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From the Contents

 Integrating devices with nanostructures is considered a 
promising strategy to improve the performance of solar energy 
harvesting devices such as photovoltaic (PV) devices and photo-
electrochemical (PEC) solar water splitting devices. Extensive 
efforts have been exerted to improve the power conversion 
effi ciencies (PCE) of such devices by utilizing novel nanostructures 
to revolutionize device structural designs. The thicknesses of light 
absorber and material consumption can be substantially reduced 
because of light trapping with nanostructures. Meanwhile, the 
utilization of nanostructures can also result in more effective carrier 
collection by shortening the photogenerated carrier collection path 
length. Nevertheless, performance optimization of nanostructured 
solar energy harvesting devices requires a rational design of various 
aspects of the nanostructures, such as their shape, aspect ratio, 
periodicity, etc. Without this, the utilization of nanostructures can 
lead to compromised device performance as the incorporation 
of these structures can result in defects and additional carrier 
recombination. The design guidelines of solar energy harvesting 
devices are summarized, including thin fi lm non-uniformity 
on nanostructures, surface recombination, parasitic absorption, 
and the importance of uniform distribution of photo-generated 
carriers. A systematic view of the design concerns will assist better 
understanding of device physics and benefi t the fabrication of high 
performance devices in the future. 
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  1.     Introduction 

 Effi cient light harvesting is of crucial importance for high 

performance solar energy harvesting devices including 

photovoltaic (PV) devices and photo-electrochemical 

(PEC) solar water splitting devices. In past decades, exten-

sive studies on material and device design innovation have 

been performed to improve the power conversion effi cien-

cies (PCEs) of such devices. For example, light manage-

ment schemes such as antirefl ection coatings, back-refl ectors, 

and surface texturing were explored in order to reduce the 

optical losses from the devices. [ 1–11 ]  In particular, the utiliza-

tion of nanostructures is considered a promising approach 

to improve the optical absorption as well as the PCE of 

solar energy harvesting devices. With regard to this, various 

nanostructures including nanospike (NSP), nanowire (NW)/ 

nanopillar (NPL) and nanocone (NC) have been explored, 

and they have demonstrated promising potency to improve 

the optical absorption and PCE of solar energy harvesting 

devices as opposed to their planar counterpart. [ 12–32 ]  In addi-

tion, it was found that the thicknesses of light absorber and 

material consumption can be signifi cantly reduced because 

of the improved light trapping. Therefore, nanostructures 

can not only improve optical absorption, but also simultane-

ously shorten the photo-generated carrier collection length 

and result in more effective carrier collection. [ 33–36 ]  Radial 

 p-n  junctions and nanostructured electrodes, in particular, 

have been proven effective for the aforementioned purposes. 

Nonetheless, much literature has reported that the proper 

design of solar energy harvesting devices is of utmost impor-

tance and optimizations of different key aspects are needed. 

On one hand, the utilization of nanostructures can improve 

device performance via more effective light trapping. On the 

other hand, it may increase the complexity of device fabri-

cation. For example, conformal coating of PV thin fi lms on 

nanostructures is more challenging as compared to that on 

planar substrates due to the increased surface roughness. 

In some cases, this can have a detrimental effect on device 

performance. [ 37–39 ]  Moreover, the utilization of nanostruc-

tures will unavoidably increase the surface area, and thus an 

increase of surface recombination has to be considered when 

designing high performance solar energy harvesting devices. 

It is worth mentioning that an increase of surface recombina-

tion will particularly affect the performance of devices based 

on active materials with high surface recombination velocity 

such as single crystalline silicon, GaAs, etc. [ 34,40–42 ]  Further-

more, while nanostructures can increase the overall optical 

absorption of solar energy harvesting devices, it is impor-

tant to evaluate how much light absorption enhancement is 

contributed by the active material as opposed to the passive 

materials in the device, such as electrodes, since only photo-

carriers generated in the active light absorber can contribute 

to the photo-current. Parasitic absorption occurring in the 

electrodes can cancel out the optical absorption enhance-

ment introduced by nanostructure photon management. [ 16,43 ]  

In addition to the above mentioned points, photo-carrier dis-

tribution is another factor to be considered when designing 

nanostructured solar energy harvesting devices, especially for 

PEC solar water splitting devices. [ 44–46 ]  In this review, we will 

fi rstly summarize the progress of nanostructured solar energy 

harvesting devices with emphasis on introducing various 

nanotexturization strategies. Thereafter, we will discuss the 

key aspects when designing highly effi cient nanostructured 

solar energy harvesting devices, including PV thin fi lms non-

uniformity on nanostructures, surface recombination, para-

sitic absorption and the importance of uniform distribution 

of photo-generated carriers.  

