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Solar Energy Applications

Solar CarSolar Car
Auburn Univ.

Solar Arrays
http://www.solar.org/solar/array

Solar Arrays 

Solar Roof
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http://thefraserdomain.typepad.com/energy
Solar Roof 
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165,000 TW
of sunlight
hits the earth
every day

Prof. Smalley’s Group 
(Rice University)
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Solar-Cell Land Area Requirements
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6 Boxes at 3.3 TW Each  =  20 TW
Solar Cell BP



Solar Cell Plants

Germany Brandis (24 MW) S i C l (21 2 MW)Germany, Brandis (24 MW)
(40 MW is planned.)

Spain, Calaveron (21.2 MW)

Spain Beneixama (20 MW) Korea Sinan (19 6 MW)Spain, Beneixama (20 MW) Korea, Sinan (19.6 MW)

The largest solar-power plant is located in Spain, Murcia (26 MW).
Among top 50 solar-power plants, 31 plants are in Spain.

(cf Germany: 14 U S A : 2 Korea: 1 Japan: 1 and Portugal: 1) Photovoltaic Applications and Technologies
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(cf. Germany: 14, U.S.A : 2, Korea: 1, Japan: 1, and Portugal: 1)
Korea’s solar pant is the 7th in the world.

Photovoltaic Applications and Technologies
http://www.pvresources.com
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Solar Cell
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Solar Energy Conversion

Physics Today (2007) 

7http://bp.snu.ac.kr

G. W. Crabtree and N. S. Lewis
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Photovoltaic Conversion Efficiencies & Novel Conducting Polymers

Physics Today (2007)
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Physics Today (2007) 
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Illustration of the Energy Landscape
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MRS Bulletin  (2008).
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V. S. Arunachalam (Center for Study of Science, India) and E. L. Fleischer (MRS) 
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MRS Bulletin (2008). 
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Energy Flow Diagram for the U.S.A. (2006)

11http://bp.snu.ac.kr

V. S. Arunachalam (Center for Study of Science, India) and E. L. Fleischer (MRS) 
MRS Bulletin (2008). 
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David Ginley (NREL), Matin A. Green (University of New South Wales), and Reuben Collins (Colorado School of Mines) 
MRS Bulletin (2008). 
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World Photovoltaic Module Production

David Ginley (NREL), Matin A. Green (University of New South Wales), and Reuben Collins (Colorado School of Mines)
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David Ginley (NREL), Matin A. Green (University of New South  Wales), and Reuben Collins (Colorado School of Mines) 
MRS Bulletin (2008). 
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Solar Cell Basics
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History

• 1839, Becquerel
– Finding Photovoltaic Effect

1876 Th ff d d• 1876, The same effect was demonstrated 
in selenium

• 1883, Se Solar Cells
1930 C O/C S l C ll• 1930, Cu2O/Cu Solar Cells

• 1941, First silicon based solar cell demonstrated
• 1954, Beginning of modern solar cell research 

(Bell Lab 4% Efficiency)(Bell Lab, 4% Efficiency)
• 1958, Using as Assistant Power in the Spaceship

(Vanguard I); 5 mW
• 1980 CdTe CIS TiO Solar Cells• 1980, CdTe, CIS, TiO2 Solar Cells
• 1991, Dye Sensitized Solar Cell

(M. Gratzel et al, Nature)

U.S. Department of Energy
Energy Efficiency and Renewable Energy
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Energy Efficiency and Renewable Energy
http://www1.eere.energy.gov/solar
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Solar Cell Structure

n-type

p-type

The basic steps in the operation of a solar cell:The basic steps in the operation of a solar cell:

1. Generation of light-generated carriers.
2. Collection of the light-generated carries to generate a current. 
3. Generation of a large voltage across the solar cell.
4. Dissipation of power in the load and in parasitic resistances. 

htt // d d ti /
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http://pvcdrom.pveducation.org/
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• Light-emitting diode (LED)

LED vs. Photovoltaic
g g ( )

– Converts electrical input to light output:  electron in → photon out
– Light source with long life, low power, compact design. 
– Applications:  traffic and car lights, large displays, solid-state lighting.pp g , g p y , g g

• Photovoltaic (PV)
– Converts light input to electrical output:  photon in → electron out

(generated electrons are “swept away” by E field of p-n junction).
– Renewable energy source.

LED Solar Cell
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J. Nelson, The Physics of Solar Cells
London: Imperial College Press, 2003
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Basic Structure of Si Solar Cells

-

+

Solar-is-Future.com Homepage
http://www.solar-is-future.com
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Band Structure for c-Si

J R Chelikowsky (UC Berkeley) and M L Cohen (Lawrence Berkeley Lab )
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J. R. Chelikowsky (UC Berkeley) and M. L. Cohen (Lawrence Berkeley Lab.)
Phys. Rev. B 10 5095 (1974)
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p-n Junction: Band Diagram

electronsEC

n-type

• In equilibrium, Fermi levels must 
equalize.

