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The motivation

The oxide formation strongly depends on the state of the metal/solution interface
which is determined by the crystalline structure and chemical composition of the
electrode as well as the electrode potential and the solution composition.

The role of Ag crystal face in OH- adsorption and initial stages of Ag,O growth
was revealed [1, 2]. The oxide formation and some structural properties of the
oxides on single crystals (111) and (001) of copper were discussed [3].

The role of chemical irregularity of the electrode surface, modeled by the alloying,
remains unexamined. Gold is considered the most suitable metal since

1) Ag-Au as well as Cu-Au system is a continuous series of solid solutions and

II) gold is thermodynamically stable at the potentials of silver and copper oxide
formation.

The aim is to reveal the influence of the kinetic features of silver and copper oxide
formation, caused by the crystal face of the electrode and its alloying with gold,
and some semiconductor properties of the anodic oxide nanofilms.

1] Droog JMM, J. Electroanal. Chem. 115 (1980) 225
2] Doubova LM, Daolio S, Pagura C, De Battisti A, Trasatti S, Russ. J. Electrochem. 38 (2002) 20
3] Kunze J, Maurice V, Klein LH; Strehblow H-H, Marcus P, Cor. Sci. 46 (2004) 245
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The parameters of light-emitting diodes (LED)

Parameters

» Linear voltammetry

and chronoammetry
(IPC-Compact)

» Photocurrent and
photopotential
spectroscopy

(original equipment
with a sensibility of
10 nA and 2 + 3 uV)

> SEM (JEOL JSM-
6380LV)

LED Wave length | Standard angle Spii(‘zliciilght
A, nm of divergence, ° mWeelttscg{- ,
LDUV53393 385 18 s
LDUV3333 400 30 3
LSBI3333 430 15 s
NSPB300A 470 15 3
NSPE590S 505 10 3
NSPG500S 525 15 )
HLMP-EL08-VY000 592 6 5
HLII\J/I)P;)]?)](? o 630 15 375
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SEM- images of Ag,O (L =120 nm) on Ag, Ag4Au and AngAuC/
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The current efficiency w/ % of Ag,O formation (nominatc

and the film thickness L / nm (denominator)




Photocurrent and photopotential — thin films (L <w)

Assumptions:
inn
ref

R™ =1

i, =i-i, = e[ j, oI (X )LZJ E , is calculated under condition of i ;=0
i =enfd, (1 R % )(1 — e_ZO‘L) =i (1 — e‘zO‘L) ~ 20 L
ou 2 ¢(E-Ey)
o 2kT nfd,(1-R5)al o i
ph

€ N,D_

1 — quantum efficiency

L/\2L<1

f — coefficient of holes assimilation at the outer interface in electrochemical reaction

@, — light intensity

out

R | - coefficient of reflection from the outer interface

o— coefficient of light absorption
N, — concentration of donor defects

D, — coefficient of electron diffusion

E,, — flatband potential




Photocurrent measurements in chronoammetry of Ag
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The scheme of photocurrent registration

L — film thickness
W — space charge region
L, — Debye’s length

Chronoammogram of Ag, at E=0.56 V and photocurrent




The growth of photocurrent with film thickness

i, =edMf1-R)-(1-e ) =1 (1-e™") = 2ai}" (L<W)

ref

Processing
=470 nm; ®,=3.56-10" ph cm™s"

| 05V
O 0.55]
O 0.54°
A 053"
¢ 0527

The dependence of photocurrent
(A=470 nm, ®,=3.56-10'> photon cm™2 s°!)
on Ag,0 film thickness
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Structural and optical parameters of Ag,O at different potentials Ofgcﬁ/

formation on polycrystalline Ag (A=470 nm; ®,=3.56-10'> photon cm2s1)

E/V 0.52 0.53 0.54 0.55 0.56

Ly / pA em? 4.4 4.2 4.3 4.0 4.4

nf(1- R&%)-104 77 73 75 70 77
a-10°5 / cm! 0.90 0.90 1.08 1.10 2.30

ol /nm 111 111 93 91 44

W /nm 256 256 213 209 100
N,,-10-5 / cm 2.83 2.98 4.51 4.90 22.40
L, /nm 74.3 72.5 58.9 56.5 26.4

oLy, 0.67 0.65 0.63 0.62 0.61

W (Ag,0 on Ag,,) >> W (Ag,0 on Ag,,)
Np (Ag,0 on Agy,) << Np (Ag,0 on Ag,,,)
Hence, more stoichiometric oxide is formed on silver single crystals.
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Photocurrent in Ag,O on Ag-Au alloys

