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ABSTRACT: Non-destructive, depth-resolved characterization
is  crucial  for  revealing  the  evolution  of  interfacial  electronic
structures  in  energy  materials  and  catalytic  systems.  To
overcome  the  limitations  of  conventional  approaches,  which
often  damage  samples  and  fail  to  capture  true  interfacial
information,  we  have  established  a  synchrotron-based
platform  for  non-destructive  tomography  depth  profiling
(NDTDP) at the BL10B beamline of Hefei Light Source II. This
platform  integrates  energy-  and  angle-tunable  synchrotron
radiation  photoelectron  spectroscopy  with  multi-mode  soft  X-
ray  absorption  spectroscopy,  enabling  continuous  depth
profiling  from  the  outermost  surface  to  near-bulk  regions.
Using single-crystal  Si  and Cu2O powders as model systems,
we systematically  validated  the  platform’s  ability  to  resolve  surface  oxidation  and  valence-state  gradients,  demonstrating
high  depth  resolution  and  consistency  across  measurements.  These  findings  establish  BL10B  as  a  reliable,  NDTDP
platform for probing complex interfacial electronic structures and conducting in situ studies.
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 1    Introduction
Interfaces  play  a  critical  role  in  catalysis,  energy  materials,  and
functional  thin  films,  where  their  microscopic  structure  and
chemical  state  directly  govern  macroscopic  material  properties
[1−2].  However,  conventional  characterization  techniques  struggle
to  resolve  interface  information  across  different  depths  without
causing sample  damage.  Depth-profiling methods that  rely  on ion
sputtering  or  mechanical  removal,  while  capable  of  providing
vertical  information,  inevitably  introduce  structural  modifications
or  chemical  reconstruction,  limiting  the  accuracy  of  insights  into
intrinsic  interfacial  behavior  [3−4].  Therefore,  developing  non-
destructive  spectroscopic  approaches  that  allow  nanoscale  control
over probing depth is essential to overcome the intrinsic limitations
of interface studies.

Soft  X-ray  spectroscopy,  with  its  elemental  specificity,  surface
sensitivity, and high spatial resolution, offers unique advantages for
probing material surfaces and near-surface regions [5−7]. Following
the  2016  upgrade  of  Hefei  Light  Source  (HLS)  to  HLS  II  [8],  the
photoemission  endstation  (BL10B)  was  fully  rebuilt  to  match  the
new storage ring parameters. The upgraded beamline delivers high-
flux soft X-rays (> 1 × 1010 photons/s) over the 100–1000 eV energy
range,  with  soft  X-ray  absorption  spectroscopy  (sXAS)  energy
resolution  exceeding  2900  (E/ΔE)  and  synchrotron  radiation
photoelectron  spectroscopy  (SRPES)  energy  resolution  better  than
40  meV  [9],  providing  a  robust  foundation  for  high-precision,
depth-tunable soft X-ray spectroscopy.

Here, we systematically developed a suite of NDTDP soft X-ray
techniques  employing  this  enhanced  platform.  By  tuning  the
incidence angle, photoelectron kinetic energy, and detection mode,
these methods enable continuous depth-resolved probing from the
extreme  surface  to  near-bulk  regions.  Using  silicon  (Si)  single
crystals  and  cuprous  oxide  (Cu2O) powders  as  model  systems,  we
validated  the  approach’s  ability  to  resolve  surface  oxide  layers  and
valence-state  gradients,  demonstrating  both  high  depth  resolution
and  reproducibility.  These  results  establish  BL10B  as  a  reliable
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NDTDP  platform  for  nanoscale  interface  characterization,
providing new opportunities to explore interfacial gradients, buried
reaction pathways, and surface-bulk coupling mechanisms.

 2    Beamline design
The BL10B beamline employs a 1.7 m-long bending magnet with a
magnetic  field  of  1.23  T  as  the  photon  source.  At  a  horizontal
acceptance angle of 12 mrad, it provides an approximately uniform
angular  photon  flux  distribution  over  the  100–1000  eV  energy
range,  with  a  source  size  of  roughly  0.29  mm  (horizontal,  H)  ×
0.31 mm (vertical, V).