• Hence electrons move from n to p side

EF

EF
• Hence, electrons move from n to p-side 

(diffusion process).
• Depletion zone occurs at junction where  

immobile charged ion cores remain.

EV p-type

immobile charged ion cores remain.
• Results in a built-in electric field

(103 to 105 V/cm), which opposes further 
diffusion. 

EF

EC

+
+

+
+ +

+

+–
–
–

–
–
–
–

–
–
–
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Depletion ZoneEV

+
+

+
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Issues

Transport

M-S Contact

Absorption

23http://bp.snu.ac.krSolar Cell   Jongmin



Depletion Region
p-n Junction: Essential for Solar Cell

n-type p-type
Positive
Space
Charge

Negative
Space
Charge

E

Fixed Donor Fi d A t
Free Electron Free HoleFixed Donor Fixed Acceptor

K Durose’s group (University of Durham)
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K. Durose’s group (University of Durham)
http://www.dur.ac.uk

Solar Cell Chunjoong
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- - - -

Energy Band of p-n Junction Solar Cell
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p-type

+ + + + + +
+ + +
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Open Circuit 
Voltage (Voc)

Maximum Power
Point (Pmax)Solar Cell   Changwoo



J-V Curve
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n-type Contact Metal

vacuum

χn-type Φmetal

electron flow

Metal

n-type

Φn type > Φmetal for electron flowΦn-type  Φmetal for electron flow
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p-type Contact Metal

vacuum

electron flow

(hole flow)

Φp-type
ΦΦmetal

p-type Metal

Φ < Φ for recombinationΦp-type < Φmetal for recombination

28http://bp.snu.ac.krSolar Cell   Changwoo



Requirements for Solar Cells

• Bandgap Energy (between 1.1 and 1.7 eV)

• Consisting of Readily Available, Non-Toxic Materials

• Easy, Reproducible Deposition Techniques

• Suitable for Large Area Production• Suitable for Large Area Production

• Good Photovoltaic Conversion Efficiencyy

• Long-Term Stability

29http://bp.snu.ac.krSolar Cell Chunjoong
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Quantum Efficiency

recombination

Photovoltaic CD ROM
http://pvcdrom pveducation org/
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http://pvcdrom.pveducation.org/
(the most instructional and kind web site for basic study for solar cell) 

Solar Cell Chunjoong



Quantum Efficiency

Quantum efficiency (QE)    =
Number of charge carriers collected by the solar cell 
Number of photons of a given energy on the solar cell

= IPCE
(incident photon to current conversion efficiency)

JJsc

λPi
1240=

We can derive Jsc from the QE as follows:

Jsc = q∫ QE(E)bs(E)dE.
0

∞

Where bs(E) represents the spectral photon flux. 

J is the short circuit current which is the sum of the total charge of QE at the each spectra

31http://bp.snu.ac.krSolar Cell Chunjoong

Jsc is the short circuit current, which is the sum of the total charge of QE at the each spectra.



Quantum Efficiency

IPCE (Incident Photon to electron Conversion Efficiency)
Short circuit 상태에서 (작은 문제점) 측정 파장 별로 photon이 electron으로 변환되는 효율

EQE (External Quantum Efficiency)
Short circuit 상태에서 전체 photon이 electron으로 변환되는 효율

IQE (Internal Quantum Efficiency)
Short circuit 상태에서 흡수된 photon이 electron으로 변환되는 효율

PCE (Power Conversion Efficiency) or ECE (Energy Conversion Efficiency)
Maximum FF- Maximum FF

32http://bp.snu.ac.krSolar Cell  Jongmin



J. Szmytkowski, Universit¨at Karlsruhe (Poland)
Semicond. Sci. Technol. 22 1329–1331 (2007).

33http://bp.snu.ac.kr

Representative IPCE and I-V  Curve
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(1) G ti l h t i it t J

Key Aims for High Power

(1) Generating a large short circuit current, Jsc
Generation and Collection of Carriers

(2) Generate a large open-circuit voltage, Voc( ) g p g , oc
Moderate Diffusion Length, Low Surface Recombination, Thin Devices, and
(incompatible with each other or with high Jsc, so need trade-offs)

(3) Minimize parasitic power loss mechanisms.(3) Minimize parasitic power loss mechanisms.

