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1. Introduction

The ability to build nanometer-scale 
dopant structures buried in Si has led to 
great progress in classical and quantum 
technologies.[1] As the patterned structures 
become increasingly small and complex, 
it becomes indispensable to develop tech-
niques to non-destructively image the 
dopant structures for device inspection 
and quality control.[2–4]

Scanning tunneling microscopy (STM) 
can be used to pattern acceptors and 
donors into Si with atomic resolution 
using hydrogen resist lithography.[5,6] 
The technique has created complemen-
tary metal-oxide-semiconductor compat-
ible structures, including 2D conductive 
sheets,[7] 3D structures,[8] nano-wires,[9] 
and quantum dots.[10] Precisely measuring 
the location of buried dopants patterned 
by STM is challenging and can only be 
accomplished with STM itself for pat-
terns extremely near to the surface.[11,12] 
Techniques capable of imaging such nano-
scale structures such as secondary-ion 
mass spectrometry (SIMS)[13] and atom 

The progress of miniaturization in integrated electronics has led to atomic and 
nanometer-sized dopant devices in silicon. Such structures can be fabricated 
routinely by hydrogen resist lithography, using various dopants such as P and 
As. However, the ability to non-destructively obtain atomic-species-specific 
images of the final structure, which would be an indispensable tool for building 
more complex nano-scale devices, such as quantum co-processors, remains an 
unresolved challenge. Here, X-ray fluorescence is exploited to create an element-
specific image of As dopants in Si, with dopant densities in absolute units and 
a resolution limited by the beam focal size (here ≈1 µm), without affecting the 
device’s low temperature electronic properties. The As densities provided by 
the X-ray data are compared to those derived from Hall effect measurements 
as well as the standard non-repeatable, scanning tunneling microscopy and 
secondary ion mass spectroscopy, techniques. Before and after the X-ray experi-
ments, we also measured the magneto-conductance, which is dominated by 
weak localization, a quantum interference effect extremely sensitive to sample 
dimensions and disorder. Notwithstanding the 1.5 × 1010 Sv (1.5 × 1016 Rad cm−2) 
exposure of the device to X-rays, all transport data are unchanged to within 
experimental errors, corresponding to upper bounds of 0.2 Angstroms for the 
radiation-induced motion of the typical As atom and 3% for the loss of activated, 
carrier-contributing dopants. With next generation synchrotron radiation sources 
and more advanced optics, the authors foresee that it will be possible to obtain 
X-ray images of single dopant atoms within resolved radii of 5 nm.
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probe tomography,[14] are typically destructive, making them 
unsuitable for device quality control.[15] Two techniques that can 
image the dopants non-destructively are broadband electrostatic 
force microscopy (bb-EFM)[16] and infrared ellipsometry,[17] how-
ever both come with limitations. In particular, bb-EFM can only 
measure the polarity of the dopant and not its elemental spe-
cies, whereas infrared ellipsometry can, in principle, obtain 
information regarding the species and density of atoms, but it 
is model-dependent and requires elaborate fits to the data.

Here we show that X-ray fluorescence (XRF) can be used 
to create non-destructive atomic-species-specific images of 
dopants in Si with a resolution only limited by the beam-size, 
in our case of order one micron. This technique uses syn-
chrotron X-rays to locally ionize the atoms in the investigated 
device, leading to the emission of photons via fluorescence. 
The measurements are conducted at ambient temperature and 
pressure, and the photon spectrum is analyzed to obtain the 
species and densities of the atoms in the device. Low-temper-
ature magneto-transport of the 2D Hall-bar device before and 
after imaging with the X-ray fluorescence demonstrates that 
the technique does not alter the electrical characteristics of the 
device, namely the free carrier density, electron mean free path, 
coherence length, and vertical confinement. We conclude there-
fore that the technique is non-destructive. As an extension of 
the principle demonstrated here, by rotating the sample in the 
X-ray beam it will be straightforward to obtain a tomographical 
3D reconstruction of the atoms’ positions in the device.[4,18,19]

