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Momentum-Space Imaging of Ultra-Thin Electron Liquids in
𝜹-Doped Silicon

Procopios Constantinou,* Taylor J. Z. Stock, Eleanor Crane, Alexander Kölker, Marcel van
Loon, Juerong Li, Sarah Fearn, Henric Bornemann, Nicolò D’Anna, Andrew J. Fisher,
Vladimir N. Strocov, Gabriel Aeppli, Neil J. Curson, and Steven R. Schofield*

Two-dimensional dopant layers (𝜹-layers) in semiconductors provide the
high-mobility electron liquids (2DELs) needed for nanoscale
quantum-electronic devices. Key parameters such as carrier densities,
effective masses, and confinement thicknesses for 2DELs have traditionally
been extracted from quantum magnetotransport. In principle, the parameters
are immediately readable from the one-electron spectral function that can be
measured by angle-resolved photoemission spectroscopy (ARPES). Here,
buried 2DEL 𝜹-layers in silicon are measured with soft X-ray (SX) ARPES to
obtain detailed information about their filled conduction bands and extract
device-relevant properties. This study takes advantage of the larger probing
depth and photon energy range of SX-ARPES relative to vacuum ultraviolet
(VUV) ARPES to accurately measure the 𝜹-layer electronic confinement. The
measurements are made on ambient-exposed samples and yield extremely
thin (< 1 nm) and dense (≈1014 cm−2) 2DELs. Critically, this method is used
to show that 𝜹-layers of arsenic exhibit better electronic confinement than
𝜹-layers of phosphorus fabricated under identical conditions.
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1. Introduction

Two-dimensional (2D) quantum-confined
electronic systems have long been venues
for discoveries in fundamental physics and
the development of new devices.[1] Techno-
logical 2D systems have traditionally con-
sisted of planar heterostructures and field-
effect devices, particularly in compound
semiconductors.[2] In recent years, there
has similarly emerged strong interest in
2D electron states in van der Waals sys-
tems, such as graphene, and the transition
metal dichalcogenides for future nanoscale
and quantum-electronic devices.[3–5] Un-
derstandably, there is also strong inter-
est in fabricating 2D electron states in
the world’s leading technological semi-
conductor, silicon. This is largely driven
by the requirements of proposed nano-
and quantum-electronic applications em-
ploying atomically abrupt dopant profiles,

e.g., the famed Kane solid-state quantum computer and related
designs.[6–8] 2D electron states can be created in silicon via
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Figure 1. Sample schematic and the evolution of the silicon conduction
valleys vs 𝛿-layer confinement. a) Schematic representation of our 𝛿-layer
samples, with a native oxide that forms due to ambient exposure. The sil-
icon overgrowth thickness, z, is indicated, as is the electronic thickness
of the 𝛿-layer, 𝛿z. The 𝛿-layer creates an approximately V-shaped potential
well in the plane perpendicular to the 𝛿-layer, which quantizes the out-of-
plane and in-plane conduction valleys into a series of subbands denoted
as nΓ and nΔ, respectively. The tic-marks on the depth axis indicate 1 nm
steps. b) Evolution of the silicon conduction valleys from 3D (six degen-
erate, ellipsoidal valleys) to c) 2D (4 Δ-valleys + 2 Γ-valleys). d) Plot of
the transverse (𝛿kT) versus longitudinal (𝛿kL) extent of the kx (diamonds,
green region), ky (squares, green region) and kz valleys (circular markers,
purple region). The filled and hollow markers represent data from 2 and
3 nm deep 𝛿-layers respectively. The solid black line indicates the expected
valley morphology for bulk, 3D silicon, whose gradient is equal to the mass
anisotropy of silicon. The colored background represents the eccentricity
of the ellipsoid, which spans from zero (blue) to one (yellow).

so-called 𝛿-doping, which involves the physical[9] or chemical[10]

deposition of dopant atoms onto a silicon surface, followed by sil-
icon overgrowth to produce sharp, 2D doped layers (Figure 1a).
At high doping concentrations, such 𝛿-layers yield quantum-
confined 2D conductive planes with electronic properties signif-
icantly different to those of the bulk silicon host.[11]