Jsc

Voc Jsc FF

sc

oc sc η =
Pin

(power conversion efficiency)

J. Nelson, The Physics of Solar Cells

34http://bp.snu.ac.kr

y f
London: Imperial College Press, 2003
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Efficiency Loss

The Solid State Lighting and Display Center @ UC Santa Barbara

35http://bp.snu.ac.kr

The Solid State Lighting and Display Center @ UC Santa Barbara
http://ssldc.ucsb.edu

Solar Cell Chunjoong



CIS/CdTe Solar Cells

36http://bp.snu.ac.kr

A. Goetzberger et al., Materials Science and Engineering R, 40, 1-46 (2003)

Solar Cell Chunjoong



A Goetzberger et alA. Goetzberger et al.
Materials Science and Engineering R
40, 1-46 (2003)
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Solar Cell Efficiency
Efficiencies of different Photovoltaic Cells throughout history.g y
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National Renewable Energy Laboratory

Solar Cell Hongsik



Solar Radiation

UV
5%

Visible
46%

Near IR
49%5% 46% 49%

Power reaching earth: 1.37 kW/m2

Ph t lt i A li ti d T h l i

39http://bp.snu.ac.kr

Photovoltaic Applications and Technologies
http://www.pvresources.com
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100 mW/cm2
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Solar Spectrum
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Solar Spectrum
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Relations between Optical Parameters

⇔⇔
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Relations between Optical Parameters

KK
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Dye-Sensitized Solar Cell 

(DSSC)(DSSC)
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M G ä l N (2001)

Photoelectrochemical Cells (Solar Cell and Water Cleavage)

M. Grätzel, Nature (2001)
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Electrode potential (E0) vs. Vacuum potential (eV)

M. Grätzel, Nature (2001)

48http://bp.snu.ac.krSolar Cell/Semiconductor   Chunjoong



Dye-Sensitized Solar Cells (DSSCs)

<

>

Prof. Kyo Han Ahn’s group (POSTECH)
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y g p ( )
http://www.postech.ac.kr/chem/mras

Solar Cell Chunjoong



Dye-Sensitized Solar Cell

Michael Grätzel (Ecole Polytechnique)
Inorg. Chem. 44, 6841 (2005)

1. Dye electrons are excited by solar energy absorption.

2. They are injected into the conduction band of TiO2.y j 2

3. Get to counter-electrode (cathode) through the external circuit.

4 : Redox regeneration at the counter electrode (reduction)-- I32I →+ −4. : Redox regeneration at the counter-electrode (reduction).

5. : Dye regeneration reaction (oxidation).

3 I32I →+ e
−+→ e2II3 -

3
-

50http://bp.snu.ac.kr

6. Potential used for external work: redoxFext VEV Δ−=Δ
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Dye-Sensitized Solar Cell

< Introduction >

• Dye-sensitized solar cells (DSSC) were invented by Michael Grätzel and Brian O'Regan
[N 353 737 (1991)][Nature, 353, 737 (1991)] .

• The DSSC is formed by a combination of organic and inorganic components that could be 
produced at a low cost.

• The DSSC offers the prospect of a cheap and versatile technology for large scale production of 
solar cells.

• The basic element of a DSSC is a nanostructured material, an assembly of TiO2 nanoparticles 
about 20 nm diameter, well connected to their neighbors.

• TiO2 is the preferred material since its surface induces highly effective electron transfer.
• However, TiO2 only absorbs a small fraction of the solar photons (those in the UV).
• Molecular sensitizers (dye molecules) attached to the semiconductor surface, are used to harvest a 

great portion of the solar light.
• The main dye molecules consist on one Ru metal atom and a large organic structure that provides 

the required properties (wide absorption range, fast electron injection, and stability).

51http://bp.snu.ac.krSolar Cell Hongsik



Dye-Sensitized Solar Cell

Homepage in Grätzel’s group 

52http://bp.snu.ac.krSolar Cell   Jongmin



The Benefits of DSSC

Silicon Solar Cell Dye Sensitized Solar Cell

- Costly fabrication process

- Expensive raw materials

- Easy to be fabricated

- Low cost

- Toxic gases - Friendly to the environment

53http://bp.snu.ac.krSolar Cell Hongsik



Dye-Sensitized Solar Cell (DSSC) 

M G ä l’ N (1991)M. Grätzel’s group, Nature (1991)

54http://bp.snu.ac.krSolar Cell   Changwoo



TiO2 Nanoparticles for DSSC

· hydrothermal method hydrothermal method

· ~20 nm size, anatase phase

· ~10 µm thickness for efficient 

M. Grätzel’s group,
J. Am. Ceram. Soc. 

(1997)

photon absorption

55http://bp.snu.ac.kr

(1997)
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TiO2 Phase Dependency for DSSC

Rutile phase도 DSSC에 사용되었을 때 효
율을 나타내지만, anatase phase를 사용했을
때보다 낮은 효율을 나타낸다고 많은 논문에
서 보고되고 있습니다 하지만 그 구체적인서 보고되고 있습니다.  하지만 그 구체적인
원인에 대해서는 정확하게 규명되지 않았습니
다.

