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In situ electrochemical X-ray photoelectron spectroscopy (XPS) apparatus, which allows XPS at

solid/liquid interfaces under potential control, was constructed utilizing a microcell with an

ultra-thin Si membrane, which separates vacuum and a solution. Hard X-rays from a synchrotron

source penetrate into the Si membrane surface exposed to the solution. Electrons emitted at the

Si/solution interface can pass through the membrane and be analyzed by an analyzer placed in

vacuum. Its operation was demonstrated for potential-induced Si oxide growth in water. Effect of

potential and time on the thickness of Si and Si oxide layers was quantitatively determined at

sub-nanometer resolution. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821180]

Many important processes such as electrochemical

energy conversion, corrosion, and biological processes take

place at solid-liquid interfaces.1 Understanding of these

processes at the atomic level is not only scientifically impor-

tant but is also the key to improving the performance of next

generation energy conversion devices such as fuel cells, Li-

air batteries, dye-sensitized solar cells, and photocatalysts.

Information on the geometric, electronic, and molecular

structures at a solid/liquid interface are essential to clarify

these processes.1

X-ray photoelectron spectroscopy (XPS) is the most

powerful technique for the determination of surface compo-

sitions, oxidation states, and electronic structures of materi-

als of interest with very high surface sensitivity.2 Since the

1970s, “electrochemical photoelectron spectroscopy” has

been developed3 and utilized not only for fundamental inter-

est4 but also for practical applications such as electrocata-

lysts for fuel cells.5 Usually, samples can be transferred from

an electrochemical chamber in an ambient atmosphere to an

analysis chamber kept in vacuum immediately after the elec-

trochemical treatments without being exposed to air so that

any contamination of the surface from exposure to open air

can be avoided. However, structure and oxidation state of

the electrode surface may be changed during the transfer

from the solution, where the electrode is under electrochemi-

cally controlled conditions, to vacuum, where potential con-

trol is not possible. Ambient pressure (AP)-XPS, which

allows measurements at a solid-gas interface including

adsorbed water molecules on solid surfaces6 and at a liquid-

gas interface,7 has been also developed since the 1970s8 by

utilizing a differential pumping system.9 Although AP-XPS

has been used to study electrochemical processes at solid/

vapor interfaces,10 those at solid/liquid interfaces cannot be

observed by this method because it is difficult to control the

thickness of water on solid electrode surfaces in vacuum. In
situ electrochemical XPS has been performed using room

temperature ionic liquids (RTILs) as the electrolyte solu-

tion11 because of their non-volatility (near zero vapor pres-

sure) and high ionic conductivity.12 Although these results

are important, this methods cannot be generalized as most of

the important electrochemical processes take place in ordi-

nary solutions of both aqueous and non-aqueous solvents in

which the physical and chemical properties of materials are

significantly different from those in RTILs.

Here, we report a “real” in situ electrochemical XPS ap-

paratus for the measurements at solid/liquid interface under

electrochemical condition using hard X-rays13 and a micro-

volume cell equipped with an ultrathin Si membrane.

The conceptual design of the present in situ electrochemi-

cal XPS arrangement is illustrated in Figure 1(A). A micro-

volume cell filled with a liquid is sealed by a 15-nm-thick Si

membrane, which serves as a separator between vacuum and

ambient, a window for X-rays and photoelectrons, and a work-

ing electrode. The cell is placed in a vacuum XPS apparatus,

and synchrotron radiation (SR) hard X-ray is irradiated to the

vacuum side of the membrane. X-rays penetrate to the solu-

tion side through the membrane, and photoelectrons emitted

from Si exposed to the solution, i.e., at solid/liquid interface,

can pass through the Si membrane, if the thickness of the

membrane is thin enough, and can then be collected and ana-

lyzed by a hemispherical photoelectron analyzer (VG Scienta

R4000). The total photoelectron signal will also contain those

generated inside and at the vacuum side of the membrane.