The thinnest 𝛿-layers prepared in silicon to date have re-
lied on the chemical delivery of phosphorous,[10] arsenic,[12] or
boron,[13] with the resulting out-of-plane atomic distributions

of dopant atoms having ≈1 nm thicknesses.[14–17] The elec-
tronic thicknesses of these layers have also been estimated us-
ing quantum magnetoresistance,[18] with similar results.[19] Such
thicknesses are comparable to the wavelength of the conduc-
tion electrons, and the corresponding energy level quantization
was observed in planar junction tunneling spectroscopy more
than three decades ago.[9,20,21] Vacuum ultraviolet angle-resolved
photoemission spectroscopy (VUV-ARPES) measurements of
phosphorous 𝛿-layers in silicon have also revealed quantized
states, yet the origin of these quantized states was incorrectly at-
tributed to the more exotic degeneracy lifting mechanism, valley
interference.[22–25] To justify the anomalously large valley split-
ting energies reported, the authors cited density functional theory
(DFT) calculations that were made for perfectly ideal, one-atom-
thick 𝛿-layers. However, DFT calculations of 𝛿-layers with even
a single atom deviation from a perfectly thin 𝛿-layer show the
valley splitting reduces to ≈1 meV.[26] Such small valley-splitting
energies cannot presently be observed in ARPES measurements,
and it has since been acknowledged that the observed splitting
is due to confinement,[27,28] as first suggested in the 1980s.[9,20,21]

Moreover, as discussed in Refs. [22,23] the short inelastic mean free
path of the ejected electrons in VUV-ARPES (𝜆e ≈ 0.5 nm) means
the signal for previous ARPES measurements[23,28,29] does not di-
rectly originate from the 𝛿-layer (that is up to 4𝜆e beneath the sur-
face), but is instead a near-surface resonance enhancement that
enables only a small fraction of the wavefunction to be probed.[23]

Furthermore, because VUV-ARPES has limited momentum res-
olution along the surface normal, it was impossible to measure
a corresponding momentum spread whose inverse would be the
key parameter of the 2DEL, namely the electronic thickness, from
which the origin and level quantization of the 2DEL can be de-
duced.

In this paper, we report comprehensive soft X-ray ARPES (SX-
ARPES) measurements of 𝛿-layers in silicon. The high photon
energies of SX-ARPES (h𝜈 = 300–1600 eV) give access to a much
longer electron mean free path (𝜆e ≈ 2 nm), which permits the
extraction of electrons from depths of several nanometers be-
neath the surface.[30] This enables us to directly probe 𝛿-layers
underneath the native surface oxide of samples exposed to am-
bient after their fabrication, while maintaining a very sharp out-
of-plane kz momentum resolution, Δkz, which is equal to Δkz =
𝜆
−1
e .[31] Our experiments therefore differ qualitatively from the

previous VUV-ARPES.[22–25] We present, for the first time, en-
ergy and momentum maps resolved with high momentum res-
olution in the plane perpendicular to the 𝛿-layer, revealing the
detailed 𝛿-layer band structure in the kz-k∥ plane. Our measure-
ments conclusively demonstrate that the 𝛿-layer band structure is
non-dispersive in the plane perpendicular to the 𝛿-layer in a man-
ner significantly more convincing than a previous attempt using
VUV-ARPES kz-binding energy scans.[22] Moreover, exactly as for
photoemission tomography of molecules,[32–34] our kz momen-
tum dependencies are related via a Fourier transform to electron
densities in real space, and thus measure directly the real-space
thicknesses of the occupied quantized electronic states that con-
stitute the 2DEL. We apply this method to investigate the opti-
mization of 𝛿-layer electronic thickness in silicon, and to compare
𝛿-layers fabricated with arsenic and phosphorus. We show that
the electrons in arsenic 𝛿-layers are significantly more confined
than in phosphorus 𝛿-layers prepared under identical conditions,
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and we determine the carrier density via a Luttinger analysis of
the Fermi surface.

