

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  JULY 17 2023

Detecting driving potentials at the buried SiO2 nanolayers in
solar cells by chemical-selective nonlinear x-ray
spectroscopy 
Masafumi Horio   ; Toshihide Sumi  ; James Bullock  ; Yasuyuki Hirata; Masashige Miyamoto  ;
Bailey R. Nebgen  ; Tetsuya Wada; Tomoaki Senoo  ; Yuki Tsujikawa  ; Yuya Kubota  ;
Shigeki Owada  ; Kensuke Tono  ; Makina Yabashi  ; Takushi Iimori; Yoshihiro Miyauchi;
Michael W. Zuerch  ; Iwao Matsuda  ; Craig P. Schwartz  ; Walter S. Drisdell 

Appl. Phys. Lett. 123, 031602 (2023)
https://doi.org/10.1063/5.0156171

Articles You May Be Interested In

Observing soft x-ray magnetization-induced second harmonic generation at a heterojunction interface

Appl. Phys. Lett. (April 2023)

Lab-based operando x-ray photoelectron spectroscopy for probing low-volatile liquids and their interfaces
across a variety of electrosystems

Journal of Vacuum Science & Technology A (June 2020)

Extraordinary second harmonic generation modulated by divergent strain field in pressurized monolayer
domes

Applied Physics Reviews (May 2023)

 01 Septem
ber 2023 18:34:26



Detecting driving potentials at the buried SiO2
nanolayers in solar cells by chemical-selective
nonlinear x-ray spectroscopy

Cite as: Appl. Phys. Lett. 123, 031602 (2023); doi: 10.1063/5.0156171
Submitted: 27 April 2023 . Accepted: 29 June 2023 .
Published Online: 17 July 2023

Masafumi Horio,1,a) Toshihide Sumi,1 James Bullock,2 Yasuyuki Hirata,3 Masashige Miyamoto,1

Bailey R. Nebgen,4,5 Tetsuya Wada,1 Tomoaki Senoo,1 Yuki Tsujikawa,1 Yuya Kubota,6

Shigeki Owada,6,7 Kensuke Tono,6,7 Makina Yabashi,6,7 Takushi Iimori,1,8 Yoshihiro Miyauchi,3

Michael W. Zuerch,4,5 Iwao Matsuda,1,8 Craig P. Schwartz,9 and Walter S. Drisdell10,11

AFFILIATIONS
1Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
2Electrical and Electronic Engineering, The University of Melbourne, Victoria 3010, Australia
3National Defense Academy of Japan, Yokosuka, Kanagawa 239-8686, Japan
4Department of Chemistry, University of California, Berkeley, California 94720, USA
5Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
6RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo, Hyogo 679-5148, Japan
7Japan Synchrotron Radiation Research Institute (JASRI), 1-1-1 Kouto, Sayo, Hyogo 679-5198, Japan
8Trans-scale Quantum Science Institute, the University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8654, Japan
9Nevada Extreme Conditions Laboratory, University of Nevada, Las Vegas, Las Vegas, Nevada 89154, USA
10Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
11Liquid Sunlight Alliance, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

a)Author to whom correspondence should be addressed: mhorio@issp.u-tokyo.ac.jp

ABSTRACT

We present an approach to selectively examine an asymmetric potential in the buried layer of solar cell devices by means of nonlinear x-ray
spectroscopy. Detecting second harmonic generation signals while resonant to the SiO2 core level, we directly observe existence of the band
bending effect in the SiO2 nanolayer, buried in the heterostructures of Al/LiF/SiO2/Si, TiO2/SiO2/Si, and Al2O3/SiO2/Si. The results demon-
strate high sensitivity of the method to the asymmetric potential that determines performance of functional materials for photovoltaics or
other optoelectronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156171

The photovoltaics industry is currently dominated by solar cells
based on crystalline silicon. Technical development of these cells
focuses on increasing the power conversion efficiency and reducing
the production costs.1 Recent years have seen the development of new
“passivated contact” or “carrier-selective contact” architectures which,
instead of relying on a traditional diffused p–n junction, utilize special-
ized contact interfaces to separate out electrons and holes.1–7 These
interfaces are commonly composed of stacks of thin films, which col-
lectively passivate the crystalline silicon surface and provide a strong
asymmetry in conductivity to electrons and holes.5–7 As such, there is
a growing emphasis on controlling the properties of these thin films

