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Abstract
Full Text

Yu. Ya. Gurevich, V. A. Myamlin

Faradaic Rectification of an Electrolyte–Semicon-
ductor Contact
(Presented by Academician A. N. Frumkin, 30 XI 1963)

When an alternating current passes through an electrochemical cell, in addition
to the alternating voltage, a certain constant potential shift is also produced
at the electrode. This effect, called Faradaic rectification, is at present one
of the fundamental methods for studying electrochemical reactions (1–6). In
theoretical work, however, only the case of an electrolyte–metal boundary has
been considered. In the present article the magnitude of Faradaic rectification
is calculated for an electrolyte–semiconductor contact, and its connection with
the electrochemical properties of the semiconductor is established.

Let the passage of current be associated with the oxidation–reduction reaction
at the electrode Ox +𝑚𝑒 ⇄ Rd. The special features of the electronic structure
of the semiconductor are manifested in the fact that the reaction can proceed
with the participation of electrons from two bands. Namely, electrons from
solution ions can pass both into the valence band and into the conduction band;
accordingly, the system is characterized by two exchange currents 𝑖(𝑝)

0 and 𝑖(𝑒)
0 .

The total current 𝑖 is equal to 𝑖 = 𝑖+ − 𝑖−, where 𝑖+ and 𝑖− are the hole and
electron currents. Neglecting the potential drop in the Helmholtz layer and
assuming that the rate of the electrochemical reaction is proportional to the
concentration of the participating reactants, we obtain, in accordance with (7),
the following expression for the currents at the contact:

𝑖+
𝑠 = 𝑚𝑒 [𝑘′

1𝐶𝑠 − 𝑘′
2𝐶′

𝑠
𝑝𝑠
𝑝∞

] = 𝑖(𝑝)
0 [ 𝐶𝑠

𝐶∞
− 𝐶′

𝑠
𝐶′∞

𝑝𝑠
𝑝∞

𝑒𝑒𝑈/𝑘𝑇 ] ,

𝑖−
𝑠 = 𝑚𝑒 [𝑘2𝐶′

𝑠 − 𝑘1𝐶𝑠
𝑛𝑠
𝑛∞

] = 𝑖(𝑒)
0 [ 𝐶′

𝑠
𝐶′∞

− 𝐶𝑠
𝐶∞

𝑛𝑠
𝑛∞

𝑒−𝑒𝑈/𝑘𝑇 ] .
(1)

Here and below the notation of work (7) is used.

Let a periodic alternating-current signal ̃𝑖 be passed through the electrolyte–
semiconductor boundary (for definiteness, we shall consider an 𝑛-type semicon-
ductor), its amplitude being so small that the corresponding potential 𝜑̃ satisfies
the condition |𝑒𝜑̃𝑠/𝑘𝑇 | ≪ 1. As is usually done in considering the Faradaic rec-
tification effect, we assume that the system is close to equilibrium (3). Starting
from the Boltzmann distribution, we obtain for the alternating concentration of
holes at the contact, accurate to quantities of second order of smallness,
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̃𝑝𝑠 = 𝑒−𝑒𝑈/𝑘𝑇 { ̃𝑝𝑑 − 𝑝∞ [𝑒𝜑̃𝑠/𝑘𝑇 − 1
2 (𝑒𝜑̃𝑠/𝑘𝑇 )2] − ̃𝑝𝑑𝑒𝜑̃𝑠/𝑘𝑇 } . (2)

By virtue of the quasineutrality of the diffusion region in the semiconductor,
𝑛̃𝑑 = ̃𝑝𝑑; hence it is easy to write for 𝑛̃𝑠 a formula analogous to (2), expressing
𝑛̃𝑠 in terms of ̃𝑝𝑑, 𝜑̃𝑠, and 𝑛∞. Taking account of what has been said above,
from (1) and (2) we obtain

1
𝑚𝑒

̃𝑖+
𝑠 = 𝑘′

1 ̃𝐶𝑠−𝑘′
2𝑒−𝑒𝑈/𝑘𝑇 [ ̃𝐶′

𝑠 + 𝐶′
∞ ( ̃𝑝𝑑

𝑝∞
− 𝑒𝜑̃𝑠

𝑘𝑇 + 1
2 (𝑒𝜑̃𝑠

𝑘𝑇 )
2

− ̃𝑝𝑑
𝑝∞

𝑒𝜑̃𝑠
𝑘𝑇 ) + ̃𝑝𝑑

𝑝∞
̃𝐶′
𝑠 − ̃𝐶′

𝑠
𝑒𝜑̃𝑠
𝑘𝑇 ] ,

(3)