Rutile phase의 nanoparticle을 합성하면
20 nm × 80 nm 정도 크기의 rod형태가 만
들어지고, spherical anatase nanoparticle은
20 정도의 크기를 가집니다 따라서20 nm 정도의 크기를 가집니다. 따라서
rutile nanoparticle은 anatase nanoparticle
에 비해 표면적이 작아 달라붙는 dye의 양이
적고, photocurrent가 적게 발생해 효율이적고, photocurrent가 적게 발생해 효율이
떨어지는 것이라고 아래 논문에서 주장하고
있습니다.

N.-G. Park et al.,
J. Phys. Chem. B (2000)
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proton detachment →

Dyes for DSSC

chemical bonding with TiO2

M. Grätzel, Inorganic Chemistry (2005)
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Dyes for DSSC (N719)

Ch i l S  f  N719 Chemical Structure of  N719 
dye

M. Grätzel, Inorganic Chemistry (2005)
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부분이 떨어져나가면서 아래 그림과 같이

Dyes for DSSC (N719)

부분이 떨어져나가면서 아래 그림과 같이
Ti와 bonding을 형성하게 됩니다. → dye 

adsorption to TiO2

Chemical Structure of N719 dye

cf) Chemical Structure of N3 dye

Bu4N: tetrabutylammonium
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Optimizing Dyes for DSSC

HOMOLUMOAnchoring HOMO
N3

Anchoring

Organometallic dye: charge separation
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anatase (001) anatase (101)

→ the most stable plane

A Selloni

H. G. Yang et al.
N 453 638 (2008)

A. Selloni
Nat. Mater. 7, 613 (2008)

Nature 453, 638 (2008)

Anatase TiO2 표면에서 chemical adsorption이 발생할 경우, 표면에서 더 불안정한 Ti
와 b di 을 형성한다고 알려져 있습니다

61http://bp.snu.ac.kr

와 bonding을 형성한다고 알려져 있습니다.
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anatase (101)

dye

N719 dye

Ti Ti

M. Graetzel’s group 
JPCB (2003)JPCB (2003)

이 논문에서는 dye-coated TiO2 film의 FT-IR 분석을 통해 TiO2 표면의 Ti와 dye 사이 논문에서는, dye coated TiO2 film의 FT IR 분석을 통해, TiO2 표면의 Ti와 dye 사
이의 chemical bonding 형성을 분석했습니다.
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Dyes for DSSC (N719)

3-D Structure of Ru complex
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3 D Structure of Ru complex
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M Grätzel Inorganic Chemistry (2005)

Operation of DSSC 

%
)

M. Grätzel, Inorganic Chemistry (2005)

IP
C

E
 (

%

good photon absorption  good photon absorption, 
good charge separation 

IPCE: Incident Photon to Current Conversion Efficiency

64http://bp.snu.ac.kr
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Dye-Sensitized Photovoltaic Cells 

M Grätzel Inorganic Chemistry (2005)M. Grätzel, Inorganic Chemistry (2005)
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C. A. Grimes’s group,

TiO2 Nanotubes for DSSC
g p,

Nano Letters (2006)

Ti deposition by sputtering (500 nm)

Anodizing Ti film at constant 
potential, 12 V. (HF condition)

Pore diameter: 46 nm
Wall thickness: 17 nm
Length: 360 nm
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TiO2 Nanotubes for DSSC

η = 2.9%

360 nm

C. A. Grimes’s group,
Nano Letters (2006)
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Electrode/Electrolyte Interface Problem

Sol tionsSolutions

· Core-shell Structure

→ wide bandgap materials

· Surface Treatment

→ Ar or O2 plasma, TiCl4 treatment

 N l  C ti   th  TCO· Nanoscale Coating on the TCO
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CaCO3-Coated TiO2 Nanoparticles

·CaCO3-coated TiO2 nanoparticle (core-shell)

CaCO3: basic than TiO2 → carboxyl group of 
dye can adsorb more easily

CaCO3 is insulator (band gap: 6 eV) 
→ thick shell of CaCO3 block electron 
t f  f  d  t  TiOtransfer from dye to TiO2 

K. Hong’s group, 

Sol Energy Mater Sol Cells (2006)

69http://bp.snu.ac.kr

Sol. Energy Mater. Sol. Cells (2006)
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CaCO3-Coated TiO2 Nanoparticles
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K. Hong’s group, 
Langmuir  (2005)

MgO-Coated TiO2 Nanoparticles

·MgO-coated TiO2 nanoparticle (nanoporous structure)

· Jsc enhancement: increase of the dye 
adsorption

· V enhancement: suppression of the  Voc enhancement: suppression of the 
charge recombination 
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K. Hong’s group, 
Langmuir  (2005)

MgO-Coated TiO2 Nanoparticles

72http://bp.snu.ac.krSolar Cell   Changwoo



Metal-Oxide Coating on TiO2 Nanoparticles

Coating Layer

• Effect of TiO2 Coating Layer

1. The insulating layers with wide band gap and high conduction band edge can retard the
back transfer of electrons from TiO2 to the electrolytes or dye molecules (decrease trap state).