and contact interfaces in silicon photovoltaics. To further develop
these systems, direct observation of the microscopic states in the com-
posing layer or interface is needed, since these states dictate the macro-
scopic performance. However, selectively examining electronic states
at the buried region of a complex heterostructure is spectroscopically
challenging with conventional electronic analysis techniques such as
x-ray photoelectron spectroscopy (XPS) or x-ray absorption spectros-
copy (XAS). These techniques probe either the bulk of the material or
its top surface with no way to selectively probe a buried interface. The
electronic structure of these systems has, therefore, been deduced from
an array of indirect spectroscopic probes.
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In the present research, we used an efficient experimental
approach to selectively probe electronic states in the functional layer of
a solar cell by means of nonlinear x-ray spectroscopy, specifically core-
level-resonant x-ray second harmonic generation (x-ray SHG), using
an x-ray free-electron laser source.8 The development of this method
was motivated by the fact that the photovoltaic effect is induced by
electron–hole separation due to an asymmetric potential in the hetero-
structure. Since the SHG signal is only generated from regions that
lack inversion symmetry, it should specifically probe the interface
between the components of the heterostructure. This sensitivity, com-
bined with the selectivity for specific elements and electronic states
that x rays afford, allows us to detect the driving potential at the buried
layer in a solar cell. Measurements of core-level-resonances using x-
ray SHG have been successfully made with x-ray free-electron lasers in
the soft x-ray region.9–15 Recently, the achievements have extended to
lithium-containing materials relevant to battery applications.11,12,15

Figure 1(a) shows a schematic drawing of the x-ray SHG experi-
ment, conducted at the soft x-ray free-electron laser (SXFEL) beamline
BL1 of SACLA.16,17 The beamline covers the photon energy range of
�hx¼ 26–150 eV with an XFEL pulse of <10 fs-width, 80lJ, and
energy resolution of DE=E ¼ Dð�hxÞ=�hx � 2%. The incident beam
(�hx) was focused to 5.3lm (horizontal)� 1.0lm (vertical) by a
Wolter mirror and irradiated at the samples with an incident angle of
45
�
from the surface plane.18,19 At this angle, specular reflectivity of

the incident beam is on the order of 10�3 for all samples and on the
order of 10�5 for any second harmonic photons from the FEL source
(supplementary material Fig. S1). The SHG signal (2�hx) and the
reflected beam (�hx) were monitored by an ellipsometry unit that

separates the second order light from the beamline source20–22 (see the
supplementary material for more details about FEL measurements).

The multilayered samples were composed of a Si(001) crystal
substrate, a 1 nm-thick SiO2 layer, and a nanometer-thick contacting
layer. Measurements were made with three types of samples with dif-
ferent layers: Al/LiF/SiO2/Si (LiF¼ 1nm, Al¼ 5nm), TiO2/SiO2/Si
(TiO2¼ 2.5 nm), and Al2O3/SiO2/Si (Al2O3¼ 2.7 nm). The Al/LiF/
SiO2/Si system has been demonstrated to make an electron-selective
contact with low contact resistivity.5 The TiO2/SiO2/Si contact has
been shown to be electron- or hole-selective, depending on the growth
and electrode conditions.1–3,6,7 The Al2O3/SiO2/Si heterostructure has
been typically used as a standard passivation layer for Si solar cells.4

Details of the sample preparation are described elsewhere.5–7 For a ref-
erence, the native SiO2 layer on the Si substrate was adopted as a pris-
tine SiO2/Si sample that corresponds to a heterostructure of vacuum/
SiO2/Si during the measurement.

Figure 1(b) shows XPS spectra of the samples taken with a hemi-
spherical electron analyzer (Scienta Omicron R3000) and a laboratory
x-ray source using the Mg Ka emission line (see the supplementary
material for more details about XPS measurements.). For individual
spectra, two prominent peaks are observed at binding energy, EB, near
99.55 and 103.5 eV that are assigned to the Si0 atoms in the Si substrate
and the Si4þ atoms in the SiO2 layer, respectively. Differences in the
peak intensity for different samples are due to the different thicknesses
of the contact layers on the SiO2/Si system. For example, the Al/LiF/
SiO2/Si sample has the thickest contact layer (6 nm total thickness),
resulting in very low XPS signal from the SiO2 layer underneath,
whose peak position is difficult to assess. In contrast, the Si0 peak is
large for the SiO2/Si sample since there is no contact layer, and the
photoelectrons from the Si substrate are only blocked by the native
SiO2 layer. By curve-fitting the peaks with a Gaussian function, each
EB position of the sample, except for that of Al/LiF/SiO2/Si, is deter-
mined as listed in Table I. The Si0 positions are similar to each other
for all samples, as expected since they share the same Si substrate and
the same SiO2/Si interface. The Si

