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Arrays of one-dimensional (1D) nanostructure are receiving much attention for their optoelectronic

and photovoltaic applications due to their advantages in light absorption, charge separation, and

transportation. In this work, arrays of ZnO/CuInxGa1�xSe2 core/shell nanocables with tunable shell

compositions over the full range of 0� x� 1 have been controllably synthesized. Chemical conver-

sions of ZnO nanorods to a series of ZnO-based nanocables, including ZnO/ZnSe, ZnO/CuSe,

ZnO/CuSe/InxGa1�x, ZnO/CuSe/(InxGa1�x)2Se3, and ZnO/CuInxGa1�xSe2, are well designed and

successfully achieved. Composition-dependent influences of the CuInxGa1�xSe2 shells on photo-

voltaic performance are investigated. It is found that the increase in indium content (x) leads to an

increase in short-circuit current density (JSC) but a decrease in open-circuit voltage (VOC) for the

ZnO/CuInxGa1�xSe2 nanocable solar cells. An array of ZnO/CuIn0.67Ga0.33Se2 nanocables with a

length of �1 lm and a shell thickness of �10 nm exhibits a bandgap of 1.20 eV, and yields a maxi-

mum power conversion efficiency of 1.74% under AM 1.5 G illumination at an intensity of 100

mW/cm2. It dramatically surpasses that (0.22%) of the ZnO/CuIn0.67Ga0.33Se2 planar thin-film de-

vice. Our work reveals that 1D nanoarray allows efficient photovoltaics without using toxic CdS

buffer layer. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921825]

I. INTRODUCTION

Cu(InxGa1�x)(SySe1�y)2 (CIGS) has been widely used

as a promising light harvesting material in thin-film solar

cells due to its merits of high optical absorption coefficient,

tunable band gap, long-term stability, and high theoretical ef-

ficiency.1–6 CIGS thin-film solar cells with efficiency as high

as 20% have been reported.7,8 However, the thin-film devices

are typically prepared with the structure of Mo/CIGS/CdS/

ZnO/ITO, in which the sulfuration (or selenization) process

involves using toxic gas of H2S (or H2Se).9 On the other

hand, the CIGS layer in the thin-film photovoltaic devices

has a typical thickness as high as several micrometers,5,6,10

which should be decreased to reduce the carrier collection

distance and to cut cost as rare metals of In and Ga are

involved.

One-dimensional (1D) nanostructure, especially 1D

nanoarrays, has attracted considerable attention for photovol-

taic and optoelectronic applications due to their advantages

in light absorption, charge separation and transport, as well

as carrier collection.11–19 Many recent efforts have been

devoted to synthesize 1D CIGS nanostructures and hetero-

junctions.20–27 For example, Steinhagen et al. synthesized

CuInSe2 nanowires by a solution-liquid-solid approach, the

solar cell based on the CuInSe2 nanowires gave a power con-

version efficiency (PCE) of 0.1% under AM 1.5 illumina-

tion.21 Xu et al. reported controllable synthesis of CuInSe2

and CuInSe2/CuInS2 nanowire bundles by reacting CuSe pre-

cursors with In3þ ions in a solvothermal system.22 Peng

group has controllably synthesized copper-rich and copper-

deficient CuInSe2 nanowires by the vapor-liquid-solid (VLS)

approach using Au nanoparticles as a catalyst.25 They also

prepared CuInSe2 nanowires by chemical transformation of

copper coated In2Se3 nanowires at 350 �C. The solar cell

based on individual nanowire showed an open-circuit voltage

(VOC) of 500 mV and a short-circuit current of 2 pA under

AM 1.5 illumination.27 Template synthesis of 1D CIGS

nanoarrays by electrodeposition has also been reported.28–30

Liquid junction solar cell using ZnO/CuInSe2 core/shell

nanocable array as photoanode and I�/I3
� redox couple as

electrolyte was reported, yielding an efficiency of less than

0.5% due to the poor heterojunction contact of nanocables

caused by the etched ZnO cores.31

Therefore, it is desirable to prepare large-scale and high-

quality arrays of 1D CIGS nanostructures and heterojunc-

tions, which is of great significance in synthetic chemistry,

materials science, and low-cost photovoltaics. In this work,

we provide a reverse fabrication procedure to prepare ZnO/

CuInxGa1�xSe2 heterojunction nanocable arrays, in which

ZnO nanorods serve as both the template for growing 1D

CIGS shells and the electron transport material in device
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operation. Large-scale arrays of ZnO/CuInxGa1�xSe2 nano-

