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 Optical Absorption Enhancement in Freestanding 
GaAs Thin Film Nanopyramid Arrays   
 Although III–V compound semiconductor multi-junction cells show the highest 
effi ciency among all types of solar cells, their cost is quite high due to expensive 
substrates, long epitaxial growth and complex balance of system components. To 
reduce the cost, ultra-thin fi lms with advanced light management are desired. Here 
effective light trapping in freestanding thin fi lm nanopyramid arrays is demon-
strated and multiple-times light path enhancement is realized, where only 160 nm 
thick GaAs with nanopyramid structures is equivalent to a 1  μ m thick planar 
fi lm. The GaAs nanopyramids are fabricated using a combination of nanosphere 
lithography, nanopyramid metal organic chemical vapor deposition (MOCVD) 
growth, and gas-phase substrate removal processes. Excellent optical absorption 
is demonstrated over a broad range of wavelengths, at various incident angles and 
at large-curvature bending. Compared to an equally thick planar control fi lm, the 
overall number of photons absorbed is increased by about 100% at various incident 
angles due to signifi cant antirefl ection and light trapping effects. By implementing 
these nanopyramid structures, III–V material usage and deposition time can be 
signifi cantly reduced to produce high-effi ciency, low-cost thin fi lm III–V solar cells. 
  1. Introduction 

 III–V material has been widely used in optoelectronic devices 
such as solar cells, light emitting diodes, lasers and detectors, 
due to the advantages of their direct bandgap, wide spectral 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheiwileyonlinelibrary.com
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coverage with matched lattice, and excel-
lent absorbing and emitting properties. 
State-of-art III–V compound semicon-
ductor multijunction cells have demon-
strated the highest effi ciencies among 
all types of solar cells. [  1  ,  2  ]  A record high 
effi ciency of 43.5% was achieved recently 
by Solar Junction. [  2  ]  The application of 
these cells, however, are limited to high 
concentration systems because of their 
high cost. If their cost can be reduced, 
large area application of high effi ciency 
III–V solar panels might be possible and 
could have a signifi cant impact on solar 
technologies. The high cost of III–V 
compound semiconductor solar cell is 
mainly from two aspects: one is from 
substrates such as GaAs or Ge. These 
wafers are usually over 10 times more 
expensive than Si wafers. To reduce the 
cost, III–V thin fi lm epitaxial lift-off 
technology has been developed to release 
the solar cell device from the substrate, which can then 
be reused for successive growths. [  3–5  ]  Such a thin fi lm also 
increases the cell effi ciency due to enhanced optical confi ne-
ment [  5  ]  and higher carrier density. [  6  ]  With the epitaxial lift 
off technique, a single junction GaAs solar cell achieved a 
record effi ciency of 28.1%. [  2  ,  6  ]  The second main cost of III–V 
cells is from the epitaxial deposition using metal organic 
chemical vapor deposition (MOCVD) or molecular beam epi-
taxy (MBE). A typical III–V solar cell requires a thickness of 
several micrometers to absorb all of the incoming photons. 
The growth time for such a cell can be several hours. To save 
the epitaxial growth material and to increase the throughput 
of the MOCVD or MBE growth, it is desirable to reduce 
the thickness of these solar cell layers, which requires light 
absorption enhancement techniques. Adding back-refl ecting 
metal reduces the epitaxial layer thickness by about 30% 
while retaining the photocurrent and the overall effi ciency 
of a single junction GaAs thin fi lm cell. [  5  ]  However, reducing 
the epitaxial thickness to 1  μ m or less would result in a sig-
nifi cant loss of absorption. Therefore, new light trapping 
engineering strategies are needed to improve the absorption 
in order to further reduce the epitaxial growth thickness to a 
few hundred nanometers. 