 2.1    Beamline design
The beamline is equipped with a self-focusing variable-line-spacing
plane-grating  monochromator  (SF-VLS-PGM)  system,  as
illustrated in Fig. 1. The front-end focusing unit comprises two key
optical elements: The first is a vertically mounted cylindrical mirror
with  a  grazing  incidence  angle  of  2.25°,  which  focuses  the
horizontal  component  of  the  beam  between  the  entrance  slit  and
the  plane  mirror;  the  second  is  a  horizontally  mounted  toroidal
mirror  at  a  grazing  incidence  of  2.5°,  which  focuses  the  vertical
component  of  the  beam  onto  the  entrance  slit,  achieving  efficient
two-dimensional  focusing.  The  monochromator  uses  a  1400  line/
mm  plane  grating  to  cover  the  100–1000  eV  energy  range,

providing  high-resolution  monochromatic  output  across  a  wide
spectral  window.  The  post-focusing  system  employs  a  toroidal
mirror  to  simultaneously  focus  the  beam  in  both  horizontal  and
vertical  directions  onto  the  sample  position,  with  a  grazing
incidence  of  2.5°.  Key  beamline  parameters  were  summarized  in
Table 1 [9].

 2.2    Experimental station
Figure  2 shows  the  top-view  layout  and  schematic  of  the
experimental  station.  The  system  consists  of  multiple
interconnected  vacuum  chambers  to  ensure  ultra-high  vacuum
throughout  the  sample  transfer  and  to  enable  a  variety  of
preparation and spectroscopic measurement capabilities:

Load-lock chamber: Serves as a transition between atmospheric
and  ultra-high  vacuum,  allowing  rapid  sample  loading  and
unloading.
 

Table 1    The key parameters of BL10B beamline

Energy range 100–1000 eV

Beam size 1 mm (H) × 1 mm (V)
Flux > 1 × 1010 photons/s

Resolving power (E/ΔE) 5378@244 eV
Energy repeatability Better than 0.1 eV@244 eV

 

Figure 1    Schematic of BL10B beamline’s optical system.
 

Figure 2    The top-view layout (a) and schematic (b) of the experimental station.
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Analysis  (ANA) chamber: The core measurement chamber for
sXAS,  SRPES,  and  ultraviolet  photoelectron  spectroscopy  (UPS)
experiments, directly coupled to the beamline.

Preparation (PREP) chamber: Equipped with an argon (Ar) ion
gun and metal evaporation sources for in situ surface cleaning and
thin-film deposition.

Reactor chamber: Connects to external gas lines, allowing high-
temperature  and  high-pressure  treatments  under  controlled
atmospheres without air exposure.

Infrared (IR) chamber: Houses a Bruker VERTEX 80v Fourier
transform  infrared  spectroscopy  (FTIR)  spectrometer  for
reflectance and transmission infrared characterization.

Transfer  chamber: Functions  as  a  sample  transfer  node,
ensuring  efficient  and  stable  movement  between  functional
chambers.

The  ANA  chamber  is  fitted  with  a  high-performance  electron
energy analyzer (Scienta Omicron EW4000, Fig. 3(a) and Fig. S1(a)
in  the  Electronic  Supplementary  Material  (ESM))  with  energy
resolution  better  than  5  meV@20 eV,  electron  acceptance  angle  ≥
60°,  and  a  wide  working  energy  range,  fully  compatible  with  the
beamline.  A  monochromatic  X-ray  source  (PreVac  RMC  50,
Fig.  3(b) and  Fig.  S1(b)  in  the  ESM)  provides  a  small  beam  spot
(< 1 mm × 2 mm), photon flux > 5 × 1010 photons/s,  and spectral
linewidth  <  0.6  eV,  serving  as  a  complementary  source  at  higher
energies  (>  1000  eV)  to  deepen  the  probing  depth.  The  four-axis
sample  manipulator  (Fig.  3(c) and  Fig.  S1(c)  in  the  ESM)  allows
precise  motions  along X/Y/Z and  rotation  about Z (R),  with X/Y
travel of 25 mm (±12.5 mm), Z travel up to 400 mm, and R rotation
±179°.  The  manipulator  supports  a  wide  temperature  range:  low
temperatures  down  to  120  K  using  liquid  nitrogen  cooling,  and
high temperatures up to 1200 K via a heating filament embedded in
the  sample  holder,  with  temperature  control  precision  of  ±0.1  K.
Such  high-precision  positioning  is  crucial  for  depth-tunable
spectroscopic measurements.