1
𝑚𝑒

̃𝑖−
𝑠 = 𝑘2 ̃𝐶′

𝑠−𝑘1𝑒𝑒𝑈/𝑘𝑇 [ ̃𝐶𝑠 + 𝐶∞ ( ̃𝑝𝑑
𝑛∞

+ 𝑒𝜑̃𝑠
𝑘𝑇 + 1

2 (𝑒𝜑̃𝑠
𝑘𝑇 )

2
+ ̃𝑝𝑑

𝑛∞

𝑒𝜑̃𝑠
𝑘𝑇 ) + ̃𝑝𝑑

𝑛∞
̃𝐶𝑠 + ̃𝐶𝑠

𝑒𝜑̃𝑠
𝑘𝑇 ] .

We shall find the constant component of the potential, equal to the mean value
of the potential over a period,

⟨𝜑̃𝑠⟩ ≡ 1
𝑇 ∫

𝑇

0
𝜑̃𝑠(𝑡) 𝑑𝑡,

by averaging equations (3). Since ̃𝐶𝑠 and ̃𝐶′
𝑠 are proportional to the current ̃𝑖𝑠,

which, by assumption, is strictly periodic, ⟨ ̃𝐶′
𝑠⟩ = ⟨ ̃𝐶𝑠⟩ = 0. In exactly the same

way, from the equality ̃𝑖 = ̃𝑖+ − ̃𝑖− it follows that ⟨ ̃𝑖+
𝑠 ⟩ = ⟨ ̃𝑖−

𝑠 ⟩. Taking the above
into account, from (3) we obtain

⟨ ̃𝑖+
𝑠 ⟩ = − 𝑖(𝑝)

0 [⟨ ̃𝑝𝑑⟩
𝑝∞

− ⟨𝑒𝜑̃𝑠
𝑘𝑇 ⟩ + ⟨Φ1⟩] ,

⟨ ̃𝑖−
𝑠 ⟩ = − 𝑖(𝑒)

0 [⟨ ̃𝑝𝑑⟩
𝑛∞

+ ⟨𝑒𝜑̃𝑠⟩
𝑘𝑇 + ⟨Φ2⟩] , (4)

where

Φ1 = 1
2 (𝑒𝜑̃𝑠

𝑘𝑇 )
2

− ̃𝑝𝑑
𝑝∞

𝑒𝜑̃𝑠
𝑘𝑇 + ̃𝑝𝑑

𝑝∞

̃𝐶′
𝑠

𝐶′∞
− 𝑒𝜑̃𝑠

𝑘𝑇
̃𝐶′
𝑠

𝐶′∞
,

Φ2 = 1
2 (𝑒𝜑̃𝑠

𝑘𝑇 )
2

+ ̃𝑝𝑑
𝑛∞

𝑒𝜑̃𝑠
𝑘𝑇 + ̃𝑝𝑑

𝑛∞

̃𝐶𝑠
𝐶∞

+ 𝑒𝜑̃𝑠
𝑘𝑇

̃𝐶𝑠
𝐶∞

. (5)
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Since ⟨Φ1⟩ and ⟨Φ2⟩ are mean values of quantities of second order of smallness,
in calculating them one may use the expressions obtained when retaining only
quantities of first order of smallness.

Assuming, in accordance with (7), that the value of the hole current at the
contact ̃𝑖+

𝑠 coincides with its value ̃𝑖+
𝑑 at the boundary of the space-charge region

and the diffusion region, we obtain ⟨ ̃𝑖+
𝑠 ⟩ = ⟨ ̃𝑖+

𝑑 ⟩.
For a comparative estimate of the terms entering into (4), we average the con-
tinuity equation

1
𝑒 div( ̃𝑖+) + 𝜕 ̃𝑝

𝜕𝑡 + ̃𝑝
𝜏 = 0.

Here 𝜏 is the lifetime of holes. The function ̃𝑝(𝑡) is periodic; therefore ⟨𝜕 ̃𝑝/𝜕𝑡⟩ =
0. Then, in order of magnitude, we obtain

⟨ ̃𝑖+⟩ ∼ 𝑒𝐷+
⟨ ̃𝑝⟩
𝐿 ,

where 𝐿 is the diffusion length. Hence the term 𝑖(𝑝)
0 ⟨ ̃𝑝𝑑⟩/𝑝∞, entering into (4),

is, in order of magnitude, equal to

𝑖(𝑝)
0 ⟨ ̃𝑖+

𝑑 ⟩ 𝐿
𝑒𝑝∞𝐷+

.

