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For effective light harvesting, a design weighting should be implemented in a front geometry,

in which the incident light transmits from a surface into a light-active layer. We designed a

three-dimensionally patterned transparent conductor layer for effective light management. A

transparent conductive oxide (TCO) film was formed as three-dimensional structures. This

efficiently drives the incident light at the front surface into a Si absorber to yield a reduction in

reflection and an enhancement of current. This indicates that an optimum architecture for a front

TCO surface will provide an effective way for light management in solar cells. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4756940]

Transparent conducting oxide (TCO) has been widely

used in optoelectric devices,1 such as displays and light emit-

ting diodes, which require a transparent electrode for trans-

portation of light generated from electric energy.2–4

Meanwhile, a solar cell converts light energy into electrical

energy. Transparent electrodes have been intensively applied

for thin film or organic solar cells.5,6 It is not necessary to

use a TCO film for a conventional crystalline Si (c-Si) solar

cell; however, Sanyo has demonstrated the strong potential

of TCO use for highly efficient c-Si solar cells.7,8 A hetero-

junction with intrinsic thin layer (HIT) solar cell requires a

quality amorphous Si (a-Si) layer and a good junction

between the a-Si and the TCO film, which hinders the possi-

bility of developing cost-effective solar cells.

Cost-effective solar cells may be achieved by enhancing

the conversion efficiency or alternating with a conventional

method to reduce the process cost.9 We have reported TCO

integration for emitter controlled Si solar cells.10 The ITO

film works as an antireflection coating layer and a transpar-

ent conductor to provide the advantage of reduction in

recombination for a light-doped emitter solar cell. We

herein, present three-dimensional (3D) TCO patterns for effi-

cient incident light management in c-Si solar cells.

Five inch Czochralski(cz)-grown p-type wafers were

used as a base layer with a thickness of 240 lm and a resis-

tivity of 1 X cm. Texturing structures were formed in sodium

hydroxide (2% NaOH) solution and then driven in a furnace

for n-type doped emitter formation. Phosphoryl chloride

(POCl3) was used as a diffusion doping agent and the n-

doping depth was controlled by duration time and tempera-

ture. After this, a buffered hydrofluoric acid (10% HF) solu-

tion was used to remove phosphosilicate glass (PSG).

A back contact formation was achieved by a print screen

of Al paste (Ferro 53-102), employed by using a firing pro-

cess, that spontaneously established a back surface field

region. Different from the case of conventional c-Si solar

cell fabrication, a SiNx layer is not necessary for the fabrica-

tion of our TCO-integrated solar cells. The ITO layer was

directly coated on the n-doped Si. A dc-sputtering system

(SNTEK, Korea) was used to deposit quality ITO films by

using a 4 in. target composed of In2O2 containing 10 wt. %

SnO2. The deposition rate was measured at 16.7 nm/min. For

a front contact, Ag paste (Ferro 33-462) was screen-printed

onto an ITO layer. A field emission scanning electron micro-

scope (FESEM, FEI Sirion) was used to observe the ITO

film and the Si emitter. The light I-V characteristics were

obtained under AM 1.5 illumination using a cell tester

(Pasan CT 801).

3D TCO structures were formed by dual ITO depositions.

A flat Si substrate was prepared to provide clear images of the

3D TCO structures. Fig. 1(a) presents the processing steps.

The photoresist (PR) was spun at 3000 rpm for 30 s to have a

2 lm thickness. After exposing UV light at 200 W, the PR pat-

terns were developed. The initial ITO coating was performed

on the PR masked substrate. ITO film above PR was simulta-

neously removed by PR stripping, remaining ITO dots, as

shown in Fig. 1(b). An additional ITO coating was carried out

to neighbor ITO dots resulting in electrically connected 3D

ITO structures, as shown in Fig. 1(c).

Two types of TCO-coating layers were applied for tex-

tured solar grade wafers. A film type TCO was formed with
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different ITO thickness of 180 nm and 360 nm, as shown in

Figs. 2(a) and 2(b), respectively. Meanwhile, 3D TCO struc-

tures have dual morphologies. ITO dots of 180 nm-thick

were formed at first and then an additional 180 nm-thick ITO

film was coated above the previously patterned ITO dots.

Fig. 2(c) shows a SEM image of a 3D structured dual TCO

(180 nm/180 nm) layer.

Surface reflectance measurement has been performed on

two single TCO films (180 nm and 360 nm) and on a 3D

TCO structured layer (180 nm/180 nm), as shown in Fig.

3(a). The 3D dual TCO layer effectively modulates the

reflection over a broad range of wavelengths. For the wave-

length range of 400-1100 nm, 180 nm-thick TCO film

reflects 15.73% of the incident light. A higher reflection of

16.93% was obtained from 360 nm-thick TCO film. This

shows that TCO film works as an anti-reflection layer when

we consider the reflectance of 33.79% of textured Si. How-

ever, the 3D TCO structure provided a significant reduction

of reflection to 13.36%. For a c-Si solar cell, the most impor-

tant contribution is derived from the wavelengths around

670 nm.11 The 3D structure shows the lowest reflection of

15.26% in the visible range (500 nm–900 nm) compared to

17.73% for the 360 nm-TCO film or 19.62% for the 180 nm-

TCO film. This indicates that the 3D structure is more effec-

tive at driving the visible light into a Si-absorber.