The  chamber  also  integrates  a  custom-built  channel  electron
multiplier  (CEM)  fluorescence  detector,  coupled  to  external
picoammeters  and  current  amplifiers,  enabling  sXAS
measurements  in  both  total  electron  yield  (TEY)  and  total
fluorescence yield (TFY) modes. All chambers are constructed from

μ-metal  for  excellent  magnetic  shielding,  suitable  for  high-
sensitivity electron spectroscopy. The vacuum system comprises ion
pumps,  Ti  sublimation  pumps,  and  turbomolecular  pumps,
achieving  a  base  pressure  of  2  ×  10−10 mbar  after  24  h  baking,
providing a stable environment for high-quality measurements.

 3    Methods
The BL10B beamline at HLS II is a versatile soft X-ray spectroscopy
station,  integrating  three  core  characterization  techniques:  sXAS,
SRPES/X-ray  photoelectron  spectroscopy  (XPS),  and  UPS.  These
techniques  collectively  probe  unoccupied  states,  core  levels,  and
valence  band  electronic  structures,  offering  high-sensitivity  insight
into the electronic states of materials [10, 11].

 3.1    sXAS
sXAS is based on the element-specific absorption of X-ray photons
by  core-level  electrons  (Fig.  4).  When  the  photon  energy  matches
the excitation energy of a core electron, the electron is excited to an
unoccupied  state.  The  resulting  core-hole  relaxes  via  spontaneous
de-excitation, predominantly through Auger electron emission and
fluorescence photon release,  with the former generating secondary
electron  cascades.  By  tracking  the  intensity  of  these  de-excitation
channels as a function of photon energy, sXAS directly reports the
distribution  and  orbital  character  of  unoccupied  states,  as  well  as
the  local  chemical  environment  and  symmetry.  As  such,  it  has
become  a  key  probe  in  condensed-matter  physics,  catalysis,  and
energy materials research [5, 12−17].

Depending  on  the  detected  relaxation  signal,  sXAS  can  be
performed  in  electron-yield  or  fluorescence-yield  modes  [18, 19].
BL10B implements three modes: Auger electron yield (AEY), TEY,
and  TFY.  TEY  measures  the  total  current  generated  by  emitted
electrons  (including  Auger  and  secondary  electrons)  using  a
Keithley 6517A electrometer with resolution from femtoampere to
picoampere and low noise. AEY selectively measures emitted Auger
electrons  via  a  Scienta  Omicron  EW4000  energy  analyzer,  while
TFY  collects  fluorescence  photons  with  a  custom-designed
channeltron-based  detector,  transmitting  weak  signals  through
vacuum  feedthroughs  to  a  current  amplifier  and  computer

 

Figure 3    The image of (a) energy analyzer, (b) monochromatic X-ray source, and (c) 4-axis manipulator.
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acquisition.  The detector  is  equipped with two gold meshes  at  the
front and a high-voltage field to suppress stray signals from residual
ions  and electrons.  To compensate  for  synchrotron flux variations
during energy scans, a gold mesh reference is installed upstream of
the  sample,  allowing  flux  normalization  via  the  measured  current.
The BL10B beamline provides synchrotron radiation in the energy
range  of  100–1000  eV,  which  covers  the  K-edges  of  low  atomic
number elements (e.g., C, N, O), the L-edges of 3d transition metals
(e.g., Ti, Fe, Cu), and the M-edges of certain higher atomic number
elements (e.g., Ru, Ce) (Fig. S2 in the ESM).