  2.     Brief Review of Light Harvesting with 
Nanostructures 

 Over the past decades, many different types of nanostruc-

tures, such as nanowires/nanopillars, nanospikes and nano-

cones, [ 4,5,19,25,27,28,31,47–70 ]  have been employed to achieve 

a rational light management design for solar energy har-

vesting devices. Various nanotexturization approaches were 

explored and can be categorized in general as top-down 

approaches bottom-up approaches, and a combination 

of them. Among these approaches, the top-down method 

has the highest degree of controllability of the nanostruc-

ture geometries such as ordering and aspect ratio. In one 

example, Jeong et al. reported an ultrathin nanocone single 

crystalline silicon PV device with only a 10 µm absorber 

fabricated by colloidal lithography and dry-etching. Such 

a PV device with a nanocone light trapping structure and 

all-back contact design could achieve a PCE of 13.7%. [ 47 ]  

Notably, the external quantum effi ciency (EQE) at 400 nm 

wavelength was 80%, which was 15% higher than that of 

other nanostructured Si solar cells and 200% higher than 

that of III–V nanowire solar cells. [ 41,43 ]  The solar cell could 

effectively perform light trapping using front-side nano-

cones with a height of only about 400 nm and total absorber 

thickness of only 10 µm. It resulted in a short-circuit cur-

rent density (J sc ) of 29.0 mA cm −2  which is 30.7% higher 

than that on a planar silicon solar cell coated with Si 3 N 4  as 

an anti-refl ection layer. Furthermore, Wang et al. reported a 

double-sided grating design of an ultrathin-fi lm silicon solar 

cell and the optimized cell design yielded a photocurrent of 

34.6 mAcm −2  at an equivalent absorber thickness of 2 µm, 

which is close to the Yablonovitch limit. [ 2,28 ]  Displayed in 
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 Figure    1  a is a schematic of one of the ultra-thin silicon fi lms 

with nanocone structures studied in this work. The optical 

absorption spectrum of a specifi c nanocone structure was 

calculated by rigorous coupled wave analysis (RCWA). [ 71–73 ]  

From the calculated absorption spectra, J sc  was determined 

by assuming air mass 1.5 (AM 1.5) solar spectrum irradi-

ance. Plots shown in Figure  1 b are the calculated photo-

current of the ultra-thin silicon fi lm with (a) double-sided 

grating, (b) top-only grating, (c) bottom-only grating and 

(d) un-patterned fi lm. As clearly shown in the plot, the pho-

tocurrents from the optimized double-sided grating structures 

are very close to the theoretical Yablonovitch limit and 

superior to other structures. More importantly, the opti-

mized structure generated a J sc  of 34.6 mAcm −2  with only 

2 µm equivalent absorber thickness. In addition, Mariani et al. 

have reported a direct-bandgap core-multi-shell GaAs NPL 

array solar cell fabricated by photolithography and selective 

area MOCVD which achieved a PCE of 7.43%. [ 57 ]  Intrigu-

ingly, dome-shaped indium-doped Tin oxide was formed by 

sputtering, which functioned as a subwavelength nanolens 

to intensify the optical fi eld within the NPL absorber. As 

opposed to the top-down method, bottom-up fabrication of 

nanostructures is an enticing approach to fabricate nano-

structures without using costly processes such as lithography 

and dry-etching. [ 5,17,22,32,51,63,64,74–77 ]  As an example, Fan et al. 

reported ordered arrays of Germanium (Ge) dual-diameter 

Nanopillars (DNPLs) with different diameters at the tip and 

base fabricated inside self-organized anodic aluminum oxide 

(AAO) templates. Such DNPLs presented an impressive 

absorption of 99% of the incident light over a wavelength 

ranging from 300 to 900 nm with a thickness of only 2 µm. [ 63 ]  

Figure  1 c shows the scanning electron microscope (SEM) 

image of a dual-diameter template for VLS growth of Ge 

and the inset shows the highly ordered as-grown Ge DNPLs 

with a tip diameter (D1) of ≈60 nm and base diameter (D2) 

of ≈130 nm. In addition, single diameter Ge NPL arrays with 

a diameter of 60 nm and 130 nm were also fabricated and 

their measured absorption spectra are displayed in Figure  1 d. 

Evidently, the Ge DNPL array has a 95%–100% optical 

absorption at wavelength range of 300–900 nm, which is sig-

nifi cantly higher and exhibited a broader band of absorption 

enhancement as compared to the single diameter NPL coun-

terparts. These results demonstrated the design guidelines on 

the geometries, including height and diameter, of NPLs that 

can maximize the optical absorption of solar energy har-

vesting devices. In addition to this, fabrication that combines 

both top-down and bottom-up approaches was also reported 

for nanotexturization. In particular, Leung et al. demon-

strated nanoimprint assisted anodization which resulted in 

perfectly ordered AAO nanowell (NWL). Such nanowell 

performed an impressive optical absorption of 99.2% with 

only 50 nm of amorphous silicon (a-Si:H) thin fi lm. In 

addition, optical simulation studies revealed that the geo-

metries of the nanostructure, such as periodicity, can largely 

facilitate photon capturing of absorber materials. [ 12 ]  Other 

than light trapping under normal incident light, PV devices 

with omnidirectional light trapping capability are of great 

interest since the sunlight incident angle varies throughout 

a day. Therefore, it is crucial for PV devices to maintain 
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light harvesting effi ciency at an oblique angle of incidence. 