cables with fully tunable shell composition (0� x� 1) have

been synthesized. The cell using ZnO/CuIn0.67Ga0.33Se2

nanocable array yields a PCE of 1.74%, which is much

higher than that (0.22%) of the planar thin-film device.

II. EXPERIMENTAL SECTION

A. Deposition of ZnO blocking layer

FTO (F-doped SnO2) glass substrates were cleaned by

ultrasonication in a soap solution, DI water, acetone, and

ethanol for 10 min each and dried in nitrogen blow. 0.2 mol

of zinc acetate was dissolved in 20 ml of methanol, and then

410 ll of acetyleacetone was added as a stabilizer. Mixed so-

lution was kept at 60 �C for 2 h under stirring then left for

24 h aging at room temperature. 60 ll of the aged solution

was spin coated on the cleaned FTO substrates at 1500 rpm

and then heated at 180 �C for 10 min. Another cycle of spin

coating was repeated. Afterwards, the samples were annealed

at 400 �C in air for 1 h, resulting in formation of ZnO block-

ing layer on FTO substrates.

B. Growth of ZnO nanorod arrays

Arrays of ZnO nanorods were grown by immersing the

ZnO blocking layer coated FTO substrates in an aqueous so-

lution containing zinc nitrate hydrate (25.0 mM), and hexam-

ethylenetetramine (25.0 mM) at 90 �C for 3 h. After taking

out from the solution, the samples were washed with deion-

ized water and absolute ethanol, and dried in nitrogen blow,

followed by exposure to UV light for 20 min to induce oxy-

gen vacancy for increased conductivity.32

C. Synthesis of ZnO/ZnSe core/shell nanocable arrays

A Se2� source solution was first prepared by dissolving

0.2 mmol Se and 1.2 mmol of NaBH4 in 30 ml of water.

Arrays of ZnO/ZnSe core/shell nanocables were synthesized

by immersing the ZnO nanorod arrays in the Se2� source so-

lution and keeping at 50 �C for 5 h. The samples were then

washed with deionized water and absolute ethanol and

finally dried in nitrogen blow.

D. Synthesis of ZnO/CuSe core/shell nanocable arrays

Arrays of ZnO/CuSe core/shell nanocables were pre-

pared by immersing the ZnO/ZnSe core/shell nanocable

arrays in a Cu(NO3)2 triethylene glycol solution (50 mM) for

5 h at room temperature. The samples were then washed

with deionized water and absolute ethanol and finally dried

in nitrogen blow.

E. Synthesis of ZnO/CuInxGa12xSe2 core/shell
nanocable arrays

Arrays of ZnO/CuSe nanocables were coated with

InxGa1�x nanoparticles with controllable composition by ther-

mal evaporation at a pressure of 1.5� 10�6 mbar. These ZnO/

CuSe/InxGa1�x nanocables were subjected to a selenization

process by converting the coated InxGa1�x to (InxGa1�x)2Se3

in a Se2� source solution. ZnO/CuInxGa1�xSe2 core/shell

nanocables were then prepared by alloying the ZnO/CuSe/

(InxGa1�x)2Se3 nanocables in an Ar atmosphere at 400 �C for

90 min.

F. Deposition of Mo electrode

A Mo layer with a thickness of 300–500 nm was depos-

ited on ZnO/CuInxGa1�xSe2 nanocable arrays by RF magne-

tron sputtering at working pressure of 2.1 mTorr of Ar at

room temperature with RF power of 50 W.

