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Photoelectrochemistry (ch. 18)

1. Electrogenerated Chemiluminescence
2. Photoelectrochemistry at Semiconductors



Photoelectrochemistry

Radiation energy <« electrical or chemical energy
e.g., ECL, electrochromic device, EL, sensors

General Concepts of luminescence

e the type of excitation

- Photoluminescence: light emission by UV or visible light

- Radioluminescence (scintillation): excited by radioactive substances

- Cathodoluminescence: excited by high velocity electron bombardment
- X-ray luminescence: by X-rays

- Chemiluminescence: by chemical reactions
-Electrochemiluminescence or electrogenerated chemiluminescence: by
electrochemical reactions

- Electroluminescence: by electric voltage

e L_uminescent materials (or luminophors): substances which exhibit luminescence
- organic (organoluminophors)

- Inorganic (phosphors)



Electrochemiluminescence (or electrogenerated chemiluminescence, ECL)
e solution phase chemiluminescence resulting from electron transfer reactions,

often involving aromatic radical ions

e general reaction mechanisms
- S route: “energy sufficient” (energy released by the electron transfer process is

sufficient to raise a product to the emitting state)

RT+R¥% —— !R*+ R’ (ion annihilation)
IR* ——— R+ jY (fluorescence)

where R* and R'? may be derived from the same or different precursors,
R and R'. For example, R and R’ might both be rubrene. or R could be
9,10-diphenvlanthracene and R’ could be thianthrene (Fig. 1). We show

- T route: “energy deficient” (the energy available in electron transfer is
substantially less than that required to reach the emitting state), triplet
Intermediates
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Fig. 1. Structures of compounds.



e experimental techniques
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Fig. 3. The generation of ECL in a sequential step experiment. From Faulkner and Bard
(1977), with permission from Marcel Dekker, Inc.



e ECL at semiconductors

-

Lpoxy

Ta Ta0. PY20nm)

y:a

TH
Pt or Au
negalive
potential

{:round Statc

oxidation
_’..

_l_

TH'

SC or metal oxide

negative
potential

p C
— hy
.
hd

Excited State



ECL in Pyrene (Py) and TMPD solution: 400 nm & 450 nm
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(a) ECL (b) Fluorescence (excitation at 350 nm)



Analytical applications of ECL

Light intensity Is proportional to concentration — analysis using ECL
-Very sensitive: very low light level

-No light source is needed: electrochemical excitation

Most frequently used ECL-active label: Ru(bpy);**
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Electro(chemi)luminescent Devices
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In-situ transmittance test
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Photoelectrochemistry at semiconductors

Radiation energy < electrical or chemical energy

e photoelectrochemical system: absorption of light by the system (e.g., sun light)
— chemical reactions & flow of current

e semiconductor:

absorb photons — electron-hole pairs = oxidation/reduction reactions — products
(photocurrent)
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Semiconductor electrodes
Band model
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Intrinsic semiconductor; undoped

Conduction band

L ° L]
Ec Ec

E, Farbiddengap @ = 3 3 3z 0@  sosscssccissincasassozo E;

Valence band ‘, @ @ @




- intrinsic semiconductor; # of e (n.) & h*(p,) percm3at T

. E
n=p = (NCNV)I/z CXp [_2_,(%]

3/2
Nc = z(zW'Z;kT> = (4.83 X 10'%)(m.*T)*/?

27m,kT\>/?
Ny = ( o ) = (4.83 x 10"%)(m,*T)*/?

Where T(K), m,, m ; reduced masses of e” & h*, m,", m*; relative effective
masses where m,” = m,/my, m," = m/m, (m,; rest mass of an electron)

n; = p; ~ 2.5 x 10" exp(-E,/2kT) cm= (near 25<C)

For Si, n,=p; ~ 1.4 x 101°cm3
Eg > 1.5 eV — few carriers: electrical insulators



TABLE 6.2.1.