In  photochemical  studies,  sXAS  peak  intensities  correlate  with
the  transition  probability  of  core-to-unoccupied-state  transitions.
Photoexcitation  redistributes  electrons  between  occupied  and
unoccupied  states  [20].  Thus,  comparing  illuminated  and  dark
spectra  enables  direct  identification  of  photoinduced  interfacial
charge-transfer  processes  [21].  For  this  purpose,  the  BL10B  ANA
chamber incorporates a vacuum-compatible optical fiber for in situ
illumination  (200–1200  nm  wavelengths,  600  μm  core  diameter,
and up to 1 W power), supporting a wide range of photochemical
and photocatalytic measurements.

 3.2    SRPES/XPS
Photoelectron  spectroscopy  (PES,  including  XPS  and  SRPES)  is  a
surface-sensitive technique based on the photoelectric effect (Fig. 4).
When the photon energy (hν) exceeds the electron binding energy
(Eb),  electrons  are  emitted  as  photoelectrons,  and  their  kinetic
energy  (Ek)  is  used  to  determine  elemental  composition  and
chemical  state.  Compared  with  conventional  laboratory  sources,
synchrotron  radiation  provides  high  collimation,  high
monochromaticity,  and  broad  tunability,  significantly  enhancing
spectral  precision.  With  tunable  soft  X-ray  excitation,  SRPES  can
adjust  the  inelastic  mean  free  path  (IMFP)  of  electrons,  enabling
depth-resolved  measurements  from  surface-sensitive  (<  1  nm)  to
bulk-sensitive (several nm) regimes [22−24].

At  BL10B,  emitted  photoelectrons  are  collected  and  analyzed
using  a  Scienta  Omicron  EW4000  energy  analyzer,  with  incident
photons  from  100–1000  eV  synchrotron  radiation.  An  additional
RMC  50  monochromatic  X-ray  source  (PreVac,  Poland;  Al  Kα
1486.6  eV,  Ag  Lα 2984.3  eV)  provides  a  complementary  high-
energy  (>  1000  eV)  excitation  source  to  enhance  spectral  quality.
This integrated setup enables BL10B to support nearly all elements
of photoelectron spectroscopy measurements.

 3.3    UPS
UPS  is  also  based  on  the  photoelectric  effect  but  employs  low-
energy  UV  photons  to  excite  valence  electrons,  offering  high
sensitivity  to  surface  states  and  low-binding-energy  electrons
(Fig.  4).  UPS  measures  the  valence  band  energy  distribution  and
secondary  electron  cutoff,  providing  critical  parameters  such  as
valence  band  structure,  work  function,  and  density  of  states  near
the  Fermi  level,  enabling  direct  insight  into  the  surface  electronic
properties of materials [25−27].

As for the charging effect, the conductivity requirement at BL10B
is  mode-dependent:  electron-based  techniques  (AEY,  TEY,
SRPES/XPS,  and  especially  UPS)  require  conductive  or  charge-
compensated  samples,  whereas  TFY  measurements  are  essentially
free from such constraints.

 4    Applications:  non-destructive  spectro-scopic
tomography
The  performance  of  energy  materials  [28],  functional  thin  films
[29],  and  catalytic  systems  is  strongly  shaped  by  depth-dependent
structural  gradients  and  interfacial  coupling  phenomena  [17],
including  surface  reconstruction,  subsurface  defect  modulation,
interfacial  charge  redistribution,  and  multilayer  valence-state
evolution. These critical structural motifs are typically buried within
the  first  few  to  several  tens  of  nanometers  and  often  evolve
dynamically  under  operating  conditions.  Resolving  such  buried
profiles  without  damaging  the  sample  is  therefore  essential  for
mechanistic  understanding  and  for  guiding  the  design  of  high-
performance  devices.  However,  conventional  depth-profiling
techniques,  such  as  ion  sputtering  or  mechanical  delamination,
inevitably  perturb  the  sample  and  may  induce  chemical
reconstruction,  hindering  accurate  interpretation  of  intrinsic
interfacial behavior (Fig. S3 in the ESM).