Accordingly, Lin et al. presented a-Si:H PV devices fabri-

cated on the inverted nanocone (i-cone) substrates and dem-

onstrated enhanced omnidirectional light trapping capability 

as well as device performance over the fl at control device. [ 20 ]  

In this work, PV devices were fabricated on i-cones with 

various aspect ratios, which is defi ned as the ratio of the 

cone depth over pitch. To investigate the infl uences of i-cone 

geometries on device performance, PV devices based on an 

i-cone with an aspect ratio of 0.25, 0.5, and 1 were fabricated. 

Figure  1 e1 and  1 e2 display the cross-sectional SEM image 

and the modeled cross-sectional electric fi eld intensity (|E| 2 ) 

distribution of the electromagnetic (EM) wave at 500 nm 

wavelength of an a-Si:H device fabricated on an i-cone with 

an aspect ratio of 0.5. The electrical performance of the 
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aforementioned devices were characterized under Air-mass 

1.5 global (AM 1.5G) condition and their current density-

voltage characteristic (J-V) are shown in Figure  1 f. With a J sc  

of 15.44 mAcm −2 , open-circuit voltage (V oc ) of 0.792 V and 

fi ll factor (FF) of 62%, the a-Si:H device fabricated on an 

i-cone with an aspect ratio of 0.5 outperformed other candi-

dates, which can be attributed to the effective light trapping 

of the i-cone nanostructure. What is more, the i-cone nano-

structure can improve the light harvesting omnidirectionally, 

which is of paramount signifi cance for the practical deploy-

ment of a solar panel without a costly solar tracking system.   

  3.     Benefi ts from Device Structure Innovation 

 Since effi cient light trapping and effective photo-carrier col-

lection are both essential for high performance solar energy 

harvesting devices, it is important to take both aspects into 
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 Figure 1.    a) Schematic diagram of ultra-thin fi lm double-sided silicon nanocone. b) Calculated photocurrent of ultra-thin silicon fi lm with a) double-
sided grating, b) top-only grating, c) bottom-only grating, and d) un-patterned fi lm. The black curve represents the Yablonovitch limit. [ 28 ]  c) Cross-
sectional SEM images of an AAO with dual-diameter pore array, and, inset, the Ge DNPLs array after VLS growth. d) Optical characterization of Ge 
DNPLs array and single diameter NPLs array with diameter of 60 nm and 130 nm. [ 63 ]  e) Cross-sectional SEM image and cross-sectional electric 
fi eld intensity (|E| 2 ) distribution of electromagnetic (EM) wave at 500 nm wavelength of a-Si:H device fabricated on i-cone with aspect ratio of 0.5. 
f) J-V characteristics of a-Si:H devices based on 1.5 µm pitch i-cone substrates with different aspect ratios and the fl at control. [ 20 ]  Reproduced 
with permission. [ 28 ]  Copyright 2012, American Chemical Society. Reproduced with permission. [ 63 ]  Copyright 2010, American Chemical Society. 
Reproduced with permission. [ 20 ]  Copyright 2014, American Chemical Society.
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consideration in order to improve overall power conversion 

effi ciency. In recent years, various approaches have been 

explored to shorten the photo-carrier collection length and 

improve carrier collection. In particular, a radial  p-n  junc-

tion was proven to be highly promising to facilitate carrier 

collection by collecting photo-carriers radially and resulted 

in a shorter photo-carrier collection path. PV devices with a 

radial  p-n  junction can allow the use of low-quality materials 

while maintaining a relatively high PCE, which is favorable 

for low-cost photovoltaics. As an example, Fan et al. reported 

a radial junction-based PV device which consisted of highly 

ordered single crystalline n-type NPL arrays embedded in 

a polycrystalline p-type CdTe thin fi lm. [ 33 ]  As shown in the 

schematics in  Figure    2  a, radial junction architecture can 

provide a shortened minority carrier collection path thus 

achieving more effective carrier collection. It is worth noting 

that a CdS/CdTe system has a relatively low surface recom-

bination velocity of 10 3 –10 4  cm·s −1  which can alleviate the 

negative impact by increased surface recombination asso-

ciated with the high surface/junction area in a NPL radial 

junction. [ 33,78 ]  Figure  2 c is the plot of the PCE of the afore-

mentioned CdTe/CdS radial junction PV devices as a func-

tion of embedded CdS NPL height (H). It can be seen that 

the PCE increases from ≈0.4% for H = 0 nm to ≈6% for H = 

≈640 nm. In the case of H = 0 nm, the CdS/CdTe junction is 

only formed at the top surface of the CdS NPLs which results 

in a low PCE. However, with an increased embedded CdS 

NPL height, the PCE increases drastically which is ascribed 

to effective photo-carrier collection of the radial CdS/CdTe 

junction. These results clearly demonstrate the advantages 

of utilizing a radial  p-n  junction design to facilitate photo-

carrier collection and improve PV performance. On the other 

hand, as mentioned in the previous section, since nanostruc-

tures can largely improve the optical absorption in absorber 

materials of a PV device, a thinner absorber can be used to 

absorb the equivalent amount of light as compared to planar 

substrate. As a result, the photo-carrier collection length can 

be shortened in a nanostructured PV device, which implies 

more effective carrier collection. In this regard, nanostruc-

tured electrodes can relax the competition between optical 

absorption and carrier collection of PV devices. In fact, many 

other types of nanostructured electrodes have also been 

explored, including nanocones, nanodents and nanospikes, 

and signifi cant improvements on PV device performance 

have been demonstrated. [ 16,20,37,38,70 ]  Adachi et al. presented 

a novel back-illuminated type colloidal quantum dot (CQD) 

