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M
erging electricity and light in one
silicon chip will extend our ability
to acquire, store, manipulate, and

transmit information beyond the current
limits imposed by transistor miniaturiza-
tion. While optoelectronic devices such as
photodetectors1 and electro-optic mod-
ulators2 have been integrated and mass-
scale produced on the Si platform, the
development of an industrially viable Si-
integrated light source is still missing. Ger-
manium is a promising candidate material
to develop an integrated laser on silicon3 by
using both strain engineering to further
decrease the small energy difference be-
tween the conduction valley at the Λ and
Γ points and n-type doping to ease the
achievement of population inversion and
thus obtain net optical gain.4

However, after the pioneering demon-
stration of optically5 and electrically6

pumped lasing, the efforts in the develop-
ment of an effective Ge-on-Si based laser
have failed to date to increase the ma-
terial gain and, consequently, reduce the

unpractical high threshold current.7 A re-
cent theoretical analysis of the relative mer-
its of strain versus doping toward the
development of an efficient Ge-on-Si laser
has in fact shown that an optimal doping
level in the 1019�1020 cm�3 range must be
targeted for a particular strain level, with
higher strain giving better lasing prop-
erties.8 If the high-strain route is pursued
toward the development of an industrially
viable Ge-on-Si laser, then the ability to
precisely control doping over a large range
of densities is crucial to overcome loss
mechanisms such as Auger recombination9

and to control band gap narrowing,10 ulti-
mately increasing the gain at a given wave-
length. As reviewed in ref 7, relatively large
values of biaxial tensile strain have been re-
cently reported in the literature. The achieved
values, ranging in the 1�1.5% interval, to-
gether with an n-type doping density of
1019�1020 cm�3 could gain values as high
as 6000 cm�1 by injecting a relatively low
density of excess carriers. As a consequence,
lasing threshold current densities 3�4 orders
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ABSTRACT The achievement of controlled high n-type doping in

Ge will enable the fabrication of a number of innovative nanoelec-

tronic and photonic devices. In this work, we present a combined

scanning tunneling microscopy, secondary ions mass spectrometry,

and magnetotransport study to understand the atomistic doping

process of Ge by P2 molecules. Harnessing the one-dimer footprint of

P2 molecules on the Ge(001) surface, we achieved the incorporation

of a full P monolayer in Ge using a relatively low process

temperature. The consequent formation of P�P dimers, however,

limits electrical activation above a critical donor density corresponding to P�P spacing of less than a single dimer row. With this insight, tuning of doping

parameters allows us to repeatedly stack such 2D P layers to achieve 3D electron densities up to ∼2 � 1020 cm�3.
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ofmagnitude lower than that reported in ref 6 are to be
expected.
Achieving high density n-doping of Ge in a control-

lable way is difficult using standard implantation tech-
niques due to fast dopant diffusion and dopant
solubility.11�13 In situ doping techniques appear more
promising, allowing high carrier activation while avoid-
ing ion implantation damage and deactivation. Phos-
phorus is the most commonly used donor atom for
applications; however, only PH3 has been so far inves-
tigated in detail as a dopant precursor molecule.14�20

Upon adsorption at room temperature on the Ge(001)
surface, PH3 dissociates into PH2þH with a footprint of
one dimer on the surface thus leading to a maximal
coverage of half of a monolayer.21 Previous studies
have shown that incorporation of P donors at high
density leads to dopant deactivation likely due to the
formation of electrically inactive complexes such as
P�P dimers.22 Targeted experiments to validate this
hypothesis have, however, not been performed to
date.
Here we present a combined scanning tunneling

microscopy (STM) and magnetotransport study into
the doping process of Ge from phosphorus molecules
(P2) obtained from a GaP solid source upon thermal
decomposition. Phosphorus molecules are an alterna-
tive choice as an n-type Ge dopant,23 and from an
application point of view, GaP solid sources are very
convenient since theydonot requireparticular handling
procedures compared to the highly toxic phosphine
gas. Moreover, previous studies have demonstrated the
viability of P2 for δ-doping of Si with electrical charac-
teristics of the 2D-doped layers benchmarking those
obtained using PH3 in a similar doping process.24

RESULTS AND DISCUSSION
P2 Adsorbates on Ge(001) and P Incorporation at Low Cover-

age. Figure 1a shows filled states of the Ge(001) after
exposure at ∼100 �C to a low dose of P2 (10 min) to
identify the key adsorbate species formed. Figure 1b
shows the surface after thermal anneal at 250 �C to
drive incorporation of P atoms into the surface. Two
distinct bright features appear in the postexposure
image due to P2 chemisorption, cumulatively account-
ing for 97% of the adsorbates on the surface (P2,a and
P2,b, red and yellow boxes, respectively).