To  overcome  these  limitations,  we  establish  an  NDTDP
approach  based  on  synchrotron  soft  X-ray  techniques.  By  tuning
the  effective  probing  depth  through  control  of  photon  energy,
electron emission angle,  or detection channel,  this method enables
continuous  acquisition  of  electronic-structure  and  chemical-state
information  from  the  extreme  surface  to  the  near-bulk  region
without any physical modification of the sample. This strategy lifts
the depth-resolution bottleneck inherent to traditional methods and

 

Figure 4    The schematic diagram of sXAS, SRPES/XPS, and UPS.
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is broadly applicable to layered materials, buried reaction interfaces,
and functional thin films exhibiting complex vertical gradients.

The  BL10B  beamline  provides  the  essential  experimental
infrastructure  for  implementing  this  tomography-like  capability.
High-brightness, energy-tunable soft X-rays allow precise control of
photoelectron  kinetic  energy  and  thus  probing  depth,  while
multiple  electron- and  fluorescence-yield  detection  modes  greatly
expand  the  accessible  information-depth  range.  Together,  these
capabilities  enable  multi-modal,  depth-resolved  spectroscopic
reconstruction of surface, subsurface, and near-bulk regions within
a  single  material  system.  Notably,  the  measured  spectra  represent
depth-weighted  integrations  over  different  sampling  ranges,
interpretation  of  depth-dependent  spectral  changes  should  be
carried  out  in  conjunction  with  prior  knowledge  of  the  material
system  and  complementary  spectroscopic  information  to  avoid
overinterpretation (Note S2 in the ESM).

 4.1    Depth-resolved PES
In PES,  the accessible probing depth is  primarily governed by two
quantities:  the  IMFP  of  electrons  in  the  material  and  the  electron
emission  angle  (θ)  relative  to  the  sample  surface  [30].  The  IMFP
represents  the  average  distance  an  electron  travels  before
undergoing inelastic scattering, while the emission angle modulates
the  effective  escape  depth  through  geometric  projection.  By
systematically  varying  the  photon  energy  and  measurement
geometry,  these  parameters  form  the  basis  of  a  non-destructive,
continuously  tunable,  and  quantifiable  depth-profiling  framework,
which  forms  the  foundation  of  our  spectroscopic  tomography
approach.

For  a  given  material,  intrinsic  properties  such  as  electronic
structure  and  density  remain  constant.  Consequently,  the  main
controllable  factor  that  influences  the  IMFP  is  the  photoelectron
kinetic energy, which is defined by the photoelectric Eq. (1)

Ek = hν−Eb −ϕ (1)

where hν is the photon energy, Eb is the binding energy, and ϕ is the
analyzer  work  function.  Tuning  the  synchrotron  photon  energy,
therefore,  adjusts  the Ek and  IMFP,  enabling  depth-selective
measurement of core-level spectra.

Several  methods  exist  for  estimating  IMFP  values,  including
empirical fits to experimental databases, first-principles calculations
based on the energy-loss function, and semi-empirical models. The
most  widely  used  approach  is  the  Tanuma–Powell–Penn  (TPP)
family  of  models,  particularly  the  TPP-2M  formulation  [31−33].
This  model  incorporates  extensive  optical  data  together  with  an
analytical  representation  of  the  Lindhard  dielectric  function  and
provides  reliable  IMFP  predictions  for  most  elements  and
compounds  in  the  50–2000  eV  range. Equations  (2)–(7) are  the
expressions

λ = Ek/
{
E2

p [β ln(γEk)− (C/Ek)+(D/E2
k)]
}

(2)

β =−0.10+0.944
(
E2

p +E2
g

)−1/2
+0.069ρ0.1 (3)

γ = 0.191ρ−0.50 (4)

C= 1.97−0.91 U (5)

D= 53.4−20.8 U (6)

U= Nvρ/M= E2
p/829.4 (7)

where λ is the IMFP (in Å), Ep = 28.8(Nvρ/M)1/2 is the free-electron
plasmon  energy  (in  eV), ρ is  the  density  (in  g/cm3), Nv is  the
number  of  valence  electrons  per  atom  (for  elements)  or  molecule
(for  compounds), M is  the  atomic  or  molecular  weight,  and Eg is
the bandgap energy (in eV) for nonconductors.