Our SX-ARPES experiments feature an X-ray spot size of
(10 × 73) μm2, which is comparable to the size of the Hall-
bars used for quantum magnetotransport measurements. Next-
generation light sources together with new optics will enable SX-
nanoARPES with better energy resolution and sub-micron spot
sizes,[35] thus providing a tool complementary to X-ray inspec-
tion of integrated circuit morphology[36,37] and chemical com-
position in the sense that it will image the electrons actually
switched in devices. While such ARPES measurements have al-
ready been conducted in the UV regime,[38,39] extension to the
SX regime will offer an enhanced bulk sensitivity for probing
buried heterostructures or interfaces. Although scanning mi-
crowave microscopy[40] also images the conduction electrons in
devices, it does not yield their 3D momentum distribution. How-
ever, SX-nanoARPES, along with the methods and analysis we
present here, can do so, greatly expanding the possibilities for
characterizing semiconductor nanostructures and devices.

2. Background

The dynamic behavior of conduction electrons in bulk silicon is
determined by a set of six degenerate conduction band valleys,
with minima at equivalent points in reciprocal space along the
<100> directions.[41] Bulk electron doping causes these valleys to
become occupied and, at high doping levels, will result in ellip-
soidal Fermi surfaces, one around each minimum (Figure 1b).
However, when electrons are confined to 2D planes, as for 𝛿-
doping, the Bloch wavevector component in the kz direction is
no longer a good quantum number, and the energy becomes
quantized into discrete levels, En. The in-plane wavevector com-
ponents kx and ky remain good quantum numbers and the elec-
tronic states can be described using the formalism of effective
mass theory.[42]

According to elementary quantum mechanics, the degree of
confinement is governed by the potential created by the 𝛿-layer,
the effective mass of the electrons, and the number of wavefunc-
tion nodes. Since the 𝛿-doping breaks the degeneracy of the six
valleys, the two valleys centered at kx = ky = 0 are characterized
by a single, in-plane, transverse effective mass and the quantized
states are correspondingly labeled nΓ (where n is the subband
number), while the remaining four in-plane valleys are charac-
terized by in-plane longitudinal and transverse effective masses
and are labeled mΔ (where m is the subband number).[43–45] Sub-
sequently, in the direction of quantization the nΓ and mΔ sub-
bands derive from bands with a heavy and light effective mass
respectively, leading to different spectra for states derived from
different valleys. The right-hand panel of Figure 1a shows a self-
consistent Schrödinger–Poisson model of how the n = 1 and
n = 2 wavefunctions (labeled 1Γ and 2Γ) for electrons with a
heavy mass bracket the m = 1 wavefunction (labeled 1Δ) for
the lighter, and hence less confined, electron; the simulation in
Figure 1a was performed using the electron density and elec-
tronic thickness extracted from our SX-ARPES measurements
of a 2 nm overgrown arsenic 𝛿-layer, as described below. More-
over, our calculations treat the nΓ and mΔ subbands as standing
wave solutions that originate from the superposition of two plane

waves moving with ±kz momenta, confined by the boundary of
the 𝛿-layer and in the absence of so-called valley interference.[11]

In practice, the 𝛿-layer wave function is characterized by an
envelope function in the z-direction that decays with distance
away from the 𝛿-layer, combined with an oscillatory Bloch wave
component established by the bulk conduction states from which
the 𝛿-layer is derived. The Fourier spectrum of such a state is
peaked about the values of kz corresponding to its Bloch wave
origins and is oscillatory in kz at multiples of the reciprocal lat-
tice vector.[30,46,47] Thus, the Fermi surface picture of Figure 1b
is transformed by the replacement of conduction ellipsoids with
states that do not disperse in kz, and can be visualised, from
the standpoint of an ARPES experiment, as being cylindrical or
elliptic-cylindrical in shape (Figure 1c); the extent of these states
in kz is inversely proportional to the electronic (not chemical)
real-space thickness of the 𝛿-layer.[25,30] A 2D system confined
along z by an infinitely deep and infinitesimally narrow potential
would yield states with infinitely long profiles along kz, while at
the other extreme, for a fully 3D doped system, the states should
return to reside within the ellipsoidal Fermi-surfaces shown in
Figure 1b. For real layers of some finite thickness, a phenomeno-
logical equation for the thickness of the layer is[30]:

𝛿z = 1
𝛿kz − 𝛿k∞

(1)

where 𝛿kz is the extent of the 2D valley state in kz, and 𝛿k∞ is the
corresponding length of the state for the same electron doping
level in the absence of 2D confinement. We determine 𝛿kz and
𝛿k∞ experimentally from our SX-ARPES data by measuring the
longitudinal extent of the out-of-plane (Γ) valley, and the in-plane
(Δ) valleys respectively. Careful measurement of these quantities
and application of Equation (1) thus produces a direct measure
of the electronic thickness, 𝛿z, of the 𝛿-layers.