2. X-Ray Fluorescence

When an X-ray photon impinges on an atom it can be absorbed 
by the atom that will, in turn, be ionized. Inner orbital elec-
trons are expelled from the atom and replaced by outer orbital 
electrons. In this process photons are emitted with wavelengths 
corresponding exactly to the energy difference between the 
electrons’ orbitals. Therefore, the resulting energy spectrum 
of the fluorescence photons will uniquely identify the atomic 
species of the ionized atom. In the presence of many different 

atoms the fluorescence spectrum will be the sum of the dif-
ferent spectral lines. As each atomic spectrum is well-known, it 
is straightforward to decompose an arbitrary fluorescence spec-
trum into element-specific components.[20]

XRF experiments reported here were conducted at the 
microXAS beamline of the Swiss Light Source synchro-
tron.[21] The beamline employs high brightness X-rays in 
the energy range from ≈4 to 22  keV. At the photon energy of 
11.88 keV used here, the delivered photon flux is approximately 
I0  = 1010 photons s−1  when the beam is focused to 1 × 1  µm2 
using a Kirkpatrick–Baez mirror system, and an energy reso-
lution of ΔE/E  < 10−4 is chosen. The beam was set to normal 
incidence. An X-ray energy of 11.88 keV is sufficiently high to 
dislodge core electrons from the As K-levels, without exciting 
the gold atoms found in parts of the sample holder.

Measurements were conducted in air at room temperature, 
with a gentle flow of helium gas into a 15  mm long pinhole 
cavity that encapsulates a silicon drift detector, with the exit gas 
flow located 2 mm from the sample position. The silicon drift 
detector with an active area of 50 mm2 was placed in close prox-
imity of the sample to maximize fluorescence photon collection. 
Figure 1 shows a schematic of the experiment; the solid angle 
captured by the detector is Ω  = 0.04π. The detector not only 
measures the intensity of the fluorescence photons, but also 
resolves their energy spectrum, that is, it counts the number of 
photons reaching the detector as a function of photon energy, 
as shown in Figure 2e. The collected spectrum is then decom-
posed into the sum of the individual atom-specific spectra with 
the PyMca software.[22] To determine the atom density from 
the detected fluorescence, it is compared to an As-containing 
reference sample from nanoXRF_standards[23] with a known 
density under the same X-ray beam illumination and placed 
at the same position as the measured device. The intensity of 
each fluorescence peak in the spectrum depends not only on 
the density of atoms participating in the fluorescence process, 
but also on the ionization cross-section. Note that these X-ray 
ionization cross-sections  are well-known and do not depend 
on factors such as the atom’s depth or environment. In XRF 
the measured density corresponds to the absolute number of 

Figure 1.  Schematic of the X-ray fluorescence measurement. From left to right: Electron bunches from the synchrotron are directed through the 
undulator magnets emitting highly collimated photons on account of the repeated electron beam bending. The X-ray beam with a photon energy of 
11.88 keV from the synchrotron is focused to 1 µm with the help of a Kirkpatrick-Baez (KB) mirror system. Fluorescence photons from the sample that 
is illuminated by the X-ray beam are emitted in all directions and a photodetector is placed at d = 2 cm away from the sample, collecting the photons 
from a solid-angle 2 (1 cos ) 2 (1 / ) 0.042 2d d rπ θ π πΩ = − = − + = . The resulting XRF image (labelled “Sample (XRF data)”) shows the As distribution 
(yellow corresponds to high density). The inset shows an STM height map of the sample’s doped Si surface before Si overgrowth; the short bright lines 
are rows of Si dimers ejected from the surface plane due to the incorporation of As atoms.
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atoms, unlike other non-destructive imaging techniques which 
measure only electrically activated dopants.[2] By comparing the 
atomic density to the free carrier density (obtained from mag-
neto-transport, see Section 4.1) it is thus possible to deduce the 
activation percentage in a given device. Knowing the dopant 
electrical activation is important for optimizing device fabrica-
tion; in particular when making atomic-scale devices it is cru-
cial to have an activation percentage close to 100% to ensure 
that all donors contribute an electron to the conduction band.

At the microXAS beamline, the beam position was fixed 
and the sample swept across the beam with a step size of 
500 nm, and for each position a full fluorescence spectrum was 
recorded. The data collected in this way contain the informa-
tion of the atomic concentrations at each position of the scan, 
from all elements that are excited with the chosen X-ray energy. 
By decomposing the full spectrum at each position into a sum 
of spectra from each possible element, a 2D elemental density 
map is obtained.