a)Author to whom correspondence should be addressed. Electronic mail:

uosaki.kohei@nims.go.jp. Tel.: þ81-29-860-4301. Fax: þ81-29-851-3362.
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Figure 1(B) shows the inelastic mean free paths (IMFPs)

calculated from optical data for Si, SiO2, and Si3N4.14 In

conventional XPS, since Mg and Al with photon energies of

1.25 and 1.49 keV, respectively, are generally used as X-ray

targets, the kinetic energies of photoelectrons are <1 keV

and, therefore, the IMFPs are ca. 1 nm, which is too short to

pass through the 15-nm-thick Si membrane. On the other

hand, if hard X-rays from a synchrotron source with a photon

energy of �6 keV are used, much longer IMFPs are

expected. For example, the IMFP of photoelectron with a ki-

netic energy of 4.1 keV is 7.5 nm, and 14% of photoelectrons

emitted at the solution side of the Si can reach the vacuum

side in the present experiment where the 15 nm-thick Si

membrane was used.

The energy resolution was 245 meV, as experimentally

determined by measuring the spectra of the Au valence band

at the Fermi level. The X-ray incidence angle, as measured

from the sample surface, was fixed at 4�. All the measure-

ments were carried out at an incident X-ray energy of

5950.1 eV at the BL15XU beamline at SPring-8.15 The high

photon flux of �1011 photons/s is another advantage of using

SR.

Figures 1(C) and 1(D) show top and side views of the Si

membrane (SiMPore) and the micro-volume in situ XPS

cell, respectively, used in the present study. After the surface

of the Si membrane was made hydrophilic by plasma ion

treatment (PIB-10, Vacuum Device), a droplet of water puri-

fied using a Milli-Q system (Yamato, WRX-10) was placed

on the membrane and sealed by conductive Cu tape (Seiwa

Electric MFG).16 The presence of water was confirmed by

optical microscopy which showed that the Si membrane was

stretched by the presence of water. Indium gallium eutectic

alloy was pasted on the frame of the Si membrane, and elec-

trical contact to the potentiostat was achieved by bonding a

Au wire. A bias voltage application was performed as previ-

ously reported.17 The potential of the Si membrane with

respect to the Cu tape was controlled by a potentiostat

(HSV-110, Hokuto Denko).

Figure 2(A) shows a current-potential (I-V) relation of

the Si membrane in contact with water (blue). Anodic cur-

rent started to increase from about 0.8 V. Since the I-V curve

was measured in a two electrode system, the electrode poten-

tial of each electrode, Si membrane, and Cu tape cannot be

determined. However, it is expected that Si oxide formation

and hydrogen evolution reaction took place at the Si mem-

brane and Cu tape, respectively, when anodic current flowed

at the Si membrane.18 I-V relation of the micro-volume cell

without water (red) was also measured, and no current was

observed even when the positive potential limit was

extended, showing that the Si and Cu film were insulated

from each other by adhesive of Cu tape.

Figure 2(B) shows photoelectron spectra in the Si 2p

region of the Si membrane measured at various potentials.19

Doublet peaks corresponding to Si 2p3/2 and 2p1/2 were

observed at 100 and 99.5 eV, respectively. Even before the

potential was applied, a broad peak due to native oxide was

observed around 104.5 eV. This peak increased as the poten-

tial became more positive (Figure 2(C)), showing the growth

of Si oxide by electrochemical oxidation at the Si mem-

brane/water interface. SR-induced etching of semiconductor

surfaces20 and reduction of Si oxide21 were previously

reported. If similar processes took place in the present study,

the peak around 104.5 eV should decrease but actually

increased, confirming the electrochemical growth of Si ox-

ide. Moreover, SR was off after the measurement of spec-

trum (g) of Figure 2(B) until that of spectrum (h) with

keeping the potential at 1500 mV, and the largest growth of

Si oxide was observed in this period. Thus, it is reasonable to

consider that the Si oxide was electrochemically grown, and

above-mentioned processes have only subtle effect.