PV device and a nanostructured glass electrode was utilized 

to improve the optical absorption and photo-carrier collec-

tion effi ciency simultaneously. [ 35 ]  Figure  2 d shows the sche-

matic of the nanostructured CQD solar cell and the solar cell 

device was fabricated by depositing PbS CQDs on TiO 2  and 

ITO coated nanostructured glass substrate followed by MoO 3  
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 Figure 2.    a) Schematics of radial  p-n  junction architecture that can shorten minority carrier collection length and achieve more effective photo-
carrier collection. b) SEM image of partially exposed CdS NPL array fabricated in AAO pore array. c) Plot of PCE of CdTe/CdS radial junction PV 
devices as a function of embedded CdS NPL height (H). [ 33 ]  d) Schematic of the cross-section of a nanostructured CQD solar cell. e) Integrated 
absorption spectra in the PbS CQD fi lms of equal collection distance planar, equal volume planar, and nanostructured device. f) J-V characteristics 
of planar nano and structured solar cells measured under simulated AM 1.5 illumination. [ 35 ]  Reproduced with permission. [ 33 ]  Copyright 2009, 
Nature Publishing Group. Reproduced with permission. [ 35 ]  Copyright 2013, Nature Publishing Group.
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and gold electrode deposition. As compared with planar 

devices made of the equivalent volume of CQDs and with 

the same photo-carrier collection distance, nanostructured 

CQD PV devices have signifi cantly higher optical absorp-

tion, which is presented in Figure  2 e. This result suggests that 

nanostructured electrodes can maximize the optical absorp-

tion of PV devices while maintaining a short photo-carrier 

collection length.  J–V  characteristics of the planar and nano-

structured CQD PV devices are shown in Figure  2 f and the 

inset shows the cross-sectional SEM image of nanostructured 

CQD PV devices. With a J sc  of 20.2 mAcm −2 , V oc  of 0.57 V and 

FF of 0.526, the nanostructured CQD PV device yielded a 

PCE of 6.0%, which outperformed the planar counterpart by 

31%. Overall, the above works demonstrate that the proper 

structural design can greatly improve the photo-carrier col-

lection and performance of solar energy harvesting devices. 

In the following sections we will review and summarize more 

specifi c design rules for high performance devices. In addi-

tion, nanotexturization of photoanode of PEC water splitting 

device can also improve the optical absorption and perfor-

mance of the devices. For example, Qiu et al. has reported a 

PEC water splitting device based on an engineered design of 

a nanospike (NSP) template. With an ultrathin hematite thin 

fi lm of only 85 nm, NSP can remarkably improve the effi cien-

cies of water splitting as compared to the fl at control device 

due to the enhanced light trapping. [ 46 ]  Moreover, Oh et al. 

has presented a nanostructured black silicon photoanode 

that can dramatically improves the hydrogen production by 

providing near-ideal anti-refl ection that enables the absorp-

tion of most incident light and its conversion to photogen-

erated electrons and extremely high surface area in direct 

contact with water that reduces the overpotential needed 

for the hydrogen half-reaction. [ 79 ]  The similar approach 

were also utilized by Lee et al. and they had reported InP 

nanopillar photocathodes which can drastically suppress the 

specular refl ectance in wavelength range of 300–900 nm as 

compared with the planar InP wafer and led to more effi cient 

hydrogen production. [ 75 ]    

  4.     Design Rules for High Performance Solar 
Energy Harvesting Devices 

  4.1.     Infl uences of Nanostructures on Carrier Dynamics and 
Electrical Properties of Active Materials 

 Apparently, introducing nanostructures for advanced light 

management can improve the light trapping capability of 

solar energy harvesting devices. However, in some cases, the 

electrical properties of active materials and carrier dynamics 

in devices would be adversely affected leading to degraded 

device performances. Device physics simulation is a helpful 

approach to study the effect of solar cell geometries on their 

effi ciencies by systematically tuning the cell geometries 

and electrical properties of the active material. Kayes et al. 

revealed the design constraint of a nanorod radial  p-n  junc-

tion solar cell by analyzing a device physics simulation model. 