Figure 1d summarizes our results for the electronic thickness
of the 𝛿-layer. Here we show the longitudinal extent of the in-
plane and out-of-plane valleys versus their transverse extent. The
data clusters into two groups, for the Γ and Δ valleys, respectively.
In particular, the Δ valleys lie along a straight line characterising
the ellipsoidal shape of the bulk silicon conduction band valleys
(as set by the ratio of the bulk longitudinal and transverse effec-
tive masses). In stark contrast, the Γ valleys appear elongated in
the longitudinal direction and are therefore grouped together in
the top left of the plot. This lengthening of the states in kz is char-
acteristic of 2D electronic states, to be discussed further below.

3. Results

3.1. 𝜹-Layer Carrier Density and Fermi-Surface Measurements

We fabricated 𝛿-layer samples using either phosphorus or arsenic
as the dopant species. The Experimental Section gives details
of the sample preparations. Secondary ion mass spectrometry
(SIMS) and Hall effect measurements confirmed the anticipated
highly peaked dopant distributions and dopant electrical activa-
tions for all samples (see Supporting Information).

In Figure 2, we show the SX-ARPES Fermi surface maps
acquired from a phosphorus (Figure 2a–d) and an arsenic
(Figure 2e–h) 𝛿-layer. The schematic Brillouin zone diagrams at
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Figure 2. Fermi-surface measurements of (upper row) phosphorous and (lower row) arsenic 𝛿-layers with 2 nm silicon overgrowth. a,e) Schematic
representations of the measured six conduction valleys of silicon embedded within the bulk fcc Brillouin zone, indicating 2D behavior. Fermi surface
slices for the phosphorous and arsenic 𝛿-layer samples are shown along the following planes: b,f) kx-kz and c,g) kx-ky through the zone center (Γ), d,h)
kx-ky through the center of the upper kz valley (see also the color-coded slices on panels a,b). Fermi surfaces are integrated from −50 meV to EF. In panel
(d,h), the 1Γ and 2Γ states are denoted, based on the fits acquired in Figure 4.

the left of the figure illustrate the planes through which each of
the Fermi surface slices have been taken: Figure 2b,f shows kx–
kz slices that cut through two Γ and two Δ valleys, illustrated by
the purple plane in the schematics. Figure 2c,g,d,h shows kx–ky
slices at different kz values, as indicated by the green and orange
planes in the schematics, respectively.

The degeneracy breaking due to 𝛿-layer confinement is readily
apparent for both samples: the four Δ-valleys in the kx–ky slices
(Figure 2c,g) are uniform in size and shape, as expected, while
in the kx–kz slices (Figure 2b,f) we find the two Γ-valleys (at ± kz)
appear significantly larger and brighter than the Δ-valleys. The
main difference in intensity occurs because of the different in-
plane effective masses of the two types of valleys, resulting in a
different electronic density of states and hence measured spectral
weights.[44]

We can determine the 2D carrier density of the samples by
analyzing the area enclosed by each valley in the kx–ky plane; in
other words, determining the total area enclosed by the four Δ
valleys in Figure 2c,g and also the kx–ky slice through the two Γ
valleys, one of which is shown in Figure 2d,h. We find that the
resulting total carrier density for all samples lie within the range
(0.88 ± 0.10) × 1014 cm−2, consistent with Hall effect measure-
ments for all but one of the samples considered (see Supporting
Information). This concurs with our expectations, as at the self-
saturation limit of 𝛿-doping, one in every four silicon (001) sur-
face atoms is replaced with a dopant, corresponding to a density
of ≈ 1.4 × 1014 cm−2.[48] We attribute the reduced measured car-
rier density to the deactivation of some donors via effects such as
clustering (particularly for arsenic)[49,50] and chemical interaction
with oxygen atoms where the native oxidation of the surface and
𝛿-layer overlap. Furthermore, we find that the carriers are equally
distributed within the Γ and Δ subbands (see Supporting Infor-

mation), in agreement with the theoretical predictions of Ref.
[42] and our own Schrödinger–Poisson modeling (Figure 1a), in
contrast to previous VUV-ARPES that showed an unoccupied Δ
band.[27]