3. Subsurface Imaging

Structures consisting of atomically thin layers of As (“As 
δ-layers”) buried 30 nm below the Si(100) surface were pat-
terned into 20 × 200  µm2 Hall bars and contacted with Al, as 
detailed in Section 6. The As layer is made by exposing atomically 
flat Si to a dose of arsine, annealing the wafer to incorporate the 
As into the surface layers, then overgrowing with epitaxial Si. 

The As density is simply controlled by the total As dose. Two 
such structures are studied here, one with a nominal As density 
of nAs = 1.6 × 1014 cm−2 and the other with nAs = 1 × 1013 cm−2. 
The dopant density is determined with the STM before the 
Si overgrowth by counting Si atoms ejected by the incorpo-
rated As, as seen in the experimental data shown in the inset 
of Figure  1 and explained in [24], as well as in Section 6. The 
same devices were used for the XRF and the magneto-resist-
ance (MR) measurements. Table  1 summarizes the devices’ 
density and thickness as measured by STM, XRF, SIMS, and 
MR. Additionally, to quantify the background As dopant den-
sity a reference sample was measured. Note that the sample 
fabrication procedure in this work shares its key steps with 
hydrogen resist lithography; namely the adsorption and incor-
poration of dopants on the Si surface, and the subsequent Si 
deposition. Hence, the maximum dopant concentration and the 
activation percentage should be identical, as should the dopant 
position and vertical distribution in the Si lattice. Therefore, 
conclusions reached here are also valid for devices made with 
hydrogen lithography.

Figure 2d shows a sketch of the studied devices, where the 
orange color illustrates the 2D As layer. Figure 2a–c depict the 
higher density Hall-bar structure #1 as imaged by XRF for Al, 
Fe, and As, respectively. For each pixel of the image a spec-
trum is recorded for a duration of 200 ms. The sum of many 
such spectra is shown in Figure 2e with fitted peaks to deduce 
the elemental origin. Note that each element’s fluorescence 
spectrum has peaks at unique energies (see Section  6), such 

Figure 2.  X-ray fluorescence image of an As Hall-bar device. a–c) Al, Fe, and As distribution of device #1 with a density of nAs = 1.4 × 1014 cm−2 for 
a photon energy of 11.88 keV, a beam size of 1 × 1 µm2, and a step-size of 0.5 µm. At each step a spectrum is recorded during 200 ms. d) Sketch of 
the top view of the samples with the As Hall-bar structure shown in orange. e) Sum of the fluorescence spectra taken at each scan point within the 
highlighted area in a)-c). The black line represents the measured data and the colored lines are fits to individual elements. See Figure 5 for details on 
the elemental contributions.
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that fitting the data is straightforward. The ease to distinguish 
elements is true for arbitrary atomic species. For example, it 
will be straightforward to discriminate between the various 
dopants used in hydrogen lithography, such as P [6], As [24], 
and B [5], making XRF an ideal tool to investigate future 
multi-dopant-species nano-devices.

The As image in Figure  2c clearly shows the conductive 
layer of interest, which defines the Hall bar and its contact 
leads. The unique possibility to distinguish different atomic 
species makes it possible to verify whether there is contami-
nation in the device. Here the spectrum contains traces of 
many elements (see Section  6 for element identification), 
which originate from the lead-less chip-carrier, the glue 
used to fix the sample, and the He gas that is blown on the 
sample (traces of Ar in Figure  5). We also see that the Al 
contact pads and bonding wires contain not only Al, but also 
a very small quantity of Fe. The exact density is obtained 
by comparing the intensity of the fluorescence to the refer-
ence sample. While the Fe density is only nFe = 1 × 1013 cm−2 
in the Al contacts, it provides a stronger XRF signal than 
the Al whose density is nAl  = 6.0 × 1015  cm−2. This is due 
to the larger (107.3  cm2 g−1) absorption cross-section  of Fe, 
compared to Al (14.76  cm2g−1), and the considerably larger 
absorption of the low energy Al fluorescence by the air/
He atmosphere and by the detector window. The As den-
sity is uniform across the entire Hall bar and is found to be 
nAs = 1.4 × 1014  cm−2 and nAs = 5.6 × 1012  cm−2, for the two 
devices measured. For both devices the values obtained with 
XRF and STM agree within the uncertainty (see Table  1). 
The uncertainty in XRF measurements is low because 

atomic cross-sections  are universal, such that the use of a 
reference sample yields an error of less than 5%.