In Figure 1c, we present a close-up image of a P2,a
feature recorded in dual bias mode. P2,a is the most
abundant species (population of ∼86%) and sits cen-
tered over two Ge dimers on the same dimer row with
an apparent height against the dimer row average
of ∼150 pm. We identify this feature as a P dimer with
the orientation of the P�P bond perpendicular to the Ge
dimer bond (Figure 1c, top viewadsorption cartoon). This
assignment is done in analogy with the P2/Si(001)
system,25 where, among a total of four distinct structures
of P dimer adsorbates, the P2(I) species in ref 25 is

strikingly similar to the P2,a feature, albeit at a lower
relative population of 52%. Because the P�P bond is
oriented perpendicular to the Ge dimers, in this adsorp-
tion configuration, two P atoms are bonded to four Ge
atoms arranged in consecutive dimers, thus potentially
leading to a maximal coverage of 0.5 ML of P.

The P2,b structure (population of ∼11%), presented
in Figure 1d, also occupies two dimers on the same
dimer rowbut has a “butterfly-like” appearance in filled
states and an apparent height against the dimer row
average of ∼140 pm. In empty states, P2,b appears
similar to P2,a although with a lesser surrounding halo.
Although such a feature is not directly observed on the
Si(001) surface, we speculate that P2,b arises from
pairing of P2 features similar to the P2(II) species
observed in ref 25. In our experiments, such pairing is
likely promoted by the higher substrate temperature
during P2 dosing (∼100 �C vs room temperature in ref
25) and STM imaging (room temperature vs∼�195 �C
in ref 25). Because the P2(II) feature in ref 25 is
characterized by P�P bonds parallel to the Ge dimer,
the P2,b structure allows for a full P monolayer at high
coverages. A conclusive assignment of the P2,b feature
requires detailed density functional theory simulations
to test adsorption models of P2 on Ge(001) and inter-
actions of P2-derived adsorbates and understand how
these differ from the P2/Si(001) system. However, our
empirical interpretation is supported by STM charac-
terization of dosed surface under high-coverage con-
ditions and structural characterization by secondary
ions mass spectroscopy (SIMS), as shown in the next
sections.

Figure 1. Low-coverage STM images of Ge(001) dosed with
P2: (a) 10 min exposure at TSUB = 100 �C with p(2 � 1) and
c(4 � 2) reconstruction visible and (b) after thermal anneal
at TSUB = 250 �C. Close-up dual bias images highlight the
presence of different structures due to dosing: (c) most
abundant P2,a species with the P�P bond perpendicular to
Ge dimers and (d) P2,b with the bond parallel to Ge dimers.
(e) Incorporated Ge:P heterodimers (HD) appear as zigzag
features.

A
RTIC

LE



MATTONI ET AL. VOL. 7 ’ NO. 12 ’ 11310–11316 ’ 2013

www.acsnano.org

11312

Upon thermal annealing to 250 �C for 1 s
(Figure 1b), we find that all products of P2 chemisorp-
tion in low-coverage conditions have transformed and
are no longer observed: only one single feature char-
acterized by a bright zigzag appearance is present on
the surface (Figure 1b, orange box). Two clues suggest
that the zigzag feature is the Ge�P heterodimer (HD)
arising from P incorporation into the Ge(001) surface.
First, its appearance in both filled and empty states at
high biases (Figure 1e) is strikingly similar to the well-
studied Si�P heterodimer.26 In filled states, a bright
protrusion is observed at one dimer end with strong
buckling of neighboring Ge atoms, which are bright
also empty states. The second signature of P incorpora-
tion is the formation of elongated 2D islands
(Figure 1b) made of Ge atoms as observed in previous
PH3/Ge(001) studies.27 P incorporates into Ge(001)
ejecting Ge adatoms which diffuse preferentially along
dimer rows and aggregate into elongated 2D islands.

Saturation Dosing and Near-Monolayer Coverage. Moving
on from low-coverage dosing and isolated adsorbates,
we now investigate the surface dosed to saturation at
∼100 �C. Figure 2a shows a filled state STM image after
exposure for 260 min to P2, with a step edge running
diagonally across the image. The p(2 � 1) and c(4 � 2)
reconstructions typical of clean Ge(001), as seen
Figure 1a, are no longer visible. Instead, a complex
surface structure is observed with a dense distribution
of protrusions of different height and size. To unam-
biguously assign these features, a detailed study of
coadsorption effects arising by the balance between
various adsorbate�adsorbate and adsorbate�surface
interactions is required, which goes beyond the scope
of this article. We find, however, that extended do-
mains of local ordering are present on the surface, such
as that one highlighted in the inset of Figure 2a, where
pairing of protrusion on a single dimer is similar to that
observed for a P2,b rather than a P2,a feature in Figure 1.
As a result, the adsorption configuration where P�P
bonds are parallel to Ge dimers is more prominent at

high coverage compared to what was observed in the
low-coverage experiment, therefore yielding to chem-
isorption of P atoms on the surface exceeding half
monolayer coverage.