Energy Gaps (E,) of Selected Materials

Substance E; (eV) Substance E,; (eV)
Ge 0.67 Fe,0, ~2.3
CulnSe, 0.9 CdS 2.42
Si 1.12 ZnSe 2.58
WSe, ~1.1 WO, 2.8
MoSe, ~1.1 TiO, (rutile) 3.0
InP 1.3 TiO, (anatase) 3.2
GaAs 1.4 ZnO (zincite) 3.2
CdTe 1.50 SrTiO, 3.2
CdSe 1.74 SnO, 3.5
GaP 2.2 ZnS (zinc blende) 3.54
C (diamond) 54




TABLE 6.2.2. Properties of Si and GaAs

Property Si GaAs

Atoms /cm’ 5.0 x 102 2.21 x 1072
E, (eV) at 300 K 1.12 1.43
Crystal structure Diamond Zinc blende
Density (g/cm’) 2.328 5.32
Effective density of states

in conduction band, N (cm™?) 2.8 x 10" 4.7 x 10"
Effective density of states

in valence band, Ny (cm™) 1.02 x 10" 7.0 x 10'®
Effective mass (m* /mg)

Electrons 0.97, 0.19 0.068

Holes 0.16, 0.5 0.12, 0.5
Dielectric constant 11.8 10.9
n;, p; (cm™>) at 300 K 6.8 x 10° 1.8 x 10°
Mobility (cm® V™' s7') at 300 K

Electrons 1900 8800

Holes 500 400

- Mobilities (u, cm?V-1s1) vs. diffusion coefficient (cm?s?)
D, = kTp, =0.0257p at 25°C, 1=n,p



Extrinsic semiconductors; doped
- dopants or impurity; ~ppm, typical donor densities (N) are 10%>-101 cm-3
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n-type: total density (n) of electrons in CB
n=p + Ng, p; hole density (thermal activation of VB atoms)

most cases for moderate doping Ny >>p, n ~ N,
For any materials (intrinsic or extrinsic)

np = NCNV expk_Tg = niz =p12

For n-type SC

e.g., 1017 cm3 As doped Si — electron density ~101” cm-3, hole density ~ 460
— majority carrier: electron



p-type
dopant (acceptor) density; N,, electron density (by thermal promotion); n
_)
total density of holes (p)
p=n+N,
when N, >>n, p = N, — hole; majority carriers

n=n?N,

e.g., Si: N, =5 x 10% acceptor/cm3, n ~ 4000 cm-3

ecompound semiconductor (e.g., GaAs or TiO,); n-type or p-type —
replacement of impurity atoms to the constituent lattice atoms, impurity
atoms in an interstitial position, lattice vacancy or broken bond

e.g., n-TiO,: oxygen vacancies in the lattice



e extrinsic SC; E. move up & down depending upon doping

N
Ex = Ey + kT In <N\—/> (p-type semiconductor)
A

and donors move Eg up toward the conduction band:
Nc ;
Ex = Ec — kT In < N > (n-type semiconductor)
D

e.g., 107 cm As doped Si — Ny ~107 cm3, N, = 2.8 x 10*° cm™3, 25 °C
= E- = E.—(25.7x103eV) In(N./Np) ~E. - 0.13 eV

-1fNp <N, N, <N,, —» SC

- If higher doping levels; Fermi level moves into VB or CB = show

metallic conductivity

e.g., transparent SnO, (E, = 3.5 eV) + heavily doping with Sb(lll) (N >

101° cm3) = the materlal *becomes conductive



Fermi level
1) probability that an electronic level at energy E is occupied by an
electron at thermal equilibrium f(E) — Fermi-Dirac distribution function

1
FE) = I exp E = Epy /KT

- Fermi level Eg; value of E for which f(E) = 1/2 (equally probable that a
level is occupied or vacant)

- At T =0, all levels below E (E < E;) are occupied (f(E) — 1); all levels
E > E. vacant

-intrinsic SC: E in the middle of CB and VB edges



2) alternative definition of E. for a phase a : “electrochemical potential”
Er = pe = pe — zed®

where ¢ is the electrochemical potential of electrons in phase o, u? is
the chemical potential of electrons in this phase, and ¢“ is the inner
potential of « (related to the electrical potential applied to the phase).