Since the exchange currents 𝑖(𝑝)
0 and 𝑖(𝑒)

0 are small in comparison with the limiting
diffusion current of holes

𝑖𝑝 ≡ 𝑒𝐷+
𝐿 𝑝∞,

the term 𝑖(𝑝)
0 ⟨ ̃𝑝𝑑⟩/𝑝∞ is small in comparison with ⟨ ̃𝑖+

𝑠 ⟩ in the ratio 𝑖(𝑝)
0 /𝑖𝑝. Simi-

larly,

𝑖(𝑒)
0 ⟨ ̃𝑝𝑑⟩/𝑛∞ ≪ ⟨ ̃𝑖−

𝑠 ⟩.

Taking these remarks into account, from (4) we find:

⟨𝑒𝜑̃𝑠
𝑘𝑇 ⟩ = 1

𝑖0
(𝑖(𝑝)

0 ⟨Φ1⟩ − 𝑖(𝑒)
0 ⟨Φ2⟩) , ⟨ ̃𝑖+

𝑠 ⟩ = −𝑖(𝑝)
0 𝑖(𝑒)

0
𝑖0

(⟨Φ1⟩ + ⟨Φ2⟩) . (6)

Here 𝑖0 ≡ 𝑖(𝑝)
0 + 𝑖(𝑒)

0 .

sovietrxiv.org/items/ru-196401.25499 Machine Translation

https://sovietrxiv.org/items/ru-196401.25499


Relations (6) take into account the mean shift of the potential only in the space-
charge region.

An estimate of the mean shift of the potential ⟨𝜑̃𝐿⟩ in the diffusion region gives

⟨𝑒𝜑̃𝐿
𝑘𝑇 ⟩ ∼ ⟨ ̃𝑖−⟩

𝑖𝑝

𝑝∞
𝑛∞

. (7)

On the other hand, from (6) we obtain, to order of magnitude,

⟨𝑒𝜑𝑠⟩/𝑘𝑇 ∼ ⟨ ̃𝑖+
𝑠 ⟩/𝑖0.

Comparison of ⟨𝜑̃𝑠⟩ and ⟨𝜑̃𝐿⟩ using (7) gives

⟨𝜑̃𝐿⟩
⟨𝜑̃𝑠⟩ ∼ ⟨ ̃𝑖𝑠⟩

⟨ ̃𝑖+𝑠 ⟩
× 𝑖0

𝑖𝑝

𝑝∞
𝑛∞

.

Since ⟨ ̃𝑖−
𝑠 ⟩ = ⟨ ̃𝑖+

𝑠 ⟩, 𝑖0 ≪ 𝑖𝑝, and also 𝑝∞ ≪ 𝑛∞, we obtain that ⟨𝜑̃𝐿⟩ is much
smaller than ⟨𝜑̃𝑠⟩, and the rectifying action of the diffusion region in the semi-
conductor may be neglected.

In the Helmholtz layer the potential drop is 𝜑̃𝑟 ∼ 𝑑0 ̃𝐸𝑠, where 𝑑0 is the thickness
of the layer; ̃𝐸𝑠 ∼ 𝐶0𝜑̃𝑠, where 𝐶0 is the static capacitance of the semiconductor.
Hence we have ⟨𝜑̃𝑟⟩ ∼ 𝐶0𝑑0⟨𝜑̃𝑠⟩, and the rectifying action of the Helmholtz
layer may also be neglected, since 𝐶0𝑑0 ≪ 1. In the diffusion part in the
electrolyte there is no rectification, since the solution contains an excess of
indifferent electrolyte. Thus, the total Faradaic rectification of the contact may
be considered to be described by formula (6).