 Nanostructures, such as nanowires, [  7–10  ]  nanorods [  11  ]  
and nanocones [  12  ,  13  ]  have been proposed to enhance light 
m Adv. Energy Mater. 2012, 2, 1254–1260
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    Figure  1 .     Schematic illustration of GaAs nanopyramid thin fi lm fabrication. a) Silica nanospheres assembled into a close-packed monolayer on an 
epi-Ge substrate. b) Shrunk nanospheres. c) Ge nanopillars. d) Ge nanopyramids. e) GaAs-Ge core-shell nanopyramids. f) A fl ipped sample of GaAs-
Ge core-shell nanopyramids attached to PDMS superstrate exposed to XeF 2  gas etching environment. g) A GaAs nanopyramid thin fi lm on PDMS 
superstrate after substrate removal.  
absorption and improve solar cell effi ciencies in c-Si, CdTe, 
a-Si, etc. These nanostructures provide antirefl ection coating 
and absorption enhancement effects. Their three-dimensional 
design decouples light absorption and carrier separation, 
thus increasing internal quantum effi ciency. [  14  ]  Although 
generally the taper shape is more effective in absorption than 
straight pillars due to the more gradual change of average 
refractive index, optimal nanostructures may vary in different 
photovoltaic materials. Material properties, such as crystal 
structures, absorption coeffi cients and minority carrier dif-
fusion lengths need to be considered in optimizing nano-
structures for both light management and overall solar cell 
performance. 

 For III–V compound semiconductors, crystalline quality can 
signifi cantly affect the minority carrier life time. Therefore, 
maintaining good crystalline quality during nanoscale light 
trapping engineering is important. A recent study on GaAs cell 
uses vertical core-shell nanopillars to deomonstrate the concept 
of nanostructures in III–V phtovoltaics. [  15  ]  However, these nan-
opillars are on bulk substrate, not tapered and require e-beam 
lithography to fabricate. 

 In this paper, we introduce nanopyramids [  16  ]  in III–V thin 
fi lms. Compared to previously reported nanostructures in 
III–V solar cells, [  15  ,  17  ]  the nanopyramid thin fi lm not only 
provides an adiabatic change of the effective refractive index 
at the front side, but also provides additional trapping from 
the confi nement of backside nanostructures. Therefore, 
optical absorption in GaAs thin fi lms can be signifi cantly 
improved by implementing nanopyramids. In addition, 
nanopyramids preserve clear crystalline facets that indicate 
low defect density thus low non-radiative recombination rate 
desired in high effi ciency single crystal III–V solar cells. 
Such nanopyramids could potentially reduce the thickness of 
the epitaxial absorbing layers in III–V solar cells by an order 
of magnitude to only a few hundred nanometers thus reduce 
the total cost.   
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 1254–1260
 2. Results and Discussion  

 2.1. GaAs Nanopyramid Thin Film Fabrication 
and Characterization 

 To prepare nanopyramid epitaxial germanium templates for 
GaAs growth, a 2  μ m Ge buffer layer was fi rst epitaxially grown 
on a 10 mm Si (100) wafer by chemical vapor deposition. This 
strain relaxed Ge epitaxial layer is lattice-matched to GaAs and 
shows a modest defect density of around 1  ×  10 8  cm  − 2  .  [  18  ]  We 
then apply silica nanosphere lithography, which is schemati-
cally illustrated in  Figure    1  a–d with corresponding scanning 
electron microscope (SEM) images of each step in  Figure    2  a–d, 
to fabricate Ge nanopyramid template. First, a monolayer of 
silica nanospheres was uniformly assembled on top of the 
epi-Ge substrate by spin coating (Figure  1 a and  2 a). These 
silica nanospheres were then decreased in size by oxide reac-
tive ion etching (Figure  1 b and  2 b). Using these smaller silica 
nanospheres as an etching mask, Ge epitaxial layer was selec-
tively etched down forming nanopillars of 500 nm in height 
and 200 nm in diameter (Figure  1 c and  2 c). After removing 
the silica nanosphere residue with dilute hydrofl uoric acid and 
30 sec wet etching in a nitric acid and hydroperoxide water 
solution, Ge nanopyramids (Figure  1 d and  2 d) were formed.   