By comparing the atomic density to the free carrier density 
obtained from Hall measurements we find that the dopant 
activation in the high-density Hall bar #1 is 94 ± 5%. The low-
density device #2 was not conductive and no Hall density could 
be measured.

The low-density device #2 was also measured in an iden-
tical fashion except that the beam size was increased to 
1 × 3  µm2 yielding a photon flux of I0  = 1011  photons s−1. 
That way, in the low- and high-density device there were 
1.7 × 105 and 1.4 × 106 As atoms within the spot size, respec-
tively. Taking into account the As cross-section, the number 
of photons absorbed collectively by the As atoms in 200  ms 
was 1.9 × 105 and 4.8 × 105 photons for the low- and high-den-
sity device, respectively. Figure 3 shows the contrast obtained 
when measuring the As fluorescence peak intensity across the 
Hall-bar structures. The contrast in the fluorescence signal 
when moving the beam on and off the dopant layer has a 
signal/noise ratio of ≈2 and ≈7 for the low- and high-density 
device, respectively. Through the use of focusing elements, for 
example Fresnel zone plates, the X-rays can be focused beyond 
the beam size of ≈1  µm used here.[25–27] For example in the 
setup of Döring et al.,[28] a 5 nm spot size is obtained with a 
flux of 109 photons s−1. Considering that for new instruments 
at next generation synchrotron sources the photon flux will be 
increased by up to three orders of magnitude,[29] the number 
of photons absorbed in 200 ms by a single As atom within the 
5 nm beam will be about 1.3× 106, resulting in a similar fluo-
rescence intensity and signal/noise as is seen in our device #1. 
In this way, it will be possible to obtain XRF images of buried 
few-atom structures reaching a resolution better than tens of 
nanometers, thus positioning XRF as an invaluable tool for 
future quantum- and nano-device inspection.

4. Weak Localization

The XRF images obtained from the 2D As Hall bars show 
that the technique is highly sensitive and directly discrimi-
nates atomic species without requiring any modeling of the 

Table 1.  Dopant density and layer thicknesses.

Device   nSTM  
(1014 cm−2) 

 nXRF  
(1014 cm−2) 

 nHall  
(1014 cm−2) 

 nSIMS  
(1014 cm−2) 

 tSIMS  
(nm) 

tMR  
(nm)

#1 1.6 ± 0.3 1.40 ± 0.07 1.31 ± 0.03 1.8 ± 0.2 2.7 ± 0.2 0.97 ± 0.02

#2 0.10 ± 0.03 0.06 ± 0.01 – 0.21 ± 0.02 3.6 ± 0.4 –

The As density n of the two devices measured with STM, XRF, Hall effect, and SIMS. 
Additionally, the As layer thickness t is given as measured by SIMS and MR. Device 
#2 was not conductive and, therefore, Hall measurements were not possible.

Figure 3.  Fluorescence contrast across the Hall bars. a) As fluorescence image of the high-density Hall-bar device #1, taken with a beam size of  
1 × 1 µm2 and an averaging time of 200 ms. The image is obtained by scanning the sample across the beam, with the x-axis parallel and the y-axis 
perpendicular to the Hall bar. The yellow line denotes the line trace. b) Line traces in counts per dwell time measured across the Hall bars of the high-
density (black, 1 × 1 µm2 spot size and photon flux I0 = 1010 photons s−1) and the low-density device (red, 3 × 1 µm2 spot size, with 3 µm horizontal 
width and photon flux I0 = 1011 photons s−1). The As fluorescence signal clearly resolves the 20 µm width of the Hall bar and features a signal/noise 
ratio of ≈7 and ≈2 for the high- and low-density Hall bars, respectively.
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sample. An open question concerns the concomitant radiation 
damage, and to answer this, we measure the low-temperature 
electrical characteristics of the high-density Hall bar device #1 
in magnetic fields up to B = 9 T before and after exposure to 
the X-rays. At T  = 1.8  K electrons move diffusively, resulting 
in a conductivity σ0  > e2/ℏ and are in the so-called weakly 
localized regime, as evidenced by a logarithmic temperature 
dependence of the zero-field conductivity.[30–33] Weak localiza-
tion is a quantum interference effect that occurs for electrons 
in a medium with time-reversal symmetry, such as silicon, so 
long as the electrons’ coherence length is longer than their 
mean free path. In that case an electron’s trajectory can form 
a loop and interfere constructively with itself. This interfer-
ence effect, and particularly its behavior in external magnetic 
fields, depends strongly on the disorder and dimensions of 
the electron channel, and so is an ideal diagnostic of radiation 
damage.