The external quantum efficiencies (EQE) show a signifi-

cant improvement in the visible wavelength range with the

3D structure, as shown in Fig. 3(b). This demonstrates that

the dual TCO layers efficiently reduce the light reflection

and thus absorb more photons causing the current enhance-

ment. In comparison with single ITO-layered samples, a

thinner 180 nm-ITO film provides a better EQE performance

rather than that of 360 nm-ITO film. For long wavelengths

(>800 nm), a drastic deterioration has been observed from a

360 nm-thick ITO device. This is caused by the optical losses

due to the free carrier absorption of TCO at the near-infrared

(NIR) wavelengths.12 There has been observed an evident

QE reduction in the NIR region due to the increase of the

ITO thickness.

FIG. 1. (a) Fabrication steps of 3D TCO structure. (b)

SEM image of ITO dots formed after PR stripping. (c)

A SEM image of 3D ITO structure. The second ITO

coating interconnects all ITO dots on the surface.

FIG. 2. SEM images of ITO deposition on textured Si wafers. A single ITO

film was deposited for (a) 180 nm and (b) 360 nm. (c) The dual ITO layers

were obtained by an additional ITO coating of 180 nm above ITO dots hav-

ing 180 nm.
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The internal quantum efficiency (IQE) excludes the dif-

ference of light absorption13 and determines the collection

probability of photogenerated electron-hole carriers after

considering reflection losses.14 From the IQE profiles (Fig.

3(c)), it can be seen that the 3D patterns exhibit a strong

enhancement for broad wavelength ranges, which indicates

the effective charge separation and collection13 according to

the dual TCO layers. The 3D TCO structure efficiently

enhanced IQE performance for visible wavelengths. More-

over, the 3D TCO structure shows a similar QE profile to

that of 180 nm-ITO film, indicating an effective reduction in

the loss of free carrier absorption for long wavelengths.

Light trapping structure is an effective light control ele-

ment15–21 to display strong asymmetric light behaviors.21 A

3D ITO structure works as a lense to drive more photons into

a Si light absorber. The focal length (F) of ITO lense is cal-

culated by

F ¼ R ½n2=ðn2 � n1Þ�; (1)

where R, n2, and n1 are a radius of the ITO lense, a refractive

index of ITO, and a refractive index of air, respectively. 3D

structure has a radius of 2.5 lm. The refractive index of air is

given as 1. The refractive index of an ITO film was obtained

to be 1.84. According to the parameters, the focal length is

obtained to be 5 lm. To investigate the light behavior, finite-

difference time-domain (FDTD) simulation has been per-

formed at a wavelength of 550 nm, where the solar air mass

(AM) 1.5 spectrum has the strongest peak.22 Fig. 3(d) shows

the real-space electric field distribution in a Si absorber

through the ITO structures. The field intensity of planar ITO

films shows exponential decays as a function of distance

from the surface. In contrast, the 3D ITO structure efficiently

drives the electric field into a Si absorber suggesting the

effective photon delivery close to a space charge region.

FIG. 3. (a) Reflectance profiles of single ITO films (180 nm and 360 nm) and a 3D ITO structure (180 nm/180 nm). Quantum efficiencies of single ITO films

and a 3D ITO structure for (b) EQE and (c) IQE. (d) FDTD simulation of single ITO films (180 nm-ITO film and 360 nm-ITO film) and a 3D ITO structure

(180 nm/360 nm).

FIG. 4. (a) Schematic diagram of 3D ITO structured so-

lar cell. (b) I-V results of single ITO film-coated devi-

ces and 3D ITO structured device under one-sun

illumination.
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This suggests that more carriers are generating around the

space charge region resulting in the enhancement of collec-

tion probability of the carriers before fading away by recom-

bination. We have quantized the average IQE values in the

range of 500–900 nm. The 3D structure improved the IQE

value of 89.95% from 83.36% of the 360 nm-ITO film or

87.41% of the 180 nm-ITO film. This obviously shows that a

3D ITO structure is effective to focus the incident light on a

designated spot. It also strongly suggests that the more effi-

cient light modulation of 3D TCO structure may be realized

by a subwavelength grating structures.

Fig. 4(a) provides a schematic of a 3D ITO patterned so-

lar cell. Under one sun illumination (100 mW/cm2), all three

solar cells showed relative uniform values of fill factor (FF)

and an open circuit voltage (Voc), as presented in Table I.

However, a significantly enhanced efficiency of 14.3% was

achieved from the 3D TCO-integrated device due to its hav-

ing the highest short circuit current density (Jsc) of 29.56

mA/cm2, as shown in Fig. 4(b). In comparison, single ITO

film devices showed lower current values of 28.88 mA/cm2

(180 nm-ITO) or 25.92 mA/cm2 (360 nm-ITO). It was clearly

observed that there was a decrease of current for the thick

ITO film (360 nm-ITO), which can be attributed to the sub-

stantial optical loss for broad wavelengths, as seen in the

IQE profile. The 3D TCO structure shows evidence of effec-

tive light management on the front surface of a c-Si solar

cell.

In summary, we have investigated an effective method

of light management using 3D TCO structures. Dual ITO

layers were formed by a conventional lithographic method.

An initial ITO film was coated on a PR masked substrate and

ITO dots remained after PR stripping. An additional ITO

deposition spontaneously connected the ITO spots, resulting

in an electrically conductive 3D front surface. The 3D TCO

structure efficiently reduces incident-light reflection and

thereby drives more light into a Si absorber. FDTD simula-

tion demonstrates a strong electric field formation into a Si

absorber through the 3D ITO structure. Due to the carrier

generation close to a space charge region, the 3D TCO struc-

ture effectively collects more photogenerated carriers, induc-

ing an enhanced current value and thereby an improved

efficiency. This strongly indicates that an architecture with a

front surface of TCO layers can provide efficient light man-

agement for solar cells.
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