G. Characterization

The as-prepared samples were characterized with X-ray

diffraction (XRD) with a Philips X’Pert diffractometer using

Cu Ka radiation. Scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) were carried out,

respectively, with a Philips XL30 FEG SEM and a Philips

CM 20 FEG TEM (or a Philips CM 200 FEG TEM or a

JEOL JEM-2100 F TEM, all operated at 200 kV). Raman

measurements were conducted with a Renishaw 2000

laser Raman microscope equipped with a 514 nm argon ion

laser for excitation. Optical absorption measurements

were performed on UV-2800 spectrophotometer. Current

density-voltage (J-V) characteristics of the solar cells were

measured under AM 1.5 G illumination with an intensity of

100 mW/cm2.

III. RESULTS AND DISCUSSION

Figure 1 depicts the synthesis process of ZnO/

CuInxGa1�xSe2 nanocable array solar cells. A layer of ZnO

blocking layer is spin-coated on a FTO substrate. An array of

ZnO nanorods is then grown on the ZnO-seeded FTO sub-

strate through a low-temperature hydrothermal method.

ZnO/ZnSe nanocables can be synthesized by ZnO surface

selenization in a Se2� ion solution. Due to the large differ-

ence of solubility product constant (Ksp) among Zn(OH)2

(10�16.5), ZnSe (10�25.4), and CuSe (10�48.1), the ZnO nano-

rods can serve as a sacrificial template to fabricate ZnO/

ZnSe nanocables by anion exchange, and then to prepare

ZnO/CuSe nanocables by cation exchange between Cu2þ

with Znþ2 in a solution at room temperature.33 A thin layer

of InxGa1�x with controllable molar ratio is deposited by

thermal evaporation on the surface of ZnO/CuSe nanocables,

followed by immersing in a Se2� ion solution for InxGa1�x

selenization to form (InxGa1�x)2Se3, consequently resulting

in forming ZnO/CuSe/(InxGa1�x)2Se3 nanocables. Alloying

process is then carried out by annealing the ZnO/CuSe/

(InxGa1�x)2Se3 nanocables in Ar atmosphere to prepare the

ZnO/CuInxGa1�xSe2 nanocables. Finally, a layer of Mo elec-

trode as current collector is deposited by RF magnetron sput-

tering technology on the top surface of the ZnO/

CuInxGa1�xSe2 nanocables, achieving a complete solar cell

device. This fabrication strategy exhibits a powerful flexibil-

ity to modulate the shell composition in the nanocables.

Figure 2(a) shows a typical SEM image of the ZnO/

CuInxGa1�xSe2 (x¼ 0.67) nanocable array grown on an FTO

glass after coating a layer of Mo electrode. The length of the

nanocables is estimated to be about 1 lm. Figure 2(b)

205306-2 Akram et al. J. Appl. Phys. 117, 205306 (2015)



presents a magnified SEM image of the Mo coated ZnO/

CuInxGa1�xSe2 nanocables, revealing that the Mo layer with

a thickness of 300–500 nm is deposited on the top surface,

and forms a continuous layer as current collector. The core/

shell structure of the ZnO/CuInxGa1�xSe2 nanocables is

demonstrated as shown in Figure 2(c), revealing good inter-

facial contact without ZnO core dissolution. Figure 2(d)

shows a selected area electron-diffraction (SAED) pattern of

the ZnO/CuInxGa1�xSe2 (x¼ 0.67) nanocables. A set of pat-

tern dots can be indexed to hexagonal ZnO, revealing single

crystallinity with growth direction along [001]. The three dif-

fraction rings match well with (112), (220), and (312) planes

of chalcopyrite CuInxGa1�xSe2 (x¼ 0.67) and indicate the

shell is polycrystalline. An HRTEM image of the ZnO/

CuInxGa1�xSe2 (x¼ 0.67) nanocable is presented in Figure

2(e), revealing the polycrystalline CuInxGa1�xSe2 (x¼ 0.67)

shell with thickness of �10 nm. The fringe spacing of

0.33 nm in Figure 2(e) matches well with the interplanar

spacing of (112) planes of the tetragonal CuInxGa1�xSe2

(x¼ 0.67) crystal structure. The energy dispersive X-ray

spectroscopy (EDS) spectrum in Figure 2(f) reveals that the

atomic ratio of Cu:In:Ga:Se is 24:18:9:49, suggesting the

formation of CuIn0.67Ga0.33Se2 (x¼ 0.67) shells.