In the device physics analysis, electrical parameters of both 

planar and nanorod solar cell, including power conversion 

effi ciency, open-circuit voltage and short-circuit current den-

sity, were simulated under different geometries and electrical 

parameters of active materials, such as depletion region trap 

density and minority carrier diffusion length (L n ). Firstly, 

the simulation of short-circuit current density J sc  versus cell 

thickness L and minority-electron diffusion length L n  of 

a nanorod Si solar cell was carried out by assuming the L n  

equals the radius (R) of the nanorod in order to eliminate the 

effect of minority carrier diffusion length. It was found that 

J sc  increased monotonically with the increasing cell thickness 

L, and L n  has only a minor effect on J sc  provided that L n  was 

set equal to the nanorod radius R. This result was anticipated 

as more absorption can be achieved by a solar cell with a 

thicker nanorod. Thereafter, more simulations were com-

pleted to investigate the effect of cell thickness on the V oc  of 

planar and nanorod solar cells. Shown in  Figure    3  a is the 3-D 

contour plot of V oc  versus cell thickness and minority-elec-

tron diffusion length. It can be seen that V oc  is independent 

of cell thickness in the planar device and V oc  decreases slowly 

with the increase of the depletion region trap density. The 

plot in Figure  3 b shows the relationship between V oc  and 

cell thickness in the case of the nanorod radial p -n  junction. 

Interestingly, it is found that V oc  decreases as the cell thick-

ness increases and it decreases rapidly with the increase of 

the depleted region trap density. This intriguing result can 

be attributed to the increase pn junction area due to the 

nanorod structure and the more recombination that occurred. 

It is worth pointing out that introducing nanostructures to 

solar cell devices could lead to a high trap density of active 

materials and the related studies were reported in other lit-

eratures. [ 38 ]  Other than nanotexturizing the active materials 

itself, another common approach is to utilize nanostructure 

scaffold underneath to the active materials to achieve geo-

metrical light trapping, which was widely adopted in thin-fi lm 

photovoltaics. On the downside, thin fi lm materials deposited 

on such a nanostructure scaffold can suffer from localized 

geometry-induced defects which can be especially severe on 

high aspect-ratio nanostructures. Hsu et al. reported a-Si:H 

thin fi lm PV device with nanostructured back refl ectors, 

and investigated the infl uences of nanostructure morpholo-

gies on the optical and electrical performance of devices. In 

this work, the researchers revealed that nanostructured back 

refl ectors such as convex nanodomes (Figure  3 c) can lead to 

deterioration of the V oc  and FF of PV devices ,  although they 

provided excellent J sc  by effi cient light trapping. [ 38 ]  As com-

pared with the planar control, PV devices with nanodomes 

have a substantially lower V oc  and FF. The reasons for the 

lower V oc  and FF in nanodome devices can be understood 

by characterizing the device cross-section with a SEM, which 

is shown in Figure  3 d. While non-uniformity of PV thin fi lm 

deposition is not the major problem for nanodomes, which 

is considered to be a low aspect ratio among nanostructures 

reported in literature, [ 49,80–82 ]  the presence of voids became 

apparent and it was proven detrimental to the device per-

formance. The formation of voids can be explained by the 

following. During deposition of a-Si:H thin fi lm by plasma-

enhanced chemical vapor deposition (PECVD), a region of 

low-density and porous material circled in Figure  3 d was 

formed in the V-shaped valleys when silicon fi lm was growing 
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and colliding on neighboring nanodomes. In those regions, 

extra recombination would occur and cause the reduction of 

V oc  and FF, which is also reported in other literature. [ 49,81,83 ]  

Besides the investigation by experiment, the infl uences of 

nanostructure geometries on the electrical properties of 

active material were also studied by theoretical simulation. 

Deceglie et al. described a simulation-based approach to 

study the trade-offs between the light trapping effect by high 

aspect-ratio nanostructures and the electrical properties of 

active materials. [ 84 ]  In this work, multi-dimensional optical 

and electrical simulations were coupled to study localized 

regions of degraded material quality that are induced by light 

trapping structures in a-Si:H solar cells. On the other hand, in 

order to fabricate a highly effi cient PV device, the uniformity 

of the active layer is another important factor to be consid-

ered since non-uniform PV thin fi lm deposition over the 

nanostructure can be problematic to the device performance. 