- i,/ uAem”
pn/ H . The dependence
1.24 Processing o of phOtOCUI’rent
o :
| ®=3.56-10" o on Ag,0 thickness
< B —
2 el N % AglAu (E=0.58 V)
0./ Photoncm™s " o AgdAu (E=0.60 V)
£ AAgl5Au (E=0.77V)
P . O S e
' ' Optical and structural
0 50 100 150 L/nm parameters of Ag,O on
Ag-Au alloys
X, /at% |E/V | a105/cmt | W/nm | Ny10%2/cm?3 | nf(1- Ryf).104 | Lp/nm | aly
1 0.58 0.3 767 414 70 194 0.58
4 0.6 0.1 2300 49.7 12 570 0.57
15 0.77 0.009 25556 0.66 72 4870 0.44
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Photopotential measurements after switching off the polarizgm/

The scheme of photopotential registration

Chronopotentiogram of Ag,, in 0.1 M KOH
q =7 mC cm?, 1 =470 nm, @, = 3.56-10%° photon cm2 st

0.6 /v Polarization
/ switching off

L — the film thickness
W — space charge region
Ly — Debye’s length

200 300
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Photopotential —time dependence (after the polarization switching%/

in Ag,O formed on Ag,,;
g =2(A), 3(#), 4(0), 5(m), 7(A) mC cm2

In(E y,-Egp) (B / 1V)
i o Ag poly
o Agin
a Ag

In[E, () —E5]1=In[E, (0)—E}]-k

®,=7.12-10"ph cm”s’

in Ag,0O formed on AgpOIy and 100
single crystals; g =5 mC cm-2




Photocurrent spectroscopy

&

(iphv) " =L (b6,

C, and C, are the constants,

the parameter m 1s equal to 1 or 4 for direct or indirect optical transition respectively

400 -
300 -
200 -

100 A

{(inhv)? 1 (uA eV’ (i)’ 1 (uA eV’ (b)
o AQ,, 2.5 90 Ag1Au (E=0.58 V; 150 nm) L 20
a Ag,, | o Ag4Au (E=0.60 V; 150 nm)
o Ag. 7\‘ a Ag15Au (E=0.77 V; 170 nm) [ [T 1 15
] 1.5 - A
© Epg (AQ,0 on Ag,,,,) = 2.32 e\g L 10
0.5 - A - 9
O T T = 0 '+ ANE S ee A = 2 : & O
1.5 2 2.5 3 hv/eV 1 1.5 2 2.5 3hv/eV

The estimation of band gap of Ag,O for direct transitions




The parameters of Ag(l) oxide

—

formed at E=0.56 V on different substrates

Parameter Electrode system
AgZOlAgpoly Ag,Ol|Ag, Ag,O|Ag-Au
o/cmi 2.3 0.7+1.4 0.001+0.1
W/ nm 100 164+-330 767+2300
L,/ nm 26 43-+-87 194-+570
alg 0.61 0.60+0.61 0.57+0.58
ut . 4 -~ -
nf(1- Rfef )-10 77 75+79 70+72
N,-10%° / cm™ 22.4 2.1+-8.3 0.05-0.4
5bgdi\r;zct / on iph data 2.32 2.23 2.19
e
2.09 2.09 -

on Eph data




Electrochemical investigation on Cu and Cu-Au in 0.1 KOH 15

70T/ uA em®
dE/dt=1mV s’!
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(a) E=-0.19 V (t=60 min, L =16 nm)
(b) E=0.10 V (t = 15 min, L =40 nm)

The current efficiency w/ % of the oxide formation on Cu and Cu-Au

The electrode

Cu

Cu4Au

CulbAu

The range Il (Cu,O formation)

~100

~100

~100

The range Il (CuO formation)

62

85

57




Photocurrent measurements on copper
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200 400 600 800 1000 t,
1, LA cm” Ly LA cm’”