2. The enhanced dye adsorption by the oxide layers can improve the cell performance
The coated surface favors the dye adsorption through the carboxylic acid group of the dye.

Sujuan Wu et al. (Wuhan University)
Nanotechnology 19 215704 (2008)
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Nanotechnology 19, 215704 (2008)
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MgO-Coated TiO2

Sujuan Wu et al. (Wuhan University)
Nanotechnology 19, 215704 (2008)

Excessively thick MgO layer beyond the tunneling distance plays a negative role in the photoelectron conversion processExcessively thick MgO layer beyond the tunneling distance plays a negative role in the photoelectron conversion process.

74http://bp.snu.ac.kr
Dye adsorption increase with sputtering time

Resistance at the TiO2/dye/electrolyte increase with 
sputtering time

Solar Cell Hongsik



MgO-Coated TiO2
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FTO/Blocking Layer/Porous TiO2

P i t f b t FTO b t t d TiO l b l t bi ti it

• Introduction

Porous interfaces between FTO substrate and TiO2 layers can be electron recombination site, 
i.e., electron leakage sites exist especially when solid or highly viscous redox species such as 
ionic liquid iodides once infiltrate into the interfaces.

Blocking layer can suppress back electron transfer from FTO to electrolytesBlocking layer can suppress back electron transfer from FTO to electrolytes.

Shozo Yanagida Group (Osaka University)
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Shozo Yanagida Group (Osaka University)
J. Phys. Chem. C 111, 8092 (2007)
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FTO/Nb2O5/Porous TiO2

Sputtering method has the merits of good 
reproducibility, of homogeneous coverage and 
suitability for the large scale production.

Excessively thick blocking layers beyondExcessively thick blocking layers beyond 
tunneling distance would play a negative role in the 
photoelectron conversion process.

Shozo Yanagida Group (Osaka University)
J. Phys. Chem. C 111, 8092 (2007)J. Phys. Chem. C 111, 8092 (2007)
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FTO/Nb2O5/Porous TiO2
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FTO / TiO2 Thin-Film Layer / TiO2 Nanoparticles

FTO/TiO2 compact layer/TiO2 Efficiency (1 Sun)
With compact layer : 1.6%
Without compact layer : 1.0 %

Efficiency (1/10 Sun)
With compact layer : 1.6%
Wi h l 0 6 %Without compact layer : 0.6 %

Michael Grätzel et al. (Ecole Polytechnique)Recombination rate decrease between FTO / Electrolyte  
J V increase

79http://bp.snu.ac.kr

Nano Lett. Vol. 8, No. 4, (2008)JSC , VOC increase
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FTO / TiO2 Thin-Film Layer / TiO2 Nanoparticles

80http://bp.snu.ac.krSolar Cell Hongsik



Quantum-Dot Sensitized Solar Cell

Narrow-bandgap semiconductor quantum dots QDs (such as CdS CdSe PbS and InAs) have been

• Quantum-Dot Sensitized Solar Cell (QDSSC)

Narrow bandgap semiconductor quantum dots QDs (such as CdS, CdSe, PbS, and InAs) have been 
the subject of considerable interest as promising candidates for replacing the sensitizer dyes in 
DSSCs. These devices are called QD-sensitized solar cells (QDSSC). 

1 Th b d f th QD b t d b lli h i i d h f h

• Advantages

1.The bandgap of the QDs can be tuned by controlling their size, and therefore, the 

absorption spectra of the QDs can be tuned to match the spectral distribution of sunlight. 

2 S i d t QD h l ti ti ffi i t d t th q ant m confinement2.Semiconductor QDs have large extinction coefficients due to the quantum confinement 

effect. 

3 QDs have large intrinsic dipole moments which may lead to rapid charge separation3.QDs have large intrinsic dipole moments, which may lead to rapid charge separation.
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Quantum-Dot Sensitized Solar Cell

• Effect of Size and Morphology

TiO2 + HOOC-CH2-CH2-SH (MPA) + CdSe

Link TiO2 and CdSe

• Morphology
MPA

p gy
Tube type is advantageous to the fast electronic 
conduction, due to shorter diffusion path compared 
with the particle type. 

Optically transparent electrode

Power-conversion efficiencyPower conversion efficiency 

OTE / TiO2(Nanoparticles) / CdSe: 0.6%
Ti / TiO2 (Nanotubes) / CdSe: 0.7%

Anusorn Kongkanand  et al.
Notre Dame Radiation Laboratory
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Notre Dame Radiation Laboratory
JACS 130, 4007 (2008)
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• Size effect

Quantum-Dot Sensitized Solar Cell
Size effect

Size↓  Band gap↑ 
Smaller-sized CdSe quantum dots show greater charge 

injection rates and also higher IPCE at the excitonic bandinjection rates and also higher IPCE at the excitonic band. 
Larger particles have better absorption in the visible 

region, but cannot inject electrons into TiO2 as effectively 
as smaller-sized CdSe quantum dots.