Figure 3(a) shows the XRD patterns of the FTO sub-

strate (i) and ZnO/CuInxGa1�xSe2 nanocables grown on FTO

substrate (ii). In pattern (ii), the peaks marked with “*” come

from the FTO substrate and the peaks marked with “#” can

be well indexed to hexagonal ZnO. In Figure 3(b), it is

clearly observed that a shoulder peak centered at 26.90�,
which can be well indexed to the (112) peak of chalcopyrite

CuInxGa1�xSe2 (x¼ 0.7, JCPDF 35–1102), is overlapped

with the (110) peak (26.61�) of tetragonal SnO2 (JCPDF

41–1445). The peak centered at 44.65� matches well with

the (220) diffraction peak of chalcopyrite CuInxGa1�xSe2

(x¼ 0.7, JCPDF 35–1102) as shown in Figure 3(c).

Therefore, the XRD data further demonstrate the formation

of ZnO/CuInxGa1�xSe2 nanocable array grown on FTO sub-

strate. The indium content (x¼ 0.67) estimated from the

EDS result is very close to the XRD data.

The process of growing ZnO/CuInxGa1�xSe2 nanocables

on FTO substrate is studied by Raman analysis as shown in

Figure 4. Curve (i) is a Raman spectrum of the bare ZnO

nanorods, which shows a resonance peak at 436 cm�1 attrib-

uted to characteristic E2 mode of ZnO.34 For the ZnO/ZnSe

nanocables as shown in curve (ii), the Raman spectrum

shows not only a characteristic E2 peak of ZnO at 436 cm�1,

but also a resonance peak at �253 cm�1 arising from the

first-order longitudinal optical (LO) phonon mode of

ZnSe,34,35 indicating the formation of ZnO/ZnSe nanocables.

For curve (iii), a resonance peak at �259 cm�1 arising from

Se-Se stretching vibration mode (A1) of CuSe (Refs. 36 and

37) is observed. Curves (iv) and (v) present the Raman spec-

tra of CuGaSe2 and CuInSe2, respectively. The strong peaks

at 183 cm�1 for CuGaSe2 and 170 cm�1 for CuInSe2 are evi-

dently due to the A1 modes.38 For the ZnO/CuIn0.67Ga0.33Se2

nanocables as shown in curve (vi), the A1 mode of

FIG. 1. Schematic diagram for fabri-

cating ZnO/CuInxGa1�xSe2 nanocable

array solar cells.
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CuIn0.67Ga0.33Se2 shifts to 175 cm�1, further confirming the

formation of alloyed chalcopyrite with tunable composition.

The possible conversion reactions involved may take place:

(1) Surface selenization of ZnO to form ZnO/ZnSe:

ZnOþ Se2� þ H2O! ZnSeþ 2OH�:

Surface selenization of single crystalline ZnO nano-

rods (Figure S1) by anion exchange leads to formation of

ZnO/ZnSe nanocables (Figure S2), in which the ZnSe

shells with 6 nm thickness are polycrystalline.39

(2) Cation exchange to form ZnO/CuSe:

ZnSeþ Cu2þ ! CuSeþ Zn2þ:

Due to the large Ksp difference, converting ZnSe to

CuSe shell is spontaneous and very fast at room tempera-

ture. The obtained CuSe shell is also polycrystalline, and

good interfacial contact between the core and the shell is

revealed (Figure S3).39

(3) Selenizing ZnO/CuSe/InxGa1�x to form ZnO/CuSe/

(InxGa1�x)2Se3:

4InxGa1�x þ 6Se2� þ 3O2 þ 6H2O

! 2ðInxGa1�xÞ2Se3 þ 12OH�:

InxGa1�x nanoparticles were deposited by thermal

evaporation onto the surfaces of the ZnO/CuSe to form

ZnO/CuSe/InxGa1�x (Figure S4), followed with a solu-

tion selenization.39

(4) Annealing ZnO/CuSe/(InxGa1�x)2Se3 to form ZnO/

CuInxGa1�xSe2:

2CuSeþ ðInxGa1�xÞ2Se3 ! 2CuInxGa1�xSe2 þ Se " :

The two components of CuSe and (InxGa1�x)2Se3 in

the shells differ only in their cations. As group I–III cati-

ons (Cu, In, Ga) have much smaller sizes than that of

Se2� anion, they can diffuse fast and be intermixed to

form an alloy of CuInxGa1�xSe2 easily at the annealing

temperature of 400 �C.