The quantities entering into Φ1 and Φ2, for the case of a sinusoidal signal ( ̃𝑖 ∼
𝑒𝑖𝜔𝑡), were found to first order of smallness in (7). Estimates of the terms
entering into Φ1 and Φ2 show that

⟨(𝑒𝜑̃𝑠
𝑘𝑇 )

2
⟩ ∼ (

̃𝑖𝑠
𝑖0

)
2

, ⟨ ̃𝑝𝑑
𝑝∞

𝑒𝜑̃𝑠
𝑘𝑇 ⟩ ∼

̃𝑖2
𝑠

𝑖𝑝𝑖0
, ⟨𝑒𝜑̃𝑠

𝑘𝑇
̃𝐶′
𝑠

𝐶′∞
⟩ ∼

̃𝑖2
𝑠

𝑖𝐷𝑖0
, ⟨ ̃𝑝𝑑

𝑝∞

̃𝐶′
𝑠

𝐶′∞
⟩ ∼

̃𝑖2
𝑠

𝑖𝑝𝑖𝐷
,

where 𝑖𝐷 ≡ 𝑒𝐶′
∞

√
𝐷′𝜔. Numerical estimates show that usually 𝑖𝐷 ≫ 𝑖𝑝. Taking

this into account, as well as the condition 𝑖0 ≪ 𝑖𝑝, we obtain:

⟨Φ1⟩ = 1
2 ⟨(𝑒𝜑̃𝑠

𝑘𝑇 )
2
⟩ − ⟨ ̃𝑝𝑑

𝑝∞

𝑒𝜑̃𝑠
𝑘𝑇 ⟩ , ⟨Φ2⟩ = 1

2 ⟨(𝑒𝜑̃𝑠
𝑘𝑇 )

2
⟩ . (8)
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Here only terms not smaller than of order ̃𝑖2
𝑠/𝑖0𝑖𝑝 have been retained.

As is known, the quantity

̃𝑖∞ ≡ ̃𝑖 + 𝜀
4𝜋

𝜕 ̃𝐸
𝜕𝑡

does not depend on the coordinates. Far from the contact, 𝜕 ̃𝐸/𝜕𝑡 ≪ ̃𝑖, and ̃𝑖∞
has the meaning of the carrier current in the bulk of the semiconductor. Since

𝜀
4𝜋

𝜕 ̃𝐸𝑠
𝜕𝑡 = 𝑖𝜔𝐶0𝜑̃𝑠,

where 𝐶0 is the space-charge capacitance, for the carrier current at the contact
we obtain

̃𝑖𝑠 = ̃𝑖∞ − 𝑖𝜔𝐶0𝜑̃𝑠.

In accordance with (7),

̃𝑝𝑑 = 𝛾 ̃𝑖𝑠 {𝑒√𝐷+(𝑖𝜔 + 𝜏−1)}
−1

, ̃𝑖𝑠 = (1/𝑅 + 𝑖𝜔𝐶𝐷)𝜑̃𝑠,

where 𝑅 is the electrode resistance, 𝐶𝐷 is the diffusion capacitance, and 𝛾 is
the ratio of the hole current to the total charge current at the contact. Hence

𝜑̃𝑠 =
̃𝑖∞

1/𝑅 + 𝑖𝜔(𝐶𝐷 + 𝐶0) , ̃𝑝𝑑 = ̃𝑖∞
1/𝑅 + 𝑖𝜔𝐶𝐷

1/𝑅 + 𝑖𝜔(𝐶𝐷 + 𝐶0)
𝛾

𝑒√𝐷+(𝑖𝜔 + 𝜏−1) .
(9)

Using (8) and (9) and calculating the mean values by means of the relation

⟨𝑎(𝑡)𝑏(𝑡)⟩ = 1
2 Re[𝑎(𝑡)𝑏∗(𝑡)],

we find:

⟨𝜑̃𝑠⟩ = 𝑖(𝑝)
0 − 𝑖(𝑒)

0
𝑖0

𝑒
𝑘𝑇

1
4

| ̃𝑖∞|2
(1/𝑅)2 + 𝜔2(𝐶0 + 𝐶𝐷)2 −𝑖(𝑝)

0
𝑖0

𝛾
2

√1/𝑅2 + (𝜔𝐶𝐷)2

𝑒𝑝∞
4√𝐷2

+(𝜏−2 + 𝜔2)
| ̃𝑖∞|2

1/𝑅2 + 𝜔2(𝐶0 + 𝐶𝐷)2 .
(10)

Here | ̃𝑖∞| denotes the amplitude of the current ̃𝑖∞.
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Relation (10) gives the general expression for the magnitude of the Faradaic
rectification.