The second key parameter that governs the probing depth is the
electron emission angle relative to the surface normal [34]. In PES,
the  detected  signal  from a  given  depth  decays  exponentially  along
the  electron’s  escape  path.  As  a  result,  the  effective  information
depth scales with the geometric projection of this path and can be
expressed as Eq. (8)

λeff = λ× cosθ (8)

where λeff is the effective inelastic mean free path, and θ is the angle
between  the  photoelectron  emission  direction  and  the  surface
normal of the sample.

By increasing the emission angle toward grazing geometries, the
effective  escape  depth  is  reduced,  and  the  surface  sensitivity  is
enhanced.  This  angular  dependence  provides  a  powerful  and
experimentally  accessible  route  to  depth  tuning,  particularly  for
systems where continuous photon-energy variation is insufficient to
isolate subtle depth-dependent features.

To  provide  a  quantitative  measure  of  depth  sensitivity,  the
information depth is commonly defined as the depth from which a
chosen  fraction  (Χ)  of  the  detected  signal  originates.  Assuming
exponential attenuation [35], the corresponding depth is

dX =−λeff × cosθ× ln(1−X) (9)

where dX is  the  probing  depth  corresponding  to  a  chosen  fraction
(Χ)  of  the  detected  signal.  The  frequently  used  95%  information
depth is approximately

d95 ≈ 3λeff × cosθ (10)

and the 99% depth is

d99 ≈ 4.6λeff × cosθ (11)

These metrics provide a standardized means of calibrating depth
sensitivity in PES.

Although  IMFP  and θ are  the  primary  factors  that  determine
probing  depth,  additional  effects  can  also  influence  the  practical
information depth.  These  include elastic  scattering,  which leads  to
the  effective  attenuation  length  (EAL),  as  well  as  surface
morphology,  interface  roughness,  charge  accumulation,  beam
incidence  angle,  and  instrumental  broadening.  Accurate
quantitative analysis of depth-resolved PES [35], therefore, requires
consideration  of  sample-specific  characteristics  and  detailed
experimental conditions.

 4.1.1    Photon-energy-dependent PES

To  demonstrate  the  depth-resolving  capability  based  on  tunable
IMFP,  a  commercially  obtained 10 mm × 10 mm single-crystal  Si
wafer  was  first  measured  using  photon-energy-dependent
photoelectron spectroscopy. With the electron emission angle fixed
at  0°,  Si  2p  signals  were  excited  using  synchrotron  soft  X-rays  at
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200,  400,  and  600  eV  (binding  energy  range  99–103.3  eV)  [36].
According  to  NIST  IMFP  experimental  data  and  TPP-2M  model
calculations,  these  excitation  energies  correspond  to  characteristic
probing  depths  of  approximately  1.8  nm (±20%),  3.0  nm (±10%),
and 4.2 nm (±10%), respectively. Considering the naturally oxidized
surface  of  commercial  silicon  wafers,  the  Si  2p  spectra  were  fitted
with  two  components  to  distinguish  contributions  from  SiO2 and
intrinsic  Si  (Fig.  5).  The  fitting  results  indicate  that  under  200  eV
excitation,  the  SiO2 fraction is  approximately  92%;  at  400  and 600
eV,  the  fraction  decreases  to  ~  70%  and  ~  49%  (Table  2).  As  the
excitation  energy  increases  and  the  probing  depth  deepens,  the
contribution  from  the  Si  substrate  correspondingly  rises.  The
observed  compositional  variation  with  depth  allows  estimation  of
the  native  oxide  layer  thickness  at  ~  2  nm,  consistent  with  typical
natural oxidation behavior of silicon surfaces.