FIG. 2. (a) and (b) SEM images of the ZnO/CuInxGa1�xSe2 (x¼ 0.67) nano-

cable array coated with Mo electrode. (c) TEM image, (d) SAED pattern, (e)

HRTEM image of a ZnO/CuInxGa1�xSe2 (x¼ 0.67) nanocable. (f) EDS

spectrum of the ZnO/CuInxGa1�xSe2 (x¼ 0.67) nanocables array grown on

FTO glass substrate, indicating the atomic ratio of Cu:In:Ga:Se is

24:18:9:49.

FIG. 3. (a) XRD patterns of FTO glass (i) and ZnO/CuInxGa1�xSe2

(x¼ 0.67) nanocables grown on FTO glass (ii), (b) expanded view of (112)

peak of the CuInxGa1�xSe2, and (c) expanded view of (220) peak of the

CuInxGa1�xSe2.

FIG. 4. Raman spectra of (i) ZnO nanowires, (ii) ZnO/ZnSe nanocables, (iii)

ZnO/CuSe nanocables, (iv) ZnO/CuGaSe2 nanocables, (v) ZnO/CuInSe2

nanocables, and (vi) ZnO/CuIn0.67Ga0.33Se2 nanocables.
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Photovoltaic performance for the ZnO/CuInxGa1�xSe2

nanocable cells with an active cell area of 0.28 cm2 was meas-

ured under AM 1.5 G illumination with an intensity of 100

mW/cm2. Figure 5(a) shows the current density-voltage (J-V)

characteristics of the devices. The ZnO/CuGaSe2 nanocable so-

lar cell presents a short-circuit current density (JSC) of

6.39 mA cm�2, an open-circuit voltage (VOC) of 0.52 V, and a

fill factor (FF) of 0.36, yielding a PCE of 1.19%. With increas-

ing indium content (x) in the CuInxGa1�xSe2 shells, signifi-

cantly increased JSC but slightly decreased VOC were observed.

The ZnO/CuInSe2 nanocable device shows a JSC of

12.14 mA cm�2, a VOC of 0.42 V, an FF of 0.36, and a PCE of

1.65%. The device based on the array of ZnO/CuInxGa1�xSe2

(x¼ 0.67) nanocables gives a maximum PCE of 1.74%,

accompanied with a JSC of 10.18 mA cm�2, a VOC of 0.45 V,

and an FF of 0.38. The bulk CuGaSe2 and CuInSe2 were

reported to exhibit bandgap energies of 1.7 eV and 1.0 eV,

respectively. The increased JSC from 6.39 mA cm�2 for ZnO/

CuGaSe2 nanocables to 10.18 mA cm�2 for ZnO/

CuInxGa1�xSe2 (x¼ 0.67) nanocables, and further to

12.14 mA cm�2 for ZnO/CuInSe2 nanocables is probable due

to the enhanced and expanded absorption in the visible and

near-infrared regions of the nanocables (Figure 5(b)). Figure

5(c) shows the external quantum efficiency (EQE) of the ZnO/

CuInxGa1�xSe2 (x¼ 0.67) nanocable device. A broad >20%

EQE plateau in the spectrum from 400 to 1000 nm can be

observed. The bandgap of the ZnO/CuIn0.67Ga0.33Se2 nanoca-

bles is estimated to be �1.20 eV. Integration of the EQE spec-

trum shows that the JSC is about 9.5 mA cm�2, which is

consistent with the value (10.18 mA cm�2) from the J-V curve.