In the weakly localized regime, the conductance can be 
described by the Hikami-Larkin-Nagaoka theory,[31] in which the 
conductivity change resulting from an applied magnetic field 
depends only on the electron mean free path L, the coherence 
length Lφ, and the applied magnetic field B. If the conductive 
medium is purely 2D and there are no spin-orbit or electron-
electron interaction effects, only field components B⊥ perpen-
dicular to the conductive plane can couple to the electrons’ 
orbital degree of freedom. The corresponding conductivity 
change is then given by
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Our samples have a finite thickness, meaning that electron 
orbitals can have a small perpendicular component that can 

couple to a field B|| parallel to the conductive plane, leading to 
an effect described by[34]
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where γ is obtained by fitting the equation  to the data and 
depends on the ∂-layer thickness t and roughness. By fitting 
Δσ(B⊥) and Δσ(B||) we can derive this thickness as[35]
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where n is the free carrier density as measured by the 
Hall effect. Finally, for tilted magnetic fields the change 
in conductance can be described by the phenomenological 
expression[36]

�( ) ( ) ( )B B Bp p pσ σ σ∆ = ∆ + ∆⊥ 	 (4)

where p is obtained by fitting the data and is sample 
and temperature-dependent.

4.1. Magneto-Conductance

To establish whether the XRF imaging technique is non-
destructive, we measure the magneto-transport at T  = 1.8  K 
of the high-density device #1 before and after the exposure 
to the X-rays. During the X-ray imaging the sample absorbs 
2′000  photons  nm−2 at an energy of 11.88  keV, corresponding 
to a radiation dose of 1.5 × 1010  Sv (1.5 × 1016  Rad cm−2 or 
1.7 × 10−14 J nm−3). Taking into account the absorption lengths 
of Si and the As atoms doped into Si, as well as the As atom 
cross-section, we find that each As atom absorbs on average 
0.3 photons during the measurement.
Figure 4a shows the Hall effect measured in a magnetic field 

of up to B = 9 T, before and after the X-ray measurement shown 
in red and black, respectively. The transverse resistance Rxy is 
linear in the field and crosses zero with no signs of quantized, 

Figure 4.  Magneto-transport of the Hall-bar device before and after XRF measurements. a) Hall effect measured at T = 1.8 K, before (red) and after 
(black) the XRF imaging. b) Magneto-conductance for a magnetic field perpendicular (dots) and parallel (stars) to the conductive layer. The lines are 
fits to equation (1) and (2). c) Change of conductance in square per Ohm, as a function of the magnetic field angle with respect to the conductive layer 
at an external field of B = 9 T (0 ° ≡ in-plane field). The green line is a fit to Equation (4).

Adv. Electron. Mater. 2023, 2201212

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202201212 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [05/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH2201212  (6 of 8)