 4.1.2    Angle-dependent PES

To further  demonstrate  the  control  of  probing depth via  emission
angle, angle-dependent photoelectron spectra were acquired on the
same  Si  single  crystal  with  a  fixed  photon  energy  of  600  eV,  at
electron emission angles of 60°,  45°,  and 0°.  Based on NIST IMFP
data  and  TPP-2M  calculations,  the  95%  information  depths  for
these angles are approximately 2.1 nm (±10%), 3.0 nm (±10%), and
4.2 nm (±10%), respectively. As shown in Fig. 6 and Table 3, at the
most  grazing  angle  of  60°,  the  surface  oxide  (SiO2)  dominates,
accounting for ~ 78% of the signal. As the emission angle decreases
to 45°, the SiO2 contribution drops to 68%, and at normal emission
(0°),  probing the deepest  layer,  it  further  decreases  to ~ 50%, with
the intrinsic Si signal correspondingly increasing.

These angle-dependent results, together with the photon-energy-
dependent  measurements,  demonstrate  that  both  photon  energy
and  emission  angle  provide  independent  and  quantifiable  depth-
tuning mechanisms. Continuous probing depths of 1–5 nm can be
achieved, and both strategies yield highly consistent estimates of the
surface  oxide  thickness,  confirming  the  self-consistency  and
reliability  of  depth-resolved  PES.  Notably,  although  both  photon-
energy-dependent  PES  and  angle-dependent  PES  approaches
enable  tunable  probing  depths,  their  underlying  physical
mechanisms  differ,  which  leads  to  distinct  advantages,  limitations,
and  suitable  application  scenarios  in  practice.  In  practical
applications, the choice should be made by considering the sample
structure,  the  binding-energy  range  of  the  target  elements,  the
specific research objective (e.g., depth evolution of the valence state
of  a  single  element  versus  multi-element  compositional  profiling),
and the surface morphology of the sample (Table S1 in the ESM).

 4.2    Depth-resolved sXAS
In  sXAS,  different  de-excitation  channels  exhibit  distinct  escape
depths.  By  selecting  appropriate  detection  modes,  electronic
structure information can be obtained from the extreme surface to
near-bulk  regions  without  physical  alteration.  This  characteristic
establishes sXAS as a second depth-control method within the non-
destructive tomography framework.

For  instance,  energy-resolved  detection  of  photoemitted
electrons using an electron energy analyzer allows selective control
of  escape  depth,  typically  single  atomic  layer  to  5  nm  [37].
Collecting  only  Auger  electrons  that  have  not  undergone  inelastic
scattering  limits  probing  depth  to  1–2  nm,  giving  AEY  mode
extremely  high  surface  sensitivity.  Combining  AEY  with  angle-
dependent  measurements  can  achieve  atomic-layer-level  depth
resolution.  In  contrast,  TEY  mode  collects  all  emitted  electrons,
including  secondary  cascades,  resulting  in  larger  effective  probing
volumes,  typically  a  few  nanometers  [38].  TFY  detected  deeper
regions  due  to  the  much  lower  scattering  and  absorption  cross-
section  of  photons  compared  with  electrons,  enabling  near-bulk
electronic-structure characterization [39]. By combining AEY, TEY,
and TFY data,  continuous  depth  profiles  from the  surface  to  bulk

 

Table 2    Depth  and  SiO2/Si  relative  ratio  (%)  under  different  synchrotron
radiation energies

hv (eV) Depth (nm) SiO2 Si

200 1.8 92.1% 7.9%
400 3.0 70.7% 29.3%
600 4.2 49.3% 50.7%

 

Figure 5    (a) Schematic of photon-energy-dependent photoelectron spectroscopy. (b) Photon-energy-dependent photoelectron spectroscopy of a single-crystal Si wafer.
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can be reconstructed, providing non-destructive insight into surface
oxidation,  interfacial  reactions,  and  multilayer  chemical-state
gradients.