The first term in (10) is entirely due to the kinetics of the electrochemical reac-
tion at the contact and may be either positive or negative. Since the alternating
signal does not explicitly distinguish a definite

direction in the system, let us consider the physical effect that leads to the ap-
pearance of one or another sign of the potential-displacement quantity. Suppose,
for example, 𝑖(𝑝)

0 > 𝑖(𝑒)
0 , i.e., the reaction proceeding through the valence band

predominates. Then, when current is passed in the positive direction, as fol-
lows from (1), the potential 𝜑𝑠 will shift in the positive direction by an amount
Δ𝜑1. In the following half-period, when the current is negative, the change in
potential occurs in the opposite direction by an amount Δ𝜑2. By condition,
the current in both directions is the same. But since the changes in current
are proportional to the change of the exponential Δ ̃𝑖 ∼ −Δ𝑒−𝑒𝜑/𝑘𝑇 , and equal
increments of the exponential in the positive and negative directions correspond
to different changes of the argument, |Δ𝜑1| > |Δ𝜑2|, and the constant displace-
ment is positive in accordance with (10). If, however, 𝑖(𝑒)

0 > 𝑖(𝑝)
0 , analogous

considerations lead to the conclusion that the first term is negative. The second
term in (10) is associated with diffusion effects and is always negative.

If 𝑖(𝑝)
0 is not too close to 𝑖(𝑒)

0 , then, as follows from the estimates given earlier,
the second term in (10) is small compared with the first in the ratio 𝑖0/𝑖𝑝, and
it may be neglected. Substituting into (10) the value of 𝑅 from (7) and taking
into account that 1/𝑅 ≫ 𝜔𝐶𝐷, we obtain, in the case under consideration,

⟨𝜑𝑠⟩ = 𝑖(𝑝)
0 − 𝑖(𝑒)

0
𝑖0

1
4

𝑘𝑇
𝑒

| ̃𝑖∞|2
𝑖2
0

1

1 + (𝑘𝑇 𝐶0
𝑒𝑖0

𝜔)
2 . (11)

If (𝑖(𝑝)
0 − 𝑖(𝑒)

0 )/𝑖0 ≪ 𝑖0/𝑖𝑝, diffusion effects predominate. Then

⟨𝜑𝑠⟩ = 1
8

𝑘𝑇
𝑒

| ̃𝑖∞|2
𝑖2
0

1

1 + (𝑘𝑇 𝐶0
𝑒𝑖0

𝜔)
2 ⋅ 𝑖0

𝑖𝑝
4√1 + (𝜏𝜔)2 . (12)

As follows from (11) and (12), a strong dependence of the quantity ⟨𝜑𝑠⟩ on
frequency (∼ 𝜔−2) begins at frequencies exceeding a certain characteristic fre-
quency 𝜔0, determined by the equality 𝜔0 = 𝑒𝑖0/𝐶0𝑘𝑇 . Taking 𝑖0 ∼ 10−5 and
𝐶0 ∼ 10−4 cm−1, we obtain 𝜔0 ∼ 3 ⋅ 104 sec−1.

It is of interest to compare the magnitude of the Faradaic rectification (11)
with the analogous quantity in other systems. On metals6, in the presence of
a chemical reaction, in order of magnitude ⟨𝑒𝜑𝑠/𝑘𝑇 ⟩𝑀 ∼ | ̃𝑖∞|2/(𝑖(𝑀)

0 )2, where
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𝑖(𝑀)
0 is the exchange current at the metallic electrode. Comparison with (11)

shows that a larger effect may be expected on semiconductors at the same
current amplitude, since 𝑖0 is usually smaller than 𝑖(𝑀)

0
(8). Estimates for 𝑛—𝑝

junctions show that ⟨𝑒𝜑𝑠/𝑘𝑇 ⟩pr ∼ (| ̃𝑖∞|/𝑖pr)2, where 𝑖pr is the larger of the two
limiting currents of the 𝑛—𝑝 junction, which, generally speaking, considerably
exceeds 𝑖0. Hence ⟨𝜑𝑠⟩pr ≪ ⟨𝜑𝑠⟩. From the estimates given it is clear that an
electrochemical cell with a semiconductor electrode is a system in which the
effect of Faradaic rectification can be manifested most distinctly.

In conclusion, the authors express their gratitude to Corresponding Member of
the Academy of Sciences of the USSR V. G. Levich and to B. M. Grafov for
discussion of the present work.

Institute of Electrochemistry
Academy of Sciences of the USSR
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