 A thin GaAs layer (Figure  1 e) was then grown on the these 
nanopyramid templates by metal organic chemical vapour dep-
osition (MOCVD). [  19  ]  The nanopyramid growth condition was 
optimized to maintain uniform initial nucleation of GaAs on 
top of the 3D nanostructured Ge while providing suffi cient sur-
face mobility to maintain good crystal quality. After the MOCVD 
growth, GaAs/Ge core-shell nano-pyramids were observed and 
characterized with SEM (Figures  2 e,f,  Figures    3  a,c,d). Figure  2 e 
shows a 45 °  SEM image of these nano-pyramids with clear 
facets indicating excellent crystalline quality. A cross-section 
view of a single GaAs-Ge core-shell pyramid is demonstrated 
1255bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  2 .     Scanning electron microscope (SEM) images of fabrication steps of GaAs nanopyramid thin fi lms. All scale bars are 500 nm. a) 650 nm-
diameter silica nanospheres assembled into a close packed monolayer on an epi-Ge substrate. b) Shrunk nanospheres. c) Ge nanopillars. d) Ge 
nanopyramids. e) 45 °  view of GaAs-Ge core-shell nanopyramids. f) Top view of GaAs-Ge core-shell nanopyramids. g) Front side morphology of a 
freestanding GaAs nanopyramids fi lm. h) Backside morphology of GaAs nanopyramid fi lm on PDMS superstrate.  

    Figure  3 .     The zoomed-in structures of a single GaAs nanopyramid. All 
scale bars are 500 nm. a) SEM cross-section image of a GaAs/Ge core-
shell nanopyramid. b) schematic structure of the side cross section image 
of a GaAs/Ge core-shell nanopyramid for simulation. c) top view SEM 
image of a GaAs/Ge core-shell nanopyramid. d) SEM image of backside 
of GaAs nanopyramid after substrate removal. e) schematic top view of 
a single nanopyramid structure. The inner pyramid is hollow, with a 90 °  
rotation offset to the outer pyramid.  
in Figure  3 a. A top view of a nanopyramid array is shown in 
Figure  2 f. These GaAs/Ge core-shell nanopyramid arrays can 
potentially enable the integration of III–V solar cells, LEDs, 
lasers and other optoelectronic devices on silicon substrates.  

 To fabricate the freestanding GaAs thin fi lm of nanopyramid 
arrays, we remove the Ge/Si substrate with a gas-phase etching 
process. Traditional epitaxial lift-off approaches require a sac-
rifi cial AlAs layer which can be selectively removed through 
immersion in hydrofl uoric (HF) acid. [  3–5  ]  However, HF attacks 
AlGaAs layers with high aluminum content. A recently pro-
posed III–V epitaxial lift-off method uses epitaxial Ge as a 
sacrifi cial layer and XeF 2  gas for selective etching. [  20  ]  This 
method eliminates the need for immersion in HF solution, 
© 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
provides faster etching rate and preserves high aluminum con-
tent AlGaAs. In our GaAs thin fi lm fabrication, the substrate 
was removed using the same gas phase etching in this lift-off 
process as illustrated in Figure  1 f. The GaAs on Ge/Si substrate 
was fi rst fl ipped with the GaAs nanopyramids side bonded to a 
Polydimethylsiloxane(PDMS) superstrate, a transparent fl exible 
polymer fi lm, [  11  ]  by Van der Waals force. The Ge/Si was then 
etched away by XeF 2  gas, leaving GaAs nanopyramid thin fi lm 
on the PDMS superstrate. Figure  2 g and h show the front side 
and the back side of a free-standing GaAs nanopyramid fi lm, 
respectively. To make a comparison, a GaAs planar control fi lm 
was grown on a planar Ge/Si substrate in the same MOCVD 
run followed by the same transfer process. 

 A cross-sectional SEM view of a single GaAs nanopyramid is 
shown in Figure  3 a. The cross-sectional structure is a double-
sided nanostructure after the Ge core is removed, as schemati-
cally illustrated in Figure  3 b. This double-sided nanostructure 
is new in light trapping which will be discussed in the next sec-
tion. By comparing SEM images of the front side (Figure  3 c) 
and the backside (Figure  3 d) of a single GaAs nanopyramid, 
one observes a 45 °  rotation offset between the inner and outer 
nanopyramids (Figure  3 e). This offset is likely due to the dif-
ference in preferred facet orientations during Ge wet etching 
and during GaAs MOCVD growth. According to the measured 
dimensions in Figure  3 , the average thickness of the nanopyr-
amid fi lm is calculated as the total volume of a nanopyramid 
divided by its footprint area. The nanostructured fi lm and the 
planar fi lm are both 160 nm thick. Structures in Figure  3 b and 
3e are also used for optical absorption simulation of the GaAs 
nanopyramid fi lm in the next section.   