4þ positions, however, were found to
depend on the samples. The heterostructure samples with the contact
layers have deeper EB values than that of the pristine SiO2/Si sample.
This implies that the solar cell heterostructures have distinct band
structures compared to the pristine sample. The Si atoms in the SiO2

layer are subject to a different electronic potential, possibly due to the
band-bending effect.23,24,27–31

Focusing on the SiO2 layer that exists in all the solar cell samples,
Fig. 2 shows the power dependence of the SHG signal from the TiO2/
SiO2/Si heterostructure, taken at two different incident photon ener-
gies. One can find the nonlinear signal is larger when the incident

FIG. 1. Sample characterization. (a) Illustration of the x-ray SHG experiments on
multilayer samples that contain 1 nm-thick SiO2 layers, sandwiched between a Si
substrate and a contacting layer. (b) X-ray photoelectron spectra of four samples
with the curve-fitting results of the core-level peaks. The energy positions of the on-
resonance and off resonance conditions for the XFEL beam are indicated by the
red and blue shaded areas with a width of the energy resolution at the beamline,
respectively.

TABLE I. XPS peak positions of the Si 2p core-levels of the samples. Values of the
binding energy, EB (eV), were referred from the Fermi level and were determined by
peak-fits with the Gaussian functions in Fig. 1(b).

Samples EB (eV) at Si
0 EB (eV) at Si

4þ

pristine SiO2/Si 99.556 0.01 103.266 0.05
Al/LiF/SiO2/Si � � � � � �
TiO2/SiO2/Si 99.526 0.09 103.636 0.01
Al2O3/SiO2/Si 99.546 0.01 103.526 0.02
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photons are on resonance with the Si4þ (�hx ¼ 104 eV) vs off reso-
nance (�hx ¼ 102 eV) that are indicated in Fig. 1(b). This experimental
observation indicates that the x-ray SHG is enhanced when the photon
energy matches the core-level excitation energy of the chemical species
at the atomic sites that lack local inversion symmetry.

Figure 3(a) collects x-ray SHG results for the four samples under
the on-resonance condition, �hx ¼ 104 eV. Individual datasets were fit
by a polynominal with linear and nonlinear terms with respect to the
incident power, I0. The nonlinear or quadratic component corre-
sponds to detection of SHG (2�hx), while the linear component corre-
sponds to reflection of the fundamental beam (�hx). The contrast in
the quadratic component between the samples [Fig. 3(b)] indicates the
existence of SHG for the solar cell heterostructures, Al/LiF/SiO2/Si,
TiO2/SiO2/Si, and Al2O3/SiO2/Si, but the absence of SHG for the pris-
tine SiO2/Si system. These optical responses mean that electronic states
in the SiO2 layer are subject to asymmetric potentials for the samples
with contact layers and a symmetric potential for the pristine SiO2/Si
sample. This is likely due to differences in the band-bending effects at
the junctions, consistent with the XPS results in Fig. 1(b).

In the case of the SiO2/Si heterostructure, the symmetric charac-
teristic indicates that the band in the thin SiO2 layer is flat.

23,24 This is
consistent with the wideband gap and sufficiently small amount of the
space charges in this layer. Moreover, the magnitudes of the gap states
at the SiO2 surface and the SiO2/Si interface have been reported to be
1011 � 1012eV�1cm�2, which are small enough to be negligible.23

Thus, one can infer that the band-bending effect in the SiO2 layer of
the vacuum/SiO2/Si heterostructure is too small to produce detectable
SHG signals.

The existence of the asymmetric potential, yielding the SHG sig-
nal, is consistent with the functionality of the solar-cell heterostruc-
tures, Al/LiF/SiO2/Si, TiO2/SiO2/Si, and Al2O3/SiO2/Si. The
appearance of the band-bending effect in the SiO2 layer may be under-
stood by employing the concepts of interfacial or surface gap states
and charge neutrality level.23 That is, differences between the chemical

