
factor of the monitor sample compared to its fl exible counter-
part is attributed to the degraded electrical properties of the 
conductive epoxy during the annealing step at 175  ° C.   

 In summary, we have demonstrated light-weight high-effi -
ciency fl exible dual-junction InGaP/(In)GaAs solar cells with 
a conversion effi ciency of  ≥ 28% on plastic, using controlled 
spalling technique. The Ni stressor layer used for the spalling 
process was integrated in our solar cell structure as the back 
ohmic contact to allow further reduction of the PV cost. Fur-
thermore, our fl exible solar cells can be deployed for applica-
tions requiring light-weight PV, owing to their remarkably high 
specifi c power, in excess of 1995 W/kg. The stability of the elec-
trical characteristics of the fl exible solar cells was demonstrated 
under different bending conditions and a large number of 
repeated bending cycles, further highlighting the prospects of 
these devices for applications in high-performance fl exible elec-
tronics. Finally, the comparison of the structural and electrical 
properties of the fl exible solar cells with a monitor sample that 
was prepared by chemical removal of the Ge substrate, revealed 
the equivalency of the devices.  

 Experimental Section 
 Epitaxial growth of the solar cell structures was performed on 100 mm 
diameter (100) Ge substrates with 6 °  miscut angle toward [111] using 
the Veeco’s K475 commercial MOCVD reactor at  ∼ 640  ° C. The InGaP 
etch stop layer was removed in pure hydrochloric acid. The solar cell 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
mesa etch was done using CH 3 -COOH:HNO 3 :H 2 O 
(1:1:5) for 6 minutes. The (In)GaAs contact layer 
was selectively etched in citric acid:H 2 O 2  (7:1). 
The citric acid solution was prepared by dissolving 
anhydrous citric acid powder in de-ionized water 
(1 gram: 1 ml). The ZnS and MgF 2  layers were 
thermally evaporated to a thickness of 54 nm 
and 92 nm, respectively. The Ge substrate for the 
monitor sample was fully removed in hydrogen 
peroxide. The light  J–V  characterization for the 
solar cells was performed using a Xe-based light 
source solar simulator. The one sun illumination 
intensity was calibrated using a Si reference 
cell, measured by National Renewable Energy 
Laboratory. The quantum effi ciency measurements 
were performed using QEX10 system. Secondary 
ion mass spectrometry (SIMS) depth profi les 
were acquired using a magnetic sector Cameca 
Wf Ultra instrument equipped with a fl oating 60 °  
Cs  +   column. Profi les for Si were obtained with a 
1.5 keV Cs  +   ion beam, while analyzing negative 
Si-cluster ions (AsSi  −   and PSi  −   in In x Al y Ga 1-x-y As and 
In x Al y Ga 1-x-y P layers, respectively) at high mass resolution. Profi les for 
inheim Adv. Energy Mater. 2013, 3, 566–571
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Zn were obtained with a 1.5 keV Cs  +   ion beam, while analyzing positive 
CsZn  +   cluster ions. Depth calibration was based on the GaAs erosion 
rate whereas concentration scales were derived using the appropriate 
implant standards in different matrices (i.e. GaAs, InGaP).  
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