 2.2. Optical Absorption Measurements 

 The photograph in  Figure    4  a shows a 160 nm thick GaAs nano-
pyramid thin fi lm embedded in a PDMS transparent fi lm. The 
thin fi lm can be bent to a curvature larger than 1 cm  − 1  without 
cracking. Absorption measurements on a GaAs nanopyramid 
fi lm and its planar counterpart were taken using a standard inte-
grating sphere system. As shown in Figure  4 b, under normal 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 1254–1260
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    Figure  4 .     a) Photograph of a hand-bent GaAs nanopyramid fi lm embedded 
in PDMS. b) Measured absorption spectra on samples of GaAs nanopyr-
amid fi lm embedded in PDMS and GaAs planar control fi lm in PDMS at 
1 cm  − 1  curvature versus at no bending. PDMS fi lm itself is highly trans-
parent. c) Absorption Enhancement: percentage improvement of absorp-
tion from the GaAs planar fi lm to the nanopyramid fi lm.  
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incidence, the GaAs nanopyramid sample exhibits a higher 
absorption than its planar counterpart over a broad spectrum 
of 400 nm to 1100 nm. At the short wavelengths from 400 nm 
to 600 nm, the enhancement (Figure  4 c) is about 30%, which 
is largely due to the antirefl ection effect caused by the gradient 
change of refractive index from air to the GaAs nanopyramids. 
The enhancement increases dramatically at longer wavelengths 
from 700 nm to 870 nm, reaching over 300%. At long 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 1254–1260
wavelengths, the absorption length is signifi cantly increased 
due to the light guiding effect that couples the free space mode 
in air to a waveguide mode in the nanopyramid fi lm. The 
absorption is not affected by a fi lm curvature of approximately 
1 cm  − 1  (Figure  4 b). The fl exibility and light weight in such GaAs 
nanopyramid fi lms enable easy transportation and installations 
that could further reduce the fi nal solar system installed cost.  

 To ensure that all the absorption is in GaAs, the absorption 
spectrum of a PDMS superstrate was also measured (Figure  4 b). 
The PDMS superstrate has almost zero absorption over the 
whole spectrum despite small peaks of  ∼ 3% at 910 nm; there-
fore, it does not contribute to the absorption of the GaAs thin 
fi lms except small peaks at 910 nm and 1020 nm. Fabry-Perot 
oscillations in absorption are observed on the planar control 
sample while the nanopyramid fi lm shows fl at broad-band 
absorption. These oscillations arise from the interference from 
the refl ected and transmitted light at the two parallel interfaces 
between GaAs fi lm and air. The red shift of peak positions with 
increasing incident angle are not signifi cant because the optical 
modes inside the thin fi lm for different incident angles are 
similar due to the large refractive index contrast. 

 Without a tracking system, solar cell performance at off-
normal incident angles can signifi cantly reduces overall elec-
tricity production throughout a day. Therefore, it is critical to 
maintain high absorption at large incident angles.  Figure    5  a and 
b show the absorption spectra at incident angles from 10 °  to 80 °  
off normal incidence for the nanopyramid fi lm and its planar 
control, respectively. At all incident angles and all wavelengths, 
the nanostructured GaAs fi lm exhibits signifi cant improve-
ment in absorption over the planar fi lm. To further investigate 
the absorption loss at large incident angles, absorptance versus 
incident angle curves at wavelengths of 400 nm, 550 nm and 
700 nm are plotted in Figure  5 c,d,e. Both the GaAs nanopyr-
amid fi lm and planar fi lm degrade in absorption at large inci-
dent angles. However, the enhancement ratio of absorption in 
the nanopyramid fi lm to the planar control increases at off-
normal incident angles and reaches maximum at around 50 ° . 
In Figures  5 c–e absorption curves of nanopyramid drop less in 
percentage from 10 °  to higher angles compared to their planar 
counterpart. Thus, nanopyramid fi lm is less sensitive to large 
incident angles. With the wider angle acceptance, additional 
electricity could be produced over a whole day by a nanopyr-
amid thin fi lm solar cell in a system without sun tracking.  