Potential range Il
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. Potential range Il
06 E=0.40V

I, =0
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Photocurrent measurements on Cu-Au

i, MKA/eM’

Cul5Au

Ly, =0

1000 2000 3000 4000 5000 LC- ’ 1000 2000 3000 4000

i, MkA/eM’

1000 2000 3000 4000 5000  tc ' 1000

E =0.1V (potential range Ill)
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Photocurrent spectroscopy
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C, is a constants, the parameter m = 4 for indirect optical transition

2.2

|

2.5

1.4

1.2 ¢

0.8 ¢
0.6 ¢
0.4t
0.2+t

hv/eV

3

Cu,0 formation

E=-017V
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Cu,0 and CuO formation
E=0.10V




Conclusions

» The predominant route of Ag(I) oxides anodic formation is not the precipitation from
the near-electrode layer, but mainly the direct electrochemical reaction. The thickness of
these oxide films does not exceed the space charge region.

»On Ag and Ag-Au alloys n-type Ag(I) oxide with a prevalence of donor defects is
formed. The transition from polycrystalline Ag to single crystals as well as the alloying
of silver with gold up to 4 at.% results in a decrease of the band gap of Ag,O and an
increase of the stoichiometry.

»On Cu and Cu-Au alloys the p-type Cu(l) and Cu(Il) oxides with a prevalence of
acceptor defects are formed. Cu(I) oxide has the band gap of 2.2 eV with the prevalence
of indirect optical transitions. At the initial stage of anodic oxidation the oxide layer
with n-type conductivity appears. During the thickening the n-type oxide phase
transforms into the p-type Cu(I) oxide.

» Copper is subject to corrosion even in a thoroughly deoxygenated solution with Cu,O
formation. The preliminary anodic formation of a thin Cu(I) oxide as well as the
alloying of copper with gold (up to 4 and 15 at.%) hampers this process.
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Photocurrent spectroscopy
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Dependence of coefficient of light absorption on the wave length

in Ag,0 on Ag,, (E=0.56 V)




Photopotential spectroscopy

(Ehv) " =€l (hv =, )

1(E hv)-10°/ (uV-eVy

The estimation of band gap in Ag,0 for direct transitions




The role of crystallografic orientation

&>

[ a(Ag0/Ag110) < U(Ag0/Ag00) < a(AO/Agi11)
Np(AgO0/Agy10) < Np(Ag0/Ag00) < Np(Ag,0/Agi11)
W(Ag,0/Ag10) > W(A2,0/Ag100) > W(A2,0/Ag111)
Lp(Ag0/Ag110) > Lo(Ag0/Agi00) > Lo(A220/Ag111)

[110] <[100] <[111]

[ a(AzO/Agio0) < a(Ag0/Ag11) < a(AgO/Agiio)
Np(Ag:0/Agi00) < Np(AgrO/Agi11) < Np(Ag,0/Agiio)
W(Ag:0/Agi0) > W(A20/Agi11) = W(AZ0/Agi10)
Lp(Ag.0/Agi00) = Lo(Ag:0/Ag111) = Ln(Ag:0/Agi10).

Gn(Ag20|Ag100) > 6a(Ag20|Ag111) > 6a(A220/Ag110)
\ Mn(Ag20[Ag100) < Mn(A220|Ag111) < Un(Ag20[|Ag110).




Coulometry

The anodic charge of copper oxidation, the cathodic charge of oxide film
reduction and the difference charge of copper corrosion (t = 10 minutes)

E,V

Qa = Qox b mC

Qk - Qred > mC

Qk - Qa - Qcor >
mC




Photocurrent and photopotential — the theory 26
for bulk n-type semiconductor (L > W)

d [ dp(x) N

| p(x )dW( )}z—aale“" (0<x<W)
d [ dn(x) dy (x) ax
dx| dx o) dx T TRT (0=xsW)
d*y(x) e’ » X
C‘:}f(z :_88 — [po VO LN, —n e )_NA:|
0<x<W)
y(x)= ep(x) 1 (x-W) L>=W
kT 2L, |(x-L) +(W*-L*) L<w
d*p(x X
P00 gy O el

Assumptions:

o Ny=N,

o The volume of semiconductor
out of space charge region is
quasi-neutral

Distribution of n and p in
space charge region in
equilibrium state satisfies
Boltzmann low