- useful in thermodynamic considerations of reactions and interfaces; at
equilibrium electrically, the electrochemical potential of electrons in all
phases must be same by charge transfer — same Fermi level

- Fermi levels difference between two phases; function of the applied
potential

e Fermi level (uncharged phase) vs. work function (®)
O =-E;

E=0 Vacuum

(@) Metal (h) Semiconductor



Semiconductor/solution interface

e electron transfer at the interface (same principles as those given above) +
chemical reaction (if possible, e.g., decomposition of SC , oxide film
formation) — complicate

- SI; SI0, (if oxygen or oxidant in solution); hinder electron transfer

e The distribution of charge (e/h* in SC & ions in solution) and potential;
depend on their relative Fermi level

e Fermi level in solution: electrochemical potential of electrons in solution
phase ( )

- governed by the nature and concentration of the redox species present in the
solution and is directly related to the solution redox potential as calculated by
the Nernst equation

- at the point of zero charge, no surface state, no specifically adsorbed ions,
no excess charge — the distribution of carriers (e, h*, anions, cations) is
uniform from surface to bulk, and the energy bands are flat ““ flat band
potential” (E;,) ; no space charge layer in SC & no diffuse layer in solution
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e potential difference (by applied voltage or Fermi level difference) ; charged
interface — space charge layer (thickness W); potential difference AV,
dopant density N,

W (cm) = 1.05 X 103[

50 ~ 2000 A

e band bending: because of non uniform carrier density in SC (upward (with
respect to the bulk SC) for a positively charged SC and downward for a
negatively charged one) — electric field in the space charge region —
direction of motion




The capacitance of the space charge layer

C.. = (2kTn;ee,)'/?

- =AY+ A7l + (A= 2A7Y
ZIcT[)\(e"ir -1 + )\"(e" -1+ (A - )‘-l)]l/Z

where A = n;/Np, and Y = eAd /kT. This equation can be simplified
under the conditions that a depletion layer exists (i.e., he ¥ << A7,
For an n-type semiconductor, when A\™' >> \, this equation can be
written with some rearrangement as

1 2 (_ A KT
CL = eeegg \ 2% ~ 7) Mott-Schottky plot

which at 25°C, for Cy in uF /em®, Ny in cm™, and Ad = E,, — E in
volts is

1 141 x 10
Cie eNp

[E - Eg — 0.0257)

Mott-Schottky plot: useful in characterizing SC/liquid interface where a plot
of (1/C4?) vs. E should be linear — values of E;, and N from the intercept

and slope



space charge capacitance C_, — Mott-Schottly equation
1/C 2 = (2/eeg,N)V?(-Ad - kT/e)

g: dielectric constant, N: donor or acceptor densities, e: quantity of charge, -
A¢ = E-Ey,

Aplot of 1/C_? vs. potential E should be linear — E, doping level N

100

5 T T T

10* Gs3/F?m*

Mott-Schottky plots for n- and p-type

InP
inl1 M KCI +0.01 M HCI




Photoeffects at semiconductor electrodes

1: dark
2: irradiation
3: Pt electrode
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Photoelectrochemical cells

Photovoltaic cells:
convert light to electricity

Photoelectrosynthetic cells:
Radiant E to chemical energy

Photocatalytic cells:
Light E to overcome
activation E of the process
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Band gap vs. wavelength — limit to utilize sunlight (e.g., TiO, (3.0 eV))
— dye sensitization of a semiconductor
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E (V vs. NHE)
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Potential vs. energy (vs. vacuum)

Electrode

Potential/V Energy/eV
-4.44V 0, vacuum (electron at rest)
—-1
3 4
|5 Energy
22 4
- -3
-1 -
- -4
NHE, 0 -4.44
- -5
Standard oxygen -
electrode, +1.23 T 6 -5.67




Semiconductor particles

Grains
Nanocrystalline films
Quantum particles

(Q-particles or quantum dots)
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