 Total number of absorbed photons for both nanopyramid and 
planar fi lms was calculated by multiplying the air mass 1.5 direct 
(AM1.5D) standard spectrum with the experimental data of 
absorption from 350 nm to 1100 nm at different incident angles. 
The percentage improvement in total numbers of photo ns 
absorbed by the nanopyramid fi lm compared to the planar 
fi lm at various incident angles are shown in Figure  5 f. At 10 °  
off normal incidence, the overall number of photons absorbed 
by the nanostructured fi lm is 83% more than the planar con-
trol. At about 40 ° , the enhancement is more than 100%. There-
fore, if fabricating the 160 nm nanopyramid fi lm into a solar 
cell, the photocurrent can be expected to be increased accord-
ingly by approximately 100% compared to its planar counterpart 
assuming the same internal quantum effi ciency. 

 For a numerical comparison, the absorption enhancement 
has been calculated using a rigorous coupled-wave analysis 
1257bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  5 .     a) Measured absorption on GaAs planar control fi lm on PDMS at various incident angles and wavelengths. b) Measured absorption on a 
GaAs nanopyramid fi lm on PDMS transparent superstrate at various incident angles and wavelengths. c,d,e) Measured absorption on sample of GaAs 
nanopyramid fi lm and its planar control at different angles of incidence at 400 nm, 550 nm, 700 nm, respectively. f) Percentage increase of total number 
of photons absorbed by nanopyramid fi lm compared to that by planar fi lms at various incident angles.  
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(RCWA) method. [  21–23  ]  This method provides an exact three-
dimensional solution of Maxwell’s equations for the experi-
mental device geometry. The results have been averaged over 
both s and p polarizations for incident plane waves. The dimen-
sions of the simulated nanopyramid are shown in Figure  3 b 
and e, the side view and top view, respectively. The period of 
the nanopyramid arrays is 700 nm. The dielectric constants of 
GaAs are taken from tabulated experimental data, [  24  ]  and modi-
fi ed under the assumption that the active material is doped 
with germanium. [  25  ]   Figures    6  a,b show experimental and simu-
lation values of absorption on 160 nm thick GaAs nanopyramid 
fi lm and on 160 nm GaAs planar fi lm at incident angles of 10 ° , 
8 © 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
40 °  and 80 ° . The calculated values match well with the experi-
mental data. For the planar structure, the absorption decreases 
quickly as the incident angle is increased. However, in the nan-
opyramid structure, from normal incidence to 60 °  incidence, 
the total absorption over the entire spectrum decreases by only 
5%. Compared to experimental curves for the planar fi lm, the 
simulation shows more prominent oscillatory features that 
come from interferences at GaAs/PDMS and GaAs/Air inter-
faces. These features are somewhat averaged out in the experi-
ment due to variance in actual thickness.  

 The physical mechanisms of absorption enhancement 
include anti-refl ection and light trapping. On one hand, the 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 1254–1260
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    Figure  6 .     Experimental and simulated absorption on GaAs nanopyramid 
and planar fi lms at various incidence angles. a) Experimental measure-
ment of absorption on 160 nm thick GaAs nanopyramid fi lm and on 
160 nm GaAs planar fi lm at incident angles of 10 ° , 40 °  and 80 ° . b) Calcu-
lated value of absorption on 160 nm thick GaAs nanopyramid fi lm and on 
160 nm GaAs planar fi lm at incident angles of 10 ° , 40 °  and 80 ° .  
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nanopyramid structure essentially provides a gradual change 
of refractive index that greatly reduces the refl ection. Simula-
tion shows that the absorption of the nanopyramid structure 
is equivalent to a planar structure of 1  μ m thickness, that is, 
approximately 57% of total number of incident photons, of 
which 33% of the loss is due to refl ection of the incident wave, 
and the other 10% to imperfect absorption. On the other hand, 
the nanopyramid structure enhances the absorption at long 
wavelengths. Numerical calculations show that even assuming 
perfect antirefl ection for the planar fi lm, a thickness of 400 nm 
is still needed to match the absorption of the 160 nm nano-
pyramid counterpart. Therefore, the improvement is not only 
from the antirefl ection effect of the front side, but also from 
the help of the backside nanostructures. The backside nano-
structures are conformal with the front side nanopyramids, 
forming double-sided, waveguide-like nanostructures. These 
© 2012 WILEY-VCH Verlag GmbAdv. Energy Mater. 2012, 2, 1254–1260
double-sided nanostructures couple the light effi ciently into 
horizontally propagated modes, thus increase the effective 
optical path length of long wavelength light to multiple times of 
the actual fi lm thickness.    