® Recombination during the
radiation is negligibly small

W — space charge region
L — film thickness
L, — Debye’s length
L, — diffusion length




Photocurrent and photopotential — thin films (L <w)

with a high level of light absorption (alLy > 1)

eEyp
eN,D_ (l—e kT j (55

V2L, (L/N2L,) ’

o ok [, (-RE)(-Rze)1-e) - o f?[@ J “ifﬂ”]

i, =enfd, (1 Rout)(1+R‘efe )(1—e_O‘L> +

ref

P e N,D.

n — quantum efficiency; @, — light intensity

f — coefficient of holes assimilation in electrochemical reactions at the outer interface
N, — concentration of donor defects; D — coefficient of electron diffusion

o— coefficient of light absorption; E; — flatband potential

R ‘r)u; and R mn - _ oefficients of reflection from the outer and inner interfaces

$(u) — integral of Doson L <L, hence (L/ \2 Ly <1
Fu)=u atu<l and §(L/\2L,)=~L/\2L,
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The dependences of photopotential on film thickness and light integfy/

2KT nfd,(1-R™)al?

Eph — ref e kT
€ N,D_
E..(0)/ nV ¢ 1E..(0) / nV .
4160 -
-120- Ag
* poly
(a) 1 o Agmo (b)

1201 © Ag111

-804 1 % Ay
80 {9=5mCcm’

| 1+ =470 ny®
-40- A =470 nm 40
®,=7.12-10" photon s'cm? |
. L?/ nm? ®,10"°/ photon s'cm ™
40 80 120 o 2 4 & 8

The photopotential in Ag,0 formed on Ag,,, and Ag,,, at E = 0.56 V
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The scheme of potentiostatic measurements on Cu and Cu-Ag/

“fresh”
/ solution
I
I
I
I
I
I
I
I
|

polarization
switching off

polarization

and photocurrent
measurements

cathodic pre- photopotential cathodic I

polarization i measurements | reduction|  t/min

~— —~ 4/’\—‘\/‘_/

0 10 60 10

E=-0.7; -0.5; -0.3; -0.2; -0.15; -0.12; -0.1; -0.05; 0.0; 0.1;0.2; 0.4 V (s.h.e.)
t =10, 15, 20, 25, 30 minutes




Photopotential measurements without any polarization 50

The photopotential on copper surface in deoxygenated 0.1M KOH;
A =400 nm, @, = 7.12-10' photon/cm? s




Photopotential measurements on Cu and Cu-Au 31
after the polarization in the range Il (A = 400 nm)

t/s

™ T T T b T *I l* T * T T T
2000\_A000 1000~ 2000 \.__2000
“1E./V

t/s
1000 2000 3000




The dependence of the initial photopotential (a) and 32
polarization current (b) on the potential of Cu-electrode

'E,, (0)/ pV

eq
CuO/Cu,0

E®
Cu,0/Cu

|

The clear-cut correlation

between the £, (0) - # dependence

and the voltammogram shows
a close interrelation between
the kinetics of the oxide formation
and the oxide structure predetermining
the value of the photopotential.




Flat-band potential of Cu,O and CuO >

CulbAu

J1c*10" /F

E,(Cu,0)/V

E,(CuO)/V
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XPS-study of Ag4Au after Ag,O formation in 0.1 M KOH

0 0
0o ALY0Ag at.% Au |
¢ QP
- 8
-6
/L\‘\'_‘\'—&"-_\).
40 -4
304
201, O 2
Ar (AG62); 10 et
] 1me o1 etcning, S
. 23 kV, 0 : — | A 2 ° % ()
i =60 mA cm™2

0 50 100 150 200 250 300

We are grateful to professor Leonid Kazanskiy for help in this measurements




Photopotential measurements on Cu and Cu-Au 35
after the polarization in the ranges | and Il (A = 400 nm)

200+ ‘ L _ tl /2 ‘
150+
100+
‘ Epn ~ L ‘
50 -
0 0 1000 2000 3000
‘ Epn ~ 1 ‘
¥
cq
ECuzO/Cu
E.,/V
0,51  (rest potential)
-0,6
t/s
-0,7

0 1000 2000 3000
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