Optimum size (3 nm)
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A. Kongkanand  et al. (Notre Dame Radiation Laboratory)
JACS 130, 4007 (2008)
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Quantum-Dot Sensitized Solar Cell
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Ad ti f CdS QD Z O i

Quantum-Dot Sensitized Solar Cell

Adsorption of CdSe QD on ZnO nanowires

η: 0 4%η: 0.4%

E. S. Aydil’s group (University of Minnesota)
Nano Lett. 7, 1793 (2007)

Better adsorption of CdSe on ZnO by O2 plasma
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p y 2 p
(dangling band formation)
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Quantum-Dot Sensitized Solar Cell
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Organic Solar Cellg
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Organic Solar Cells

The main constituents of an organic solar cell are the electron donor, acceptor, anode, 
and cathodeand cathode.

Four steps are involved in the photocurrent generation process: 
1) Light absorption1) Light absorption.
2) Exciton diffusion.
3) Exciton dissociation into free charge carriers.
4) Ch ll i4) Charges collection. 

Exciton energy in polymers is ~0.5 eV, thus it is difficult to be dissociated.
Furthermore, the exciton diffusion happens at small scales (Ld ~ 10 nm).
Therefore, it is important to increase the interface area between the donor and the , p
acceptor materials.

Effective Solution: Bulk Heterojunction (BJH)
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Effective Solution: Bulk Heterojunction (BJH) 
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C. W. Tang

Two-Layer Organic Photovoltaic Cell
C. W. Tang 
APL (1986)

n-type organic
hole-injection 

material

n type organic 
material

Low efficiency (~1%) 
→ due to the short exciton diffusion length (~5 nm) in organic materials
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C. W. Tang 
APL (1986)

Two-Layer Organic Photovoltaic Cell
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Donor Acceptor
Donor and acceptor are macroscopically 
i di ti i h bl i BHJ

Electron Transfer in Organic Cells

“Device Physics of Polymer: 
F ll B lk H j i S l C ll ”

Donor p indistinguishable in BHJ.

Fullerene Bulk Heterojunction Solar Cells”
P. W. M. Blom’s Group, 
Univ. of Groningen
Ad M t (2007)

Electron
Hole

Adv. Mater. (2007)-+

“Efficient Bulk Heterojunction Donor Acceptor Acceptor

Electron

Exciton Exciton

j
Photovoltaic Cells Using Small 
Molecular-Weight Organic Thin
Films”

Donor Acceptor

Donor

Acceptor

Bilayer Bulk Heterojunction

Electron

Hole
Hole S. R. Forrest’s Group

Princeton Univ. 
Nature (2003)
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Bilayer Bulk Heterojunction
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Bulk Heterojunction

Electron

-
e-

h+

Exciton

+
Hole

+

Bulk heterojunction structure helps 
charge separation at interface by 

enlarging interface area. hν
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Structure of Organic Cells

e-

h+

Cathode

+

-

+
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K Lee et al

Tandem Structure

·Voc improvement: sum of the Voc’s of the individual cells

K. Lee et al.

Science (2007)

active layer

·Absorption over a broad range 
of solar spectrump

→ two semiconductor layers 
with different band gaps
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Tandem Polymer Solar Cell

electron 
flow

electron 
flow

hhν

hole 
flow hole 

flow

electron-hole 
recombination

K. Lee et al.
Science (2007)

Electron

Exciton

Electron

Hole
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Tandem Polymer Solar Cell

K. Lee et al.
Science (2007)

Voc = 1.24 V
Science (2007)

Jsc = 7.8 mA/cm2

FF = 67%

Efficiency = 6 5%

98http://bp.snu.ac.kr

Efficiency = 6.5%
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J. Drechsel’s group
Double p-i-n Architecture

100 nm

Appl. Phys. Lett. (2005)

50 nm

20 nm

→ two semiconductor layers 
with different band gaps20 nm

125 nm
0.5 nm

60 nm

30 nm

electron transport layer: C60 doped with rhodamine B

hole transport layer: MeO-TPD doped with 
tetrafluorotetracyano quinodimethane
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tetrafluorotetracyano-quinodimethane
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Summary and Representative Work

Donor
Acceptor

Cathode
Anode

Electron
Energy

Fabrication process is simple.
Not all the excitons cannot reach the interface.
There are many dead ends.+

-
y

Donor Acceptor Conversion Efficiency 

+

p y
(AM 1.5)