potential of the contact layer and the SiO2/Si layer become the driving
force for charge transfer via gap states at the interface to electronically
align the equilibrium chemical potential through the whole hetero-
structure. In that sense, particularly large band bending is expected
between Al/LiF and SiO2/Si due to the low work function Al/LiF elec-
trode (/ � 2:9 eV).25,26 This is consistent with the observation of rela-
tively large b value for Al/LiF/SiO2/Si [Fig. 3(b)], although, at present,
large error bars prevent us from rigorously making a quantitative com-
parison with the b values from the other samples. In the asymmetric
electronic potential of the studied SiO2/Si systems with contact layers,
bands in the SiO2 layer are expected—from the XPS results [Fig. 1(b)]
and previous studies5—to bend downward toward the contacting
layer. This electronic structure serves to accept electrons transported
from the Si substrate while blocking hole transport, creating an
electron-selective contact, as expected. The SHG measurements reveal
that the buried SiO2 nanolayer is multi-functional, simultaneously pas-
sivating the Si interface, forming a stable contact, and hosting a
carrier-driving asymmetric potential created by the deposition of con-
tact layers.

It is worth discussing the differences between conventional mea-
surements and the present SHG method to examine the degree of
band-bending in each sample. Directly probed surface photovoltage
measurements are often used to investigate band-bending, but this
probes a bulk property of the entire device stack, whereas x-ray SHG is
element-selective and, therefore, specifically probes an individual layer
within the stack. Standard x-ray absorption measurements are also

FIG. 2. Intensity of the SHG signal for the TiO2/SiO2/Si sample with incident photon
energies of �hx¼ 104 eV (on-resonance) and �hx¼ 102 eV (off resonance). The
experimental data were fit by a polynominal curve, I ¼ aI0 þ bI20 with fitting coeffi-
cients, a and b. In the formula, I and I0 are intensity of the measured and incident
beams, respectively.

FIG. 3. Variation of the SHG signal from different samples. (a) Intensity curves of
the samples, pristine SiO2/Si, Al/LiF/SiO2/Si, TiO2/SiO2/Si, and Al2O3/SiO2/Si.
Arbitrary vertical offsets are given for better visibility. The incident beam was set at
a photon energy of �hx¼ 104 eV. The experimental data were curve-fitted by a pol-
ynominal, I ¼ aI0 þ bI20 , as described in Fig. 2. (b) The value of v

ð2Þ
eff (coefficient b)

for each sample. The error bar is based on the standard deviation of fitting.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 031602 (2023); doi: 10.1063/5.0156171 123, 031602-3

Published under an exclusive license by AIP Publishing

 01 Septem
ber 2023 18:34:26



element-selective, but typically bulk sensitive and, therefore, unable to
detect thin layers such as SiO2 in the samples studied here (supple-
mentary material Fig. S2). XPS analysis combines element-selectivity
and surface sensitivity, and when performed with a tunable x-ray
source (such as a synchrotron light source) can determine depth pro-
files of the band energy by changing the probing depth of photoelec-
trons. More advanced time-resolved XPS measurements can also trace
the carrier dynamics by the surface photovoltage effect. However, XPS
experiments typically only probe a few nm of the sample surface.27–31

For detecting photoelectrons, the signal is significantly attenuated for a
buried layer of the heterostructure, as shown in Fig. 1(b). Moreover, a
depth profiling measurement is required to capture the shape of the
potential responsible for the band bending effect. In contrast, as shown
in Fig. 3, x-ray SHG directly probes the asymmetric potential in the
buried layer that is responsible for the functionalities of the hetero-
structure devices.

The x-ray nonlinear spectroscopy measurements reported here
are conducted with a photon-in and photon-out configuration. Thus,
variations in the asymmetric potential could be monitored in real time
under working conditions, applied current, or applied voltage.
Moreover, since the incident photon pulses are ultrafast, time-resolved
measurements of x-ray SHG could be performed, providing the time
constants that characterize the carrier dynamics. These operando
experiments could reveal weak points at the junctions in devices and
guide advanced designs that maximize the actual performance. X-ray
SHG spectra could also be collected by scanning the input x-ray
energy. Changes in the spectral shape would imply subtle differences
in the interfacial electronic structure, as specific electronic states are
probed at the interface, and properties, such as exact oxidation num-
ber, could be determined. The present research proves usefulness of
the method for studying functional optical devices such as solar cells.

In summary, we presented an efficient approach to directly probe
asymmetric electronic states in a selected layer that is responsible for
the photovoltaic functionality of a heterostructure device. By irradiat-
ing XFEL pulses at the solar cell samples, the SHG signal from the bur-
ied layers was observed with enhancement of the signal under the
core-level resonance condition. The results demonstrate high sensitiv-
ity to the asymmetric potential, which proves the usefulness of the
technique for developing devices.

See the supplementary material for details of sample preparation,
x-ray SHG, XPS, and reflectivity measurements.
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