To compare the nanocable array solar cell with the pla-

nar thin-film device, a ZnO/CuInxGa1�xSe2 planar solar cell

was fabricated by using ZnO film on FTO substrate as

precursor and followed by the same procedure to grow

CuInxGa1�xSe2 shells on the ZnO nanorods. The ZnO/

CuInxGa1�xSe2 planar device gives a PCE of 0.22%, accom-

panied with a JSC of 0.89 mA cm�2, a VOC of 0.60 V, and a

FF of 0.41 (curve ii in Figure 5(d)). Significant increases in

JSC and PCE are achieved by designing 1D core/shell nano-

cable array solar cells, which is probably attributed to the

advantages of the 1D nanocable in light harvesting, charge

separation, and transport as illustrated in Figure 6. Compared

with the planar structure (Figure 6(a)), the arrays of 1D

nanostructures can reduce light reflection due to light trap-

ping effect, as indicated by the red dashed arrows in Figure

6(b), which contributes to JSC enhancement. The ZnO/

CuInxGa1�xSe2 forms a stepwise energy band alignment

FIG. 5. (a) Current density-voltage

(J�V) characteristics of (i) the ZnO/

CuInxGa1�xSe2 nanocable solar cells

with different indium content (x). (b)

UV-vis spectra of the ZnO-based core/

shell nanocable arrays. (c) EQE spec-

trum of the ZnO/CuInxGa1�xSe2

(x¼ 0.67) nanocable array solar cell.

(d) Current density�voltage (J�V)

characteristics of (i) the ZnO/

CuInxGa1�xSe2 (x¼ 0.67) nanocable

array solar cell and (ii) the ZnO/

CuInxGa1�xSe2 (x¼ 0.67) planar solar

cell.

FIG. 6. Schematic of the decoupling of light absorption, charge separation,

and transport of solar cells with a planar structure and a core/shell structure.
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(type II) at the heterojunction,40 therefore, photogenerated

electrons and holes would be preferably transferred across

the interface in opposite directions to achieve the formation

of an excitonic charge separation state. The 1D core/shell

structures provide large lateral p-n heterojunction area for ef-

ficient carrier separation in the radial direction instead of the

longer axial direction, and the carrier collection distance is

smaller than or comparable to the minority carrier diffusion

length.13 Furthermore, the 1D single-crystalline ZnO nano-

rods can also provide a direct pathway for rapid transport of

photogenerated electrons to current collector.16 Therefore,

efficient charge separation and transport induced by nanoca-

ble geometry are considered to retard recombination, benefit-

ting the JSC enhancement.

IV. CONCLUSIONS

In summary, arrays of ZnO/CuInxGa1�xSe2 nanocables

and a series of related nanocables, such as ZnO/ZnSe, ZnO/

CuSe, ZnO/CuSe/InGa, ZnO/CuSe/(InxGa1�x)2Se3, have been

well designed and successfully synthesized on FTO substrates.

Due to the Ksp difference, conversion of ZnO to ZnO/ZnSe

and ZnO/CuSe is spontaneous via ion exchange approach in

solutions at low temperature. Solid state reaction of InxGa1�x

coated ZnO/CuSe nanocables to form ZnO/CuInxGa1�xSe2

nanocables offers the nanocables with good crystallinity and

solid heterojunction contact, which is beneficial for carrier

separation and transport. The ZnO/CuInxGa1�xSe2 nanocables

with tunable shell composition can be obtained. High indium

content (x) of the CuInxGa1�xSe2 shells lead to increased JSC

but decreased VOC. The array of ZnO/CuIn0.67Ga0.33Se2 nano-

cables with a length of �1 lm and a shell thickness of

�10 nm exhibits a bandgap of 1.20 eV and yields a maximum

PCE of 1.74% accompanied with a JSC of 10.18 mA cm�2

under 1 sun illumination. Significant improvement of photo-

voltaic performance is demonstrated by employing the 1D

nanocable array. The synthesis strategy can be further

extended to other case of ZnO-based nanocable arrays for

highly efficient solid state p-n junction solar cells.
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