Polymer C60 Derivative Heeger’s group 4.9%
Polymer CdSe Nanorods Alivisatos’ group 1.7%
P l Z O N ti l J ’ 1 6%Polymer ZnO Nanoparticles Janssen’s group 1.6%

“Hybrid Nanorod-Polymer Solar Cells”“Polymer Photovoltaic Cells Heterojunctions”
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Hybrid Nanorod Polymer Solar Cells
A. P. Alivisatos’ Group, Science (2002)

Polymer Photovoltaic Cells … Heterojunctions
A. J. Heeger’s Group, Science (1995)
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“Polymer Photovoltaic Cells … Heterojunctions”
A. J. Heeger’s Group, Science (1995)
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“Hybrid Nanorod-Polymer Solar Cells”
A. P. Alivisatos’ Group, Science (2002)
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The Others
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Triple-Junction Solar Cell

David Ginley (NREL), Matin A. Green (University of New South Wales), and Reuben Collins (Colorado School of Mines)
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David Ginley (NREL), Matin A. Green (University of New South  Wales), and Reuben Collins (Colorado School of Mines) 
MRS Bulletin (2008). 
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Tandem Structure

J. F. Geisz’s group

Appl. Phys. Lett.

(2007)(2007)
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J. Janssen’s group,
Appl. Phys. Lett. 

(2007)

Multiple-Junction Polymer Solar Cell

(2007)

Cell fabrication by solution process 
+ spin coating

V : 2 19 V Voc: 2.19 V 
→ correspond closely to the sum 
of single cell Voc’s.
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Third-Generation Solar Cell Options
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David Ginley (NREL), Matin A. Green (University of New South  Wales), and Reuben Collins (Colorado School of Mines) 
MRS Bulletin (2008). 

Solar Cell   Dae-Ryong



Transparent Conducting Oxide (TCO)

108http://bp.snu.ac.kr



Introduction of Transparent Conducting Oxide (TCO) 

Transparent conducting oxide는 가시광선 영역의 빛을 투과시켜 사람의 눈에 투명하게 보이
는 동시에 전기전도도가 좋은 물리적 특성을 나타내는 재료를 일컬으며, 보통은 줄여서
TCO 우리말로는 투명전극이라는 단어를 사용하기도 한다TCO, 우리말로는 투명전극이라는 단어를 사용하기도 한다.

1880년대 TCO의 개념이 처음 도입: Se을 사용한 태양전지의 전면 전극에 Ag, Pt을 얇게
증착하여 사용

태양전지의 전면 전극은 외부에서 들어오는 태양빛을 되도록 많이 투과시켜 빛 에너지가
Se 태양전지에 많이 도달하도록 하여야 하며, 동시에 빛 에너지를 받아 생성된 전자와 홀을
잘 이동시켜서 유용한 에너지로 사용하여야 하므로 전기전도도 역시 좋아야 함잘 이동시켜서 유용한 에너지로 사용하여야 하므로 전기전도도 역시 좋아야 함. 

1990년대 후반부터 LCD, PDP를 필두로 FPD 시장이 폭발적으로 증가하고 태양전지 시장 또
한 성장. 이에 따라 TCO에 대한 수요가 증가하며 현재까지 연구가 활발히 진행. 

A pellet of Indium Tin Oxide sample (left) and this
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A pellet of Indium Tin Oxide sample (left) and this 
same material in thin film form (right)
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Physical Properties of Transparent Conducting Oxide (Transmittance)

가시광선 영역 (일반적으로 400nm ~ 700nm 파장의 전자기파)에서 투명하기 위해서는
electronic energy band gap이 400nm 파장의 전자기파 에너지인 3.1 eV 이상 되어야 한다.

band gap 3.1 eV 이상인 대표적인 산화물 반도체: ZnO (3.3 eV), In2O3 (3.7 eV), MgO (3.6 eV), 
SnO2 (3.6 eV) 

TCO의 한 종류인 Cd2SnO4 박막의2 4
transmittance 측정 결과.
가시광선 영역에서 80~90 % 수준의
transmittance를 나타낸다. Energy band gap 보다
큰 에너지의 빛의 파장의 경우에는 생략되었큰 에너지의 빛의 파장의 경우에는 생략되었
으나, band to band transition에 의해 빛이 흡수
되면서 transmittance 가 급감한다. 또한 energy
가 작은 적외선 영역에서는 plasma resonance 
frequency를 기점으로 reflectance가 증가함으로
인해 transmittance가 감소한다. 이러한
transmittance 측정 결과는 대부분 연구되고 있
는 TCO 물질들에서 거의 유사한 양상을 나타는 TCO 물질들에서 거의 유사한 양상을 나타
낸다. Cd2SnO4의 경우 Cd에 독성이 있어 상용
화 할 수 없다.
일반적으로 TCO 물질이 상업적으로 사용되기