Leung et al. reported an a-Si:H thin fi lm solar cell fabricated 

on aluminum nanospike (NSP) that can remarkably improve 

the photon capturing capability and resulted in a PCE of over 

8.4%. [ 37 ]  Nonetheless, it was also found that an NSP with an 

excessively high aspect ratio will cause a degraded PV per-

formance due to the non-uniform deposition of PV thin fi lm 

at the NSP sidewall. Shown in Figure  3 e is the cross-sectional 

SEM image of a NSP-based thin fi lm solar cell with a NSP 

height of around 1200 nm, which is the highest aspect ratio in 

the comparison. From the SEM image, it can be clearly seen 

that the a-Si:H thickness at the NSP sidewall is only half of 

the thickness at the tip, which is caused by the directionality 

of PECVD deposition and leads to non-uniform coverage of 

a-Si:H fi lm. The reduced PV performance due to the non-

uniform coverage of a-Si:H was also supported by device 

simulation done by Silvaco Atlas. Figure  3 f shows simulated 

 J–V  characteristic of PV devices with three different a-Si:H 

thicknesses at the sidewall of the NSP. As shown in Figure  3 f, 

both  V oc   and  J sc   decrease dramatically with the reduction 

of the sidewall a-Si:H thickness, which is consistent with the 

experimental results. To sum up, these works clearly demon-

strate the importance of considering the infl uences of nano-

structures on carrier dynamics and electrical properties of 

active materials, such as increased junction area and deple-

tion region trap density, due to introducing nanostructures. 
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 Figure 3.    Open-circuit voltage V oc  vs cell thickness L of a) planar, and b) radial  p-n  junction nanorod silicon cell. [ 34 ]  c) Schematic, and d) SEM 
image of cross-section of a nanodome a-Si:H solar cell. [ 49 ]  e) Cross-sectional SEM image of an NSP-based thin fi lm solar cell with NSP height of 
around 1200 nm. f) Simulated J-V characteristics of PV devices with three different a-Si:H thicknesses at the sidewall of the NSP [ 37 ]  Reproduced 
with permission. [ 34 ]  Copyright 2005, American Institute of Physics. Reproduced with permission. [ 49 ]  Copyright 2012, WILEY-VCH. Reproduced with 
permission. [ 37 ]  Copyright 2014, Nature Publishing Group.
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Also, the utilization of excessively high an aspect ratio of 

nanostructures in solar energy harvesting devices can have 

a signifi cant detrimental effect on the electrical properties 

of active materials, including localized defect and thin-fi lm 

thickness uniformity.   

  4.2.     Increased Recombination Arising from Additional 
Surface Area 

 As discussed in the previous sections, nanostructures can sub-

stantially improve the light trapping capabilities and perfor-

mance of solar energy harvesting devices. On the other hand, 

the utilization of nanostructures will, however un avoidably, 

increase the surface area of devices. Therefore, an increase 

of surface recombination is a natural consequence and this 

factor should be considered for device optimization since 

surface recombination can have a signifi cant impact on 

both  J sc   and  V oc  . Assuming the highest generation region 

of photo-carriers is at the top surface of solar cells, a high 

surface recombination rate has an especially detrimental 

impact on the  J sc   of solar cells. Notably, surface recombina-

tion is related to dangling bonds, the number of which can be 

reduced by passivation of the surface using silicon dioxide or 

silicon nitride for crystalline silicon solar cells. [ 40,85 ]  In addi-

tion, surface recombination can also be reduced by increasing 

the doping level near the top contact. On the downside, high 

level doping can also decrease the carrier diffusion length 

and cause severe Auger recombination in the case of silicon 

solar cells. [ 86–90 ]  To shed light on the recombination mecha-

nisms related to the increased surface area of nanostructured 

PV devices, an enormous amount of work has been done. [ 40 ]  

For example, J. Oh et al. reported an 18.2% effi cient black 

silicon solar cell achieved by controlling the carrier recombi-

nation in the device. [ 41 ]  In this work, they demonstrated that 

a nanostructured silicon solar cell has two competing charge 

recombination processes, namely surface recombination and 

Auger recombination. Moreover, the dominant mechanism 

depends on both the  p-n  junction formation conditions and 

the surface area. Intriguingly, it was found that not only sur-

face recombination but also Auger recombination associated 

with a high surface area will limit the photo-generated charge 

collection of nanostructured silicon solar cells. Displayed in 

 Figure    4  a is the cross-sectional SEM image of a silicon solar 

cell with a surface nanostructure fabricated by TMAH (tetra-

methylammonium hydroxide) solution treatment. Figure  4 b 

shows the carrier lifetime dependence on sheet resistance 

and surface area. Region I in Figure  4 b shows the situation 

with a doping concentration higher than 1 10 cm18 3× −  in 

which Auger recombination normally dominates the recom-

bination process and causes a short lifetime and high sur-

face recombination velocity in heavily doped emitters. Also, 

sheet resistance increases with the decrease of doping con-

centration. Region II and region III illustrate the situation 
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 Figure 4.    a) Cross-sectional SEM image of nanostructured silicon solar cells treated with TMAH solution for 30 s after metal-assisted etching. 
b) Effective carrier lifetime  τ eff   of polished and nanostructured silicon. Region I, II and III delineate three different regimes of lifetime determined by 
sheet resistance. c) Effective surface recombination velocity Seff

F  with dashed lines as guides to the eye. The solid brown line is a linear fi t to Region 
III data. Color-coded symbols and lines indicate the emitter doping strength: orange, maroon and brown for Region I, II and III, respectively. [ 41 ]  
d) A diffused and oxidized rantex surface illustrating how the diffusion and its associated depletion region might not conform to the textured 
surface. [ 40 ]  Reproduced with permission. [ 41 ]  Copyright 2012, Nature Publishing Group. Reproduced with permission. [ 40 ]  Copyright 2009, American 
Institute of Physics.
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with moderate and low doping concentrations, respectively. 