www.advelectronicmat.de

non-linear, or anomalous Hall effects. Combining the Hall 
effect with the device’s zero-field conductivity gives a mean 
free path �2 4.8 0.1L n eπ µ= = ±   nm and L  = 4.9 ± 0.2  nm 
before and after the XRF measurements, respectively, where 
µ is the electron mobility. The derived Hall electron density is 
n = 1.31 ± 0.03 × 1014 cm−2 before and n = 1.27 ± 0.06 × 1014 cm−2 
after the XRF measurements. As already noted above, com-
paring the free carrier density to the dopant density obtained 
from the X-ray fluorescence shows that the activation per-
centage for this device amounts to 94 ± 5%. Figure  4b shows 
the magneto-conductance at T = 1.8 K with a field up to B = 9 T 
applied perpendicular and parallel to the conductive plane. Fit-
ting the data to Equations (1) and (2) yields the electron chan-
nel’s characteristic parameters. Before the XRF, the magneto-
conductance yields a coherence length of Lφ  = 73.6 ± 0.4  nm 
and δ-layer thickness of t  = 0.98 ± 0.02  nm. After the XRF 
measurement we obtain Lφ  = 74.2 ± 0.3  nm and t  = 0.97 ± 
0.02  nm. Finally, Figure  4c shows the change in conductivity 
as a function of the out-of-plane angle of a 9 T magnetic field 
before and after the X-ray measurement. According to Equation 
(4) the field direction-dependent data contains information of 
both Δσ(B⊥) and Δσ(B∥). Fitting the data to Equation (4), we 
obtain p = 1.9 ± 0.3 and p = 2.3 ± 0.5 before and after the XRF, 
respectively. Combining this with Equations (1) and (2), as well 
as the Hall measurements implies that, within small error bars, 
none of the device’s electronic characteristics were altered by 
the X-ray measurement. In particular, it is important to note 
that the determination of the thickness by the weak-localiza-
tion measurements has a precision of 0.2 Å, which sets a strict 
bound to the extent X-rays could have displaced the atoms.

The absence of radiation damage from the X-rays on the As 
Hall bar can be, as mentioned earlier, transposed to As devices 
made with hydrogen lithography. As such, XRF is a promising 
tool for non-invasive inspection of dopant-defined quantum-
devices in Si, particularly with the foreseen <10  nm spot size 
and single dopant sensitivity. The electrical measurements are 
only sensitive to the activated substitutional donors; as such the 
non-destructivity conclusion should be valid for any activated 
As δ-layer fabrication technique, such as molecular-beam epi-
taxy[37] and ion-implantation.[38] It is also interesting to note that 
in contrast to ion channeling studies, which showed that high 
density As donor layers are prone to deactivation upon bom-
bardment with MeV He ions,[39] the use of keV photons for flu-
orescence does not change the donors’ position and activation.

5. Conclusions

We have shown that X-ray fluorescence imaging is a technique 
well-suited for non-destructive investigation of buried dopant-
based devices in Si. This approach has the unique capability of 
directly identifying dopant species without relying on sample 
modeling, making it an attractive alternative to bb-EFM and 
infrared ellipsometry. X-ray scattering techniques can be used 
in parallel to fluorescence imaging to obtain complementary 
information, such as strain fields[40] and overall device layout 
and morphology.[3,4] Additionally, with magneto-transport 
measurements, we confirm that the technique does not affect 
the electronic properties of the measured devices, that is, it is 

non-destructive for As doped Si, an important condition for 
useful device characterization. This is in contrast to common 
inspection techniques such as electron microscopy and SIMS 
which always entail sample destruction. Finally, with the three-
orders-of-magnitude enhancements to brilliance expected for 
next-generation synchrotron beamlines, including focusing 
optics, as well as improvements both to detector solid angle and 
signal/noise, it is reasonable to anticipate the ability to locate 
single As atoms in devices to within several nm over time 
scales of order seconds per imaging pixel. Radiation effects 
will then need to be mitigated via the same strategies already 
exploited for X-ray ptychography today[41,42] and diagnosed 
exploiting the single electron transistor characteristics of such  
atoms.[43,44]

6. Experimental Section
Sample Preparation: Si(001) samples were diced to 2 × 9 mm2 from a 

0.5 mm thick, Czochralski-grown wafer, with bulk As doping of density 
3 × 1014  cm−3, and resistivity >15 Ω  cm. These samples were cleaned 
ultrasonically in acetone followed by isopropyl alcohol. Each sample was 
thermally outgassed in vacuum (base pressure <5 × 10−10 mBar) for >8 h 
at 600  °C, and flash-annealed multiple times at 1200  °C, using direct 
current resistive sample heating. Sample temperature was monitored 
using an infrared pyrometer (IMPAC IGA50-LO plus) with a total 
estimated measurement uncertainty of ± 30 °C.