J. Vac. Sci. Technol. A 18 (Nov/Dec 2000)
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위해서는 가시광선 영역에서의 transmittance가
85% 이상 되어야 가능하다.
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Physical Properties of Transparent Conducting Oxide (Resistivity)

ρ = 10-4 Ω cm
μσ nq =

Conductivity (σ)는 위의 식에 따라 carrier concentration (n)을 증가시키거나 mobility (μ)를 증가
시킴 으로써 향상시킬 수 있다. 
물질에 impurity (donor)를 doping함으로써 carrier concentration을 증가 시킬 수 있고 물질의

μσ nq 

물질에 impurity (donor)를 doping함으로써 carrier concentration을 증가 시킬 수 있고, 물질의
crystallinity를 좋게 하여 carrier mobility를 증가시킬 수 있다. 그러나 impurity를 어떤 critical 
value 이상으로 doping하면 crystal structure를 변화시키고 impurity에 의한 scattering을 증가시켜
conductivity의 저하요소가 될 수도 있다. 또한 conduction band내의 전자에 의해 free carrier 
absorption이 일어나 transmittance 마저 감소 시킬 수 있다.

*m
qτμ  = 

Carrier mobility (μ)는 위의 식에 따라 relaxation time (τ)를 증가시키거나 effective mass (m*)를
감소시킴 으로써 늘릴 수 있다. 그러나 일반적으로 가시광선에 투명한 wide bandgap material의
경우 가 다 따라서 을 늘려 를 가 시킬 수 있다

m

경우 effective mass가 크다. 따라서 relaxation time을 늘려 carrier mobility를 증가 시킬 수 있다. 
Relaxation time은 재료의 crystallinity 를 좋게 하여 carrier의 scattering을 감소 시킴으로서 증가
시킬 수 있다. 

112http://bp.snu.ac.krTCO Yumin



Current Research on TCO 

현재까지 TCO로서 많이 연구되고 있는 물질은 In2O3, SnO2, ZnO 등이 대표적이다.
이 물질들은 doping effect가 비교적 두드러지게 나타나, 전기적 광학적 특성이 다른 Ga2O3, 
Al2O3, MgO 등의 material보다 TCO로의 응용가능성이 높다.

In2O3 의 경우 SnO2 와 ZnO보다 낮은 resistivity 값을
가져 가장 먼저 상용화 되고 현재 Sn doped In O가져 가장 먼저 상용화 되고 현재 Sn doped In2O3
(ITO) 가 TCO로서 쓰인다. 그러나 ITO의 경우 In이
희귀원소로서 가격이 비싸다는 단점이 있다.

ZnO는 band gap이 3.3 eV 정도이며, direct band gap을
가지고 있어 optoelectronic device로서 활용가능성이
높다. 특히 Al, Ga 등의 impurity doping 시에 우수한
전기적 특성을 얻을 수 있다전기적 특성을 얻을 수 있다.

Al doped ZnO (AZO)는 Al이 doping 됨으로써 낮은
resistivity 가 얻어지고 지구상에 풍부하게 존재 하며
값이 싼 재료로 제작될 수 있다.  또한 독성이 없으며
가시광선 영역에서 transmittance가 높아 (~90%) 
solar cell의 전극으로서 유망한 물질로 기대된다. Semicond. Sci. Technol. 20 (2005) S35–S44
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Semicond. Sci. Technol. 20 (2005) S35–S44
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J. G. Lu’s Group, Zhejiang UniversityJ. G. Lu s Group, Zhejiang University 
J. Appl. Phys. 100, 073714 (2006)
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AZO Characteristics

Al의 doping 양의 변화에 따른 AZO의 resistivity.

I it (Al)가 어떤 iti l l 까지 d i 될 때는Impurity (Al)가 어떤 critical value 까지 doping될 때는
resistivity가 낮아지지만 그 이상 doping 될 때는
resistivity가 증가하는 것을 볼 수 있다. 이는 Al의
doping 양이 critical value이상으로 높아지면 Al이p g
donor로서 작용하지 않고 grain boundary등에
segregation되기 때문이다. 

Al의 doping 양의 변화에 따른 AZO의 transmittance.

Al의 doping양에 관계 없이 가시광선 영역에서 약 90%의

Kun Ho Kim’s Group (Gyeongsang National University) 
Journal of Applied Physics 81 7764 (1997)

transmittance를 보인다. 
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Journal of Applied Physics 81, 7764 (1997)

TCO Yumin



AZO Images

J.G. Lu’s Group., Zhejiang University, 

Kun Ho Kim’s Group (Gyeongsang National University) 
Journal of Applied Physics 81, 7764 (1997)

Journal of Applied Physics 100 (2006) 073714
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Kun Ho Kim’s Group (Gyeongsang National University)
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Kun Ho Kim s Group (Gyeongsang National University) 
Journal of Applied Physics 81, 7764 (1997)
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