Figure  4 c shows the effective surface recombination velocity 

effS F  with respect to the surface area enhancement ratio 

/ projA AF , where  A F   and  A  proj  are the front surface area 

and projected area of the nanostructures, respectively. Evi-

dently, effS F  increased with  A F  / A  proj  in all doping regions. 

However, it is worth noting that for heavily doped region 

I, effS F  became independent of the total surface area when 

 A F  / A  proj  was larger than 3.8. This means that for a heavily 

doped and highly textured surface, recombination is not 

mainly determined by surface recombination. Similar trends 

were also revealed by K. R. Mclntosh and L. P. Johnson 

that with increased surface area caused by textured surface, 

small increases in recombination occurs when the surface 

is heavily doped due to the fact that Auger recombination 

was dominant. While in the case of lightly doped surface, 

large recombination was observed and was dominated by 

Shockley-Read-Hall recombination, making the latter criti-

cally depend on the surface area and surface state density. [ 40 ]  

Notably, for highly doped samples, the relative change in 

recombination was less than the relative change in surface 

area, which was caused by the non-conformal diffusion. 

Figure  4 d shows how the diffusion and its associated deple-

tion region might not conform to the textured surface. These 

results show that surface recombination plays a crucial role 

to the nanostructured solar cell performance and needs to be 

considered during optimization.   

  4.3.     Parasitic Absorption in Nanostructured Solar Energy 
Harvesting Devices 

 While nanostructures can improve the overall optical absorp-

tion of solar energy harvesting devices, it is important to 

examine how much absorption occurs in the active layer 

which directly leads to photocurrent. In most devices, there is 

parasitic light absorption in passive layers including holding 

substrate and electrodes which cannot contribute to photo-

current. For instance, parasitic absorption in the transparent 

conducting oxide (TCO) and back refl ector of a thin fi lm 

solar cell generally has no contribution to the output photo-

current. J. Wallentin et al. reported InP nanowire array solar 

cells with a 13.8% effi ciency, and studied the light absorption 

in different layers of the device structure. [ 43 ]   Figure    5  a is the 

cross sectional SEM image of the InP solar cells with the inset 

diagram showing the axial  n-i-p  axial junctions. Figure  5 b 

illustrates the light absorption and the corresponding current 

density versus different nanowire diameters. Clearly, absorp-

tion in the TCO took up a large portion of the light power, 

which cannot be neglected. Unfortunately, this portion of 

light absorption does not contribute to power output. Like-

wise, absorption in the top  n- type segment cannot contribute 

to power output either. Furthermore, the longer the top 

 n -type segment was, the lower the short circuit current that 

was observed. In the analysis of parasitic absorptions, simula-

tion showed its strength in calculating absorptions in different 
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 Figure 5.    a) SEM image of processed NWs. The superimposed schematics illustrate the silicon oxide (SiO X , blue), TCO (red), and the p-i-n doping 
layers in the NWs. b) Simulated absorbed light as a fraction of the solar spectrum above the InP band gap, and calculated J sc  versus NW diameter. [ 43 ]  
c) SEM characterization of 330 nm a-Si:H solar cells. The scale bar represents 500 nm. d) Contour plot of calculated absorption in each layer in 
patterned device with absorbing layer of 330 nm. [ 16 ]  Reproduced with permission. [ 43 ]  Copyright 2012, American Association for the Advancement 
of Science. Reproduced with permission, [ 16 ]  Copyright 2013, Royal Society of Chemistry.
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layers. H. Huang et al. studied thin-fi lm a-Si:H solar cells with 

low cost nanodent plasmonic substrates and utilized experi-

ments and simulations to analyze the broadband absorption 

enhancement. [ 16 ]  Figure  5 c exhibits the SEM image of the 

330 nm thick a-Si:H device and fi gure  5 d is its absorption 

spectrum. Although the nanotextured devices had an overall 

broadband absorption enhancement, the parasitic absorp-

tions in the ITO layers and especially the back refl ector Ag 

layers were increased at the same time. Overall, it is impor-

tant to analyze the parasitic absorption in a nanostructured 

PV device and confi rm that light absorption in the active 

layer is enhanced when utilizing the nanostructure. And 

this active layer absorption enhancement is preferred to be 

more than that in the passive layers. That is to say, parasitic 

absorption should be minimized in order to make full use of 

the solar power absorbed in nanostructured devices. In order 

to achieve this goal, both device modeling and experiments 

should be coupled together.   

  4.4.     Distribution of Photo-Generated Carrier 

 In order to comprehensively understand light trapping 

mechanisms and carrier dynamics in solar energy harvesting 

devices, optical and device simulations have often been 

utilized to investigate the nanostructured solar energy har-

vesting devices. The generation rate gives the number of 

electrons generated in the device resulted by the absorp-

tion of photons. In general, light absorption depends on 

the absorption coeffi cient and the thickness of the active 

materials. Intriguingly, the optical generations are always 

distributed non-uniformly in absorber materials of nano-

structured devices. Guo et al. investigated thin-fi lm a-Si:H 

solar cells based on nanodent plasmonic substrates with a 

coupled optical and electrical modeling method. [ 44 ]  By com-

paring the electric fi elds and current densities in planar and 

nanostructured devices, they proved that the relatively weak 

electric fi eld localized in the device top corners would lead 

to a local current reversal and thus cause a reduction of V oc . 