In addition, although the ratio of Si 2p3/2 and 2p1/2

should be constant, the peak at 100 eV slightly increased

(inset of Figure 2(B)), implying the appearance of additional

components which overlap with the Si 2p3/2. Figure 2(D)

shows difference spectra under various conditions used to

remove the contribution of the native oxide and to highlight

FIG. 1. Schematic illustration of (A) in
situ XPS apparatus. (B) IMFPs calcu-

lated from optical data for Si, SiO2,

and Si3N4. (C) Si membrane and (D)

micro-volume in situ XPS cell.
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the change in spectral shape by electrochemical oxidation of

the Si membrane. In the difference between the spectra taken

at 900 mV and 700 mV, additional components were found

around 100 and 99.3 eV. These peaks are considered to be

due to strained interfacial Si atoms, as previously pro-

posed.22 When the potential was made to be 1500 mV from

1300 mV, the peak at 104.5 eV increased with time, confirm-

ing the growth of Si oxide.

Figure 3 shows schematic models of the Si membrane

in a cross-sectional view. Before the oxidation (Fig. 3(A)),

a cross-section of the 15-nm-thick Si membrane can be

illustrated as a three layer model based on the assumption

that both the vacuum and solution sides are covered by

native oxide layers with a thickness of d nm. When the

Si membrane is positively biased (Fig. 3(B)), the thickness

of layer B, i.e., Si, decreased by a nm and that of layer

C, i.e., Si oxide, increased by 2.2a nm due to the

difference between the Si densities of Si and Si oxide.23

The photoelectron intensity ratio, ISiO2
/ISi, is represented

by Eq. (1)16

FIG. 3. Schematic models of the Si membrane (A) before and (B) after the oxidation. (C) Thickness of electrochemically grown Si oxide calculated from Eq. (1).

FIG. 2. (A) I-V relationships of the micro-volume cell with (blue) and without water (red), measured in the configuration of Figure 1(D). (B) Photoelectron

spectra in the Si 2p3/2 region of the Si membrane measured (a) without bias and at (b) 700 mV, (c) 900 mV, (d) 1100 mV, (e) 1300 mV, and (f) 1500 mV and af-

ter keeping the potential at 1500 mV for (g) 100 min and (h) 600 min. Inset: Magnified image of (B) in the region between 101 and 99 eV. (C) Magnified image

of (B) in the region between 107 and 102 eV, corresponding to Si4þ. (D) Difference spectra at various conditions.
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ISiO2

ISi
¼NSiO2

�kSiO2
½1�expð�d=kSiO2

Þ�þNSiO2
�kSiO2

½1�expð�ðdþ2:2aÞ=kSiO2
Þ��expð�d=kSiO2

Þ�expð�ð15�2d�aÞ=kSiÞ
NSi�kSi½1�expð�ð15�2d�aÞ=kSiÞ��expð�d=kSiO2

Þ ;

(1)

where kSiO2
(12.2 nm) and kSi (10.3 nm) are the inelastic

mean free paths of the Si 2p photoelectrons for Si oxide and

Si, obtained using the TPP-2M formula,24 and NSiO2

(2.28� 1022 atoms/cm3) and NSi (5.00� 1022 atoms/cm3) are

the Si densities in Si oxide and Si,23 respectively. The photo-

electron intensities of the Si oxide from the layers A and C,

ISiO2
, and of Si from layer B, ISi, are obtained by integrating

the Si4þ peak and the doublet peaks corresponding to the Si

2p3/2 and 2p1/2, respectively. Thus, the thickness of electro-

chemically grown Si oxide can be quantitatively determined,

as shown in Figure 3(C). The potential and time-dependent

thickness of each layer, reflecting the anodic growth of the

oxide, was summarized in Figure S2 of supplementary

material.16

In conclusion, we have constructed an XPS system for

in situ measurements at a solid-liquid interface under con-

trolled electrochemical conditions. We have also presented

the report of the use of in situ electrochemical XPS by per-

forming a quantitative analysis of the electrochemical

growth of Si oxide in real time as a demonstration of this

system’s capabilities. At present, the cell-volume is mini-

mized to prevent any damage possibly being caused by

unexpected breakage of the membrane due to the pressure

gap between the inside and outside of the cell. A flow-type

cell which enables injection of additional reactants from

outside of the vacuum apparatus is currently under develop-

ment as well as the provision of a safety device in case of

breakage.
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