3.2. 𝜹-Layer Thickness Determination

As discussed above, an electronically 2D 𝛿-layer should be dis-
persionless in kz, and therefore its Γ valley should be a regular
cylinder, rather than ellipsoidal. In addition, the extent of the state
in kz provides a direct measure of the confinement thickness of
the state. With this in mind, we have performed a quantitative
analysis of four 𝛿-layer samples, as shown in Figure 3. Two of
the samples were phosphorous 𝛿-layers and two were arsenic 𝛿-
layers, and for each dopant species we have performed a nomi-
nal silicon overgrowth of 2 and 3 nm. Figure 3a summarizes our
approach to determine the 𝛿-layer confinement from the high-
resolution Fermi surface maps of the +kz Γ-valleys (Figure 3d–g),
and a comparable +ky Δ-valley (Figure 3b). We note that mea-
surements were also made on samples overgrown with 1 and
4 nm of silicon. For the former, no conduction states were ob-
served, which we attribute to the complete oxidation of the 𝛿-layer
when the sample was exposed to ambient for transport to the syn-
chrotron. For the latter, the spectral intensity of the conduction
states became very weak, due to the electron escape depth being
smaller than the 𝛿-layer depth, making the analysis extremely dif-
ficult.

We have used an automated procedure to extract the edges of
the +kz valleys: for each horizontal line-profile cut of the Fermi
surface, we find the edges of the valleys, whose positions are
shown as pairs of white dots on Figure 3d–g. For the arsenic
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Figure 3. Extracting 𝛿-layer confinement from the longitudinal span of the 𝚫- and 𝚪-valleys. a) Visual representation of Equation (1), which is applied
to extract the 𝛿-layer confinement, 𝛿z, from the longitudinal extent of the Δ- and Γ-valleys. 𝛿k∞ represents the longitudinal FWHM of the Δ-valley along
the ky-axis, which is broadened by the intrinsic mean free path (MFP), 𝜆; 𝛿kz is the longitudinal FWHM of the Γ-valley along the kz-axis, which includes
both the MFP and confinement broadening. The line profile shows the Lorentzian deconvolution process (see Supporting Information for more details),
allowing the 𝛿-layer confinement to be extracted from the kz response of the Γ-valley; a reasonable fit (black) to the data (red) can be achieved by
convolving the green and blue contributions. b) kx-ky Fermi surface and c) kF vs ky for the 2 nm arsenic 𝛿-layer sample, where k′y = ky− 0.94 Å–1. d–g)
kx-kz Fermi surfaces (h𝜈 = 350 – 410 eV, integrated from −50 meV to EF) for 2 and 3 nm phosphorous and arsenic 𝛿-layers, as indicated. White dots
indicate the cusps of the parabola in kx at each value of kz, where k′z = kz−10.18 Å–1. h–k) Plots of kF as a function of kz extracted from panels (a–d),
whereas the triangle data points are taken from the same valley, but at a higher photon energy (≈ 820 eV). The inset of (c) and (k) indicates the valley
that is probed; the green, pink, and blue arrows in panels (b,c) and (d,h) offer a guide to the eye. The best fit line is shown in black, with the shaded
areas indicating the 1𝜎 fit confidence.

𝛿-layer samples, two distinct peaks in each line-cut along kx are
resolved and tracked. These two peaks correspond to the cusps of
the parabolic dispersion of the electrons in kx. For the phospho-
rous 𝛿-layer samples, the peaks along kx could not be resolved di-
rectly, so instead the FWHM was measured. For each value in kz,
the separation between these two dots along the kx direction gives
a measure of the Fermi wavevector, kF, and these values of kF are
plotted against kz in the corresponding panels Figure 3h–k. For
each of the four 𝛿-layer samples, we see that kF remains constant
as a function of kz to within the uncertainties of our measure-
ments, demonstrating that each of the four samples are disper-
sionless in kz, as expected. For comparison, in Figure 3b,c, we
apply the same analysis to one of the in-plane Δ valleys to plot kF
as a function of ky. Here, we see that kF is not constant, but in-
stead exhibits the expected dispersion corresponding to the lon-
gitudinal effective mass, from which we extract a value of (0.90 ±
0.05)me, in agreement with its accepted value.[51]