As  an  example,  Cu  L-edge  sXAS  spectra  were  measured  on
commercially  obtained  Cu2O  powder  over  the  energy  range
925–965  eV  with  a  0.1  eV  step.  AEY  signals  were  integrated  over
the  L3M23M45 Auger  transition.  As  shown in Fig.  7,  the  Cu L-edge
exhibits  strong  L3 and  L2 features  at  930–935  and  950–955  eV,
corresponding to  2p3/2 → empty d and 2p1/2 → empty d transitions,
respectively  [40].  CuO  and  Cu2O  show  distinct  L3 peaks  at  931.2
and  933.9  eV.  The  Cu(II)  (3d9)  absorption  arises  from  core-level
electrons  transitioning  to  d-hole  states.  Cu(I),  on  the  other  hand,
nominally  has  a  filled  3d10 configuration.  Interband transitions  are
possible due to ds hybridization [41].  The clearly different spectral

shapes  of  CuO  and  Cu2O  provide  reliable  fingerprints  for
identifying their oxidation states [42].

In AEY mode, the Cu2+ signal dominates over Cu+, reflecting the
presence of  a  surface  oxide  layer.  With increasing probing depths,
TEY spectra show Cu+ surpassing Cu2+, while in the deepest probing
condition  captured  by  TFY  spectra,  the  Cu2+ signal  nearly
disappears, indicating that the bulk retains the Cu2O phase (Note S3
in the ESM).  This  continuous variation from surface CuO to bulk
Cu2O  is  consistent  with  typical  air-oxidized  powder  structures,
confirming the reliability and sensitivity of depth-resolved sXAS in
NDTDP.  Notably,  the  pronounced  differences  in  signal  intensities
observed  among  the  TFY,  TEY,  and  AEY  spectra  primarily
originate  from  the  distinct  physical  de-excitation  mechanisms
following  soft  X-ray  absorption,  as  well  as  the  intrinsic  limitations
associated  with  the  signal  collection  efficiency  of  each  detection
mode (Note S4 in the ESM).

Overall, the BL10B beamline uniquely integrates photon-energy-
dependent depth tuning, angle-dependent depth control, and multi-
channel  detection  (AEY/TEY/TFY)  into  a  single  experimental
platform,  enabling  continuous,  non-destructive  depth  profiling
from the extreme surface to the near-bulk region. This system offers
superior  capabilities  for  interface  analysis  relative  to  other
international synchrotron radiation facilities (Table S2 in the ESM).

 

Figure 6    (a) Schematic of angle-dependent photoelectron spectroscopy. (b) Angle-dependent photoelectron spectroscopy of a single-crystal Si wafer.
 

Table 3    Depth and SiO2/Si relative ratio (%) under different electron emission
angles

θ Depth (nm) SiO2 Si

60° 2.1 78.4% 21.6%
45° 3.0 67.6% 32.4%
0° 4.2 50.2% 49.8%

 

Figure 7    (a) Schematic of depth-resolved soft X-ray absorption spectroscopy. (b) Cu L-edge sXAS spectrum of Cu2O powder in Auger electron yield without integration.
(c) Cu L-edge sXAS spectra of Cu2O powder in AEY mode, TEY mode, and TFY mode.
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 5    Conclusions
In summary, a comprehensive NDTDP platform was established at
the BL10B beamline of the HLS II. By integrating energy- and angle-
tunable  SRPES  with  multi-mode  sXAS  (AEY/TEY/TFY),
continuous depth-resolved analysis from the extreme surface to the
near-bulk  region was  achieved.  Experimental  validation on single-
crystal  Si  and  Cu2O  demonstrates  that  this  approach  can  reliably
resolve  surface  oxide  layers,  valence-state  gradients,  and interfacial
chemical environments, yielding results in excellent agreement with
the  intrinsic  material  structure.  The  NDTDP  capability  of  BL10B
provides  a  high-precision platform for in  situ studies  of  interfacial
electronic structures,  energy materials,  and catalytic  systems under
working  conditions,  and  expands  the  application  potential  of
synchrotron  soft  X-rays  for  high-resolution,  depth-resolved
characterization.

 Electronic  Supplementary  Material: Supplementary  material
(schematic  diagrams  of  instruments,  element  coverage  of  sXAS
tests  at  BL10B,  XPS  spectra  of  TiO2 before  and  after  Ar+ etching,
comparison  of  photon-energy-dependent  PES  and  angle-
dependent  PES approaches,  and comparison of  the  depth analysis
ability  of  BL10B  with  representative  soft  X-ray  beamlines)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2026.94908486.
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