 3. Conclusion 

 In summary, GaAs thin fi lm nanopyramid arrays on fl exible 
transparent superstrates are demonstrated for the fi rst time 
to the authors’ knowledge. These nanostructures demonstrate 
excellent optical absorption properties. Without antirefl ection 
coatings, the 160 nm GaAs nanopyramid fi lm absorbs signifi -
cantly more light than its planar control fi lm with equal thick-
ness over a broad range of wavelengths, at various incident 
angles and at large bent curvatures. The 160 nm nanopyramid 
fi lm is optically equivalent to 1  μ m planar fi lm without antire-
fl ection coatings or 400 nm planar fi lm assuming perfect antire-
fl ections. The front side of these nanopyramids suppresses 
refl ection through a gradual change of the effective refractive 
index while the backside nanostructures enhance absorption by 
forming waveguide confi nement together with the front side to 
guide and trap long wavelength light. By combining the ben-
efi ts of high absorption, high fl exibility, low weight and low 
material cost, the nanopyramid thin fi lm may lead to the next 
generation of high-effi ciency and low-cost III–V photovoltaic 
systems.   

 4. Experimental Section 
  GaAs nanopyramid thin fi lm transfer : A 0.5 cm 2  sample of nanopyramid 

GaAs on Ge/Si substrate was fi rst fl ipped with the GaAs nanopyramids 
side attached to a PDMS fi lm by Van der Waals force. The substrate was 
etched with XeF 2  gas in a Xactix etcher. After being periodically exposed 
to 3.0 Torr XeF 2  gas for 30 sec each cycle and 120 cycles in total, the Ge/
Si was completely etched away, leaving the nanopyramid GaAs thin fi lm 
attached fi rmly on the PDMS superstrate. 

  Absorption measurements : Absorption measurements of the two 
samples were taken using a standard integrating sphere system. A 
tungsten lamp coupled with a monochromator was used as the light 
source with a wavelength range of 300 nm to over 1100 nm. Incident 
light enters the sphere through a small port and illuminates the sample 
mounted in the center of the sphere. In order to keep all the refl ected 
light inside the sphere, the sample was tilted by a small angle ( < 5 ° ) for 
the normal incidence measurement. The refl ected and transmitted light 
was scattered uniformly by the interior sphere wall. A silicon detector 
mounted at the back of the sphere produces a photocurrent of all the 
non-absorbed photons. Before measuring the samples, a photocurrent 
spectrum was taken for the empty sphere, serving as a reference. Another 
photocurrent spectrum was then taken after mounting the sample in the 
sphere. The ratio of these two photocurrent responses gives the total 
amount of refl ectance R( λ ) and transmittance T( λ ) of the thin fi lm. 
Absorptance A( λ ) can then be obtained by A( λ )  =  1  −  R( λ )  −  T( λ ). In 
order to eliminate systematic errors due to the possible intensity drift of 
the light source, a reference diode was used to monitor and compensate 
for such changes. Errors were controlled and reassured to be within 1%. 
For measurement on bent fi lms, curvatures were created by mounting 
the fi lms onto a transparent 10 mm diameter tube. For incident angle 
dependence measurements, the sample was rotated from 10 °  to 80 °  
with 10-degree steps.   
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