The analysis in Figure 3h–k provides a measure of the length
of these features in kz, i.e., 𝛿kz. We obtain the corresponding 3D

width, 𝛿k∞ from the analysis of the in-plane valley in Figure 3c.
Using these values, we then extract the real space electronic thick-
ness of the 𝛿-layer using Equation (1). We find that for the ar-
senic 𝛿-layer samples, 𝛿z = 5.4 ± 0.1 Å, whereas for the phospho-
rus 𝛿-layer samples, 𝛿z = 9.7 ± 4.1 Å. A summary of the 𝛿-layer
thickness measurements using SIMS and SX-ARPES is shown
in Table 1, where the physical dopant confinement and electronic
thicknesses are stated, respectively. In all cases, we find that ar-
senic 𝛿-layers offer a better confinement relative to phosphorus,
achieving sub-nm electronic thicknesses. We attribute this to the
smaller diffusion coefficient of arsenic in silicon,[52] which, un-
der the same preparation conditions, sustains a more confined
𝛿-layer than phosphorous.[12] Additionally, the 𝛿-layer thickness
was further confirmed by directly fitting the ARPES kz-response
to the convolution of Lorentzian spectral functions and by tak-
ing the Fourier Transform of the probability density function so-
lutions from a Schrödinger–Poisson model of 𝛿-layers (see Sup-
porting Information). In all instances, a mutual agreement was
found.
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Table 1. Quantifying the 𝛿-layer confinement. Two independent measures of the 𝛿-layer confinement using secondary ion mass spectrometry (SIMS)
and soft x-ray ARPES (SX-ARPES) experiments. All SIMS profiles are shown in the Supporting Information and we note a general agreement with prior
measurements in.[12,14–17] For the investigated samples, arsenic 𝛿-layers consistently yield a better confinement relative to phosphorous. Note that SIMS
measures an upper bound on the physical thickness of the 𝛿-layer dopant distribution, whereas SX-ARPES measures the electronic thickness; for further
details see Supporting Information.

𝛿-layer species, depth Physical thickness via SIMS [nm] Electronic thickness via SX-ARPES [nm]

As, z = 2 nm 2.01 ± 0.2 0.45 ± 0.04

As, 3 nm 2.22 ± 0.2 0.62 ± 0.10

P, 2 nm 2.24 ± 0.2 0.91 ± 0.21

P, 3 nm 2.86 ± 0.2 1.03 ± 0.35

Figure 4. Analysis of the conduction band quantization for phosphorous and arsenic 𝛿-layers. a) Measured and calculated energies of the 𝛿-layer sub-
bands. b) Measured and calculated electron density for each 𝛿-layer subband from the fits acquired in (c–f). For the theory, the percentages denote
the occupation of each 𝛿-layer subband; when the degeneracy is accounted for, each one of the six valleys have an equal occupancy of ≈16.6%. c–f)
SX-ARPES measured Γ band dispersions for 2 and 3 nm phosphorous and arsenic 𝛿-layers at h𝜈 = 380 eV (which corresponds to the centroid of the
Γ valley in Figure 3(a)). The purple and blue parabolas are the fits to the ARPES data, showing that the 1 and 2Γ states can be deconvolved. The line
profile above each image shows the momentum distribution curves taken at (1); the line profile to the right, labeled (2), shows the corresponding fit to
the energy distribution curve.

3.3. 𝜹-Layer Subband Energies and Comparing to Theory

The analysis of Figures 2 and 3 provide, for each of our sam-
ples, a measure of the carrier density and electronic thickness,
respectively. These parameters can be used to create an electro-
static model of the 𝛿-layer (Figure 1a right) that we have used as
the basis of self-consistent Schrödinger–Poisson modeling of the
state quantization in kz (details of the calculations can be found in
Supporting Information). Based on these measured parameters,
our calculations show that each of our 𝛿-layer samples should
support 1Γ, 2Γ, and 1Δ states. Additionally, in good agreement
with our results, Figure 4b shows that the occupancy of the 𝛿-

layer subbands is also distributed evenly amongst the valleys, in
good agreement with our experimental results.[42]