The regions with different electric fi elds can be regarded as 

sub-cells that compose the whole cell in parallel or series. 

The weaker electric fi eld regions are preferred for the ini-

tiation of current reversal under a forward bias and fi nally 

cause the decrease of V oc . As a result, the V oc  of a patterned 

cell mainly depends on the regions with the lowest elec-

tric fi eld.  Figure    6  a illustrates the electric fi eld distribution 

of a nanostructured solar cell under 0.8 V forward bias ( p  

doping concentration: 3 10 cm18 3× − ) and the electric fi elds in 

the corners are relatively weak. Figure  6 b shows the current 

density distribution with arrows indicating the directions 

of the current density. In the corners with a weak electric 

fi eld, a local current reversal occurs, which is clearly shown 

by the reversed arrow directions. The researchers also 

demonstrated that under a higher  p  doping concentration 

(8 10 cm18 3× − ), weak electric fi eld regions will still exist but 

are not signifi cant enough to cause the current reversal. In 

other words, non-uniform electric fi eld distribution in nano-

structured solar cells is a great limitation to V oc  and should 

be taken into consideration during device optimization. 

Besides the effect of non-uniform electric fi eld distribution 

on V oc , the light absorption distribution in the intrinsic layer 

and doping layers will also affect the electrical performance 

of solar cells. Deceglie et al. studied  p-i-n  a-Si:H devices and 

came up with a critical factor, namely the ratio of absorption 

in the intrinsic layer over that in all the  p-i-n  layers. [ 45 ]  And 

they demonstrated that nanostructures could be tailored to 

minimize optical generation distribution in the doped layers, 

thus improving carrier collection effi ciency. Nanostructures 

with different confi gurations such as conformal Ag and con-

formal AZO were studied with simulations. Figure  6 c and 

 6 d illustrate the specifi c structures of these two devices and 

show the optical generation profi les at 650 nm wavelength 

where the conformal Ag device has a larger current den-

sity than the conformal AZO device. They explained that 

this current density difference comes from the difference 

in the ratio  K i  / K  which denotes the ratio of absorption in 

the intrinsic layer over that in all the  p-i-n  layers. The reason 

is that photo-generated carriers in the doped region do 

not contribute to the photocurrent. So in this  p-i-n  a-Si:H 

solar cell confi guration, the minimization of optical genera-

tion distribution in the doped region became the dominant 

effect. Besides the PV device, PEC water splitting is another 

technology used to harvest solar energy to convert water 

into hydrogen fuel. Qiu et al. reported a PEC water split-

ting device based on an engineered design of a nanospike 

(NSP) template. As shown in Figure  6 e, NSP can remark-

ably improve the effi ciencies of water splitting as compared 

to the fl at control device due to the improved light trapping 

effect. This result can further be explained by the photon 

absorption distribution in the planar and NSP devices shown 

in Figure  6 f1 and  6 f2, respectively. In the case of the NSP-

based device, other than the enhanced photon absorption 

indicated by the “hot spots”, it can be seen that the photon 

absorption distribution is rather uniform as compared with 

other solar water splitting based on other hierarchical struc-

tures. [ 91 ]  Notably, the uniform distribution of photo-gene-

rated carriers in the NSP-based device is highly preferable 

to compensate the low rate constant of water oxidation and 

a short minority carrier diffusion length, which resulted in 

superior conversion effi ciency.    

  5.     Summary 

 Light management by nanomaterials and nanostructures 

holds promising potency to enhance the performance of 

solar energy harvesting devices. Light absorbing materials in 

nanostructured solar energy harvesting devices can absorb 

an equivalent amount of light with thinner thicknesses as 

compared to their planar counterpart, thus the collection 

length of the photo-generated carrier was shortened. In 

addition, structural designs such as the radial  p-n  junction 

and nanostructured electrode can also improve both light 

trapping and photo-carrier collection. Here, we have sum-

marized the progress of nanostructured solar energy har-

vesting devices including different structural designs and 

the utilization of nanostructured electrodes with improved 

power conversion effi ciencies. Additionally, a number 
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of literature works reported that improper design can be 

detrimental to the performance of nanostructured device 

and therefore optimization of different key aspects are 

needed in order to achieve highly effi cient solar energy har-

vesting. In this review article, we organized and discussed 

the works on the design rule of nanostructured solar energy 

harvesting devices, including PV thin fi lms non-uniformity 

on nanostructures, increased surface recombination due to 

nanostructures, parasitic absorption, and the importance of 

uniform distribution of photo-generated carriers. Under-

standing and the establishment of these design rules can 

eventually benefi t the rational design of high performance 

solar energy harvesting devices with practical applications in 

the future.  
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