The samples were dosed with AsH3 with varying total exposures 
to control the dopant density. They were then heated at 350  °C for  
2 min to incorporate the dopants into the Si lattice.[45] Subsequently, 
samples were imaged with STM, as shown in Figure  1, and the 
density of ejected Si atoms was used to estimate the density of 
incorporated As atoms nSTM. All STM measurements were performed 
in an Omicron variable temperature series STM at room temperature 
with a base pressure of <5 × 10−11 mBar. After incorporation, 2 nm of 
Si were deposited on the samples with no resistive sample heating. 
The samples were then resistively heated to 500  °C for 15 s. This 
procedure gives a well-confined, electrically active dopant layer.[24,46] A 
further 28 nm of Si were deposited on the samples held at 250 °C. Si 
deposition was performed at a base pressure of 2 × 10−10 mBar, using 
an all-silicon, solid sublimation source (SUSI-40, MBE Komponenten 
GmbH) operated at a deposition rate of 0.003  nm  s−1. During Si 
deposition, the sample temperature was indirectly monitored by 
measuring the sample resistance, while heating using a direct current 
resistive sample heater.

To measure the electrical properties of the dopant layers, the samples 
were etched into Hall bars. This was done using optical lithography and 
reactive ion etching. Ohmic contacts were established by deposition of 
Al into arrays of etched holes extending through the δ-layer.[47] On each 
sample, two Hall bars were produced, as well as an unetched region to 
be used for SIMS. The samples were cleaved between the two Hall bars. 
Each Hall bar was mounted on a chip carrier, and electrically connected 
to the carrier by Al wire bonds.

X-Ray Fluorescence Spectrum: The fluorescence spectra obtained at 
each pixel of the XRF images (see Figure  2a-c) are decomposed into 
a sum of elemental spectra with the help of the PyMca software.[22] 
An example of a decomposition is presented in Figure  5, where the 
fluorescence spectrum of each separate atomic species is shown. 
Scattering peaks are also shown as dotted lines; they are the two peaks 
at highest energy, with the elastic scattering at the incident energy 
11.88 keV and the inelastic Compton peak at slightly lower energy. Clearly 
visible in the spectrum is that each elemental spectrum contains at 
least one peak at a unique frequency, such that it is straightforward to 
identify the elements contributing to the spectrum. Only elements that 
cannot be excited by the incident X-ray energy cannot be detected by 
fluorescence. For the energy used here, 11.88 keV, the heaviest detectable 
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element is U. To obtain a single element image, as shown in Figure 2a–c,  
it suffices to isolate the intensity of one elemental fluorescence peak in 
each pixel at its known energy.

X-Ray Fluorescence Signal/Noise Ratio: To calculate the signal/
noise ratio (SNR) given in Figure 3, we took two 30 µm traces, one 
on the doped region (Ton) and one off the doped region (Toff). The 
SNR was then simply defined as SNR  = (mean(TOn) − mean(Toff))/
std(TOn)).

Magneto-Transport Setup: For the electrical measurements, a standard 
Physical Property Measurement System (PPMS) from Quantum Design 
was used. It contains a cryostat with a superconducting magnet coil, 
and can control the temperature down to T  = 1.8  K and the magnetic 
field up to B = 9 T. The samples were bonded on a standard lead-less 
chip carrier and inserted in a socket attached to a horizontal rotator. 
The rotator is motor-controlled and the rotation axis is such that the 
magnetic field can be set from parallel to perpendicular to the current in 
the Hall bar. The resistance is measured in a four-point geometry using 
a resistance bridge and with a 5  Hz square-wave 100  nA current. The 
current is chosen to be in the linear I  − V response regime, and such 
that the Joule heating is negligible.

Secondary-Ion Mass Spectrometry: Time-of-flight SIMS measurements 
were conducted using an IONTOF ToF-SIMS(5) system with a 25  keV 
Bi+ primary ion beam in high current bunch mode, and a 500 eV, 35 nA 
Cs+ sputter beam. Depth profiles were made with a 300 × 300  µm2 
sputter crater, and the analytical region was the central 50 × 50  µm2 
of the sputter region. The measured As-ion count rate was converted 
to a dopant density by measuring a sample of known density with the 
same setup.
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