To further compare these calculations with experiment, we
have measured the in-plane band dispersion and kz state quan-
tization directly. Figure 4c,f shows measurements of the band
dispersion, EB(kx), taken through the centroid of the + kz val-
ley for each of the four samples discussed in Figure 3. We have
performed a careful two-component fit to this data,[23] analyzing
both iso-EB and iso-kx slices for each data point, as illustrated on
the side and top of each panel in Figure 4c–f. Each dataset is best
described by two parabolic dispersions, readily interpretable as
the 1Γ and 2Γ states expected from the theoretical calculations. A

Adv. Sci. 2023, 2302101 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2302101 (6 of 8)
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similar analysis of the Δ valley dispersion is provided in the Sup-
porting Information, showing in this case that only a single 1Δ
state is observed experimentally. The measured binding ener-
gies of these states have been added to the theoretically predicted
curves in Figure 4a, and there is good agreement between our
calculated and measured band energies in each case.

4. Conclusion

We have presented comprehensive SX-ARPES measurements of
dopant 𝛿-layers in silicon, and revealed that at the high arsenic
densities considered, there are three flavors of electrons derived
from their confinement along the transverse and longitudinal
directions of the conduction band minima of bulk silicon. Our
data show that the arsenic 𝛿-layer samples host the thinnest tech-
nological 2D electron liquids ever fabricated in silicon and are
close to ideal 2D electron systems with a thickness comparable
to the silicon lattice parameter; our thinnest arsenic 𝛿-layer has
an electronic thickness of 0.45 ± 0.04 nm. Moreover, we com-
pared arsenic and phosphorus 𝛿-layer samples and found that
in all cases, the arsenic samples outperformed the phosphorus
ones in two-dimensionality. All our samples are technologically
relevant, having been exposed to ambient after their fabrication,
demonstrating the remarkable stability of these ultra-thin, dense
𝛿-layer systems and the capability of SX-ARPES to fully charac-
terize their conduction bands directly and non-destructively. The
fact that we can engineer such ultrathin high carrier density liq-
uids represents yet another capability that can be exploited for
new nano- and quantum-electronic applications in silicon.

5. Experimental Section
Sample Fabrication: Silicon n-type (10 Ω cm) Si(001) substrates were

degassed and flash annealed to ≈1200○C under ultra-high vacuum (< 5 ×
10−10 mbar). This procedure is known to produce atomically clean sur-
faces with uniform atomically flat terraces of with widths of 10 to 100s
of nanometers.[53] The atomically clean and flat surfaces were exposed to
a saturation dose of phosphine or arsine, and then annealed at 350○C
for 2 min to substitutionally incorporate the dopants. The dopant layer
was then encapsulated by overgrowing either 2 or 3 nm of silicon using
a silicon sublimation source, with a deposition rate of 1 ML/min. During
the silicon overgrowth, we controlled the temperature of the sample in
three steps to maximize the dopant confinement, following the so-called
locking-layer procedure[12,15]: the first 1.3 nm of silicon was grown at room
temperature, followed by a rapid thermal anneal at 500○C for 15 s and a
low-temperature epitaxial growth at 250○C for the remainder of the over-
growth. The samples were then removed from vacuum and exposed to
ambient for their transport to the soft X-ray ARPES facility[54] at the Swiss
Light Source.

SX-ARPES Experiments: The ARPES measurements were performed at
the soft X-ray ARPES facility[54] of the ADRESS beamline[55] at the Swiss
Light Source, PSI, Switzerland. The accessible photon energy range is h𝜈 =
300–1600 eV, with a photon flux of up to 1013 photons / s / (0.01% BW). To
maximize the coherent spectral function (impaired by the thermal atomic
motion[56]), the experiments were performed at a base temperature of
12 K, using circular polarized light. The combined (beamline and ana-
lyzer) energy resolution varied from 50 meV at h𝜈 = 400 eV, to 90 meV at
≈700 eV. The photoelectron momentum kx was directly measured through
the emission angle along the analyzer slit, ky is varied through the tilt ro-
tation and kz is varied through h𝜈. The angular resolution of the ARPES
analyzer (PHOIBOS-150) is 0.1°. Other relevant details of the SX-ARPES
experiments, including experimental geometry can be found in Ref. [54]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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