Figure 2b shows a filled state STM image of the
saturated Ge surface after a 5 min anneal to 360 �C to
drive P incorporation. We may describe the surface in
analogy with the P/Si(001) at high P coverages,28 due to
the striking similarity in atomic-resolution STM imaging
(compare Figure 2a with Figures 2, 3, and 11 of ref 28).
Near monolayer P coverage, Ge(001) is primarily satu-
rated with P�P dimers with P�P bond parallel to the Ge
dimer bond. Within a single 2� 1 unit cell (Figure 2c and
schematics), P atoms are clearly resolved into two protru-
sion, in contrast with the “bean-like” shape typical of
unbuckled clean Ge dimers (Figure 1a,c). Occasionally,
Ge�P heterodimers are present, in which Ge atoms
appear as bright, round protrusions sitting higher on
one sideof theGe�Pheterodimer andP atomsappear as
dark depressions. Two-dimensional islands as observed
in Figure 1b are not formed because, in this case, the
longer incorporation anneal (5 min vs 1 s) at higher
temperatures (360 �C vs 250 �C) drives diffusion of the
ejected Ge atoms on the surface leading to their attach-
ment at monatomic step edges (see Supporting
Information). On a larger scale, we note the presence in
Figure 2b of low-rising darker segments. These extended
line defects act as a strain�reliefmechanism, allowing for
lateral expansion of the surface layer and helping to
stabilize the surface against the tensile stress arising from
the expected shorter P�P bond in P dimers compared to
theGe�Gebond. Two-dimensional Fourier transforms of
STM images of the surface before and after saturation
with P�P dimers (Figure 2d,e, respectively) highlight the
different surface reconstructions, as they evolve from a
2� 1 type, typical of cleanGe(001), to a 1� 1 typedue to
P atoms in P�P dimers resolved into bright protrusions.

Structural Characterization by SIMS. To determine the
maximal doping density in Ge using P2 as precursor, we
studied the structural and electrical properties of

Figure 2. (a) Ge(001) surface after saturation dosing by 260min exposure to P2 flux at TSUB = 100 �C. The dimer row directions
are indicated for clarity with arrows. Inset highlights domains of local ordering on the surface. (b,c) After thermal
incorporation at TSUB = 360 �C, the Ge(001) is primarily saturated with P�P dimers while only a few Ge:P heterodimers are
present. (d,e) Two-dimensional Fourier transforms of STM images of the surface before and after saturation with P�P dimers
highlight (2 � 1) and (1 � 1) surface reconstructions arising from clean Ge(001) and P�P saturated Ge(001), respectively.
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different P δ-layers in which we progressively in-
creased the P2 exposure time. The δ-layers were ob-
tained by incorporation of P layers into Ge(001)
followed by encapsulation with a 25 nm thick Ge layer
deposited by MBE (Figure 3a, schematics). The entire
fabrication process was carried out at a constant sub-
strate temperature TSUB = 250 �C. The advantage of this
process design choice is two-fold: as shown above,
TSUB = 250 �C guarantees full P incorporation; at this
temperature, moreover, Ge overgrowth locks the P
δ-layer in the crystalline matrix while minimizing do-
pant redistribution, observed above 460 �C in Ge:P
δ-layers from PH3.

14 Moreover, choosing such a single-
process temperature greatly simplifies scaling up the
process by multiple δ-doping cycles.

The P dopant distribution (Figure 3b) was investi-
gated ex situ by SIMS. The sharp and narrow peaks
∼25 nm below the surface are due to the confine-
ment of P atoms on the starting Ge surface during
he encapsulation process. The concentration at peak
maximum increases monotonically from ∼1020 to
∼1021 cm�3 upon increasing the exposure time. A
detailed analysis of SIMS peak shape is provided in
Figure 3c. The peak full width at half-maximum (fwhm)
along with the leading (λL) and trailing (λT) exponential
slopes does not follow a particular trend upon increasing
the P2 exposure time, indicating that at TSUB = 250 �C
negligible dopant redistribution has occurred during
prolonged exposure to P2. All profiles are skewed away
from the surfacewith λT > λL due to the SIMS artifact from
ion beammixing in the sputtering process. By taking the
average value ÆλLæ = 0.540 ( 0.10 nm/e as an upper

bound estimate for segregation length during over-
growth, we conclude that very little segregation occurs
in the fabrication of these δ-layers, in agreement with
that observed using PH3 dopant molecules.14

The total concentration of P atoms (NSIMS) incorpo-
rated in the δ-layers was measured by integrating
the depth profiles in Figure 3b. An exposure time of
260 min provides 0.82 ML of P rather than the near
monolayer expected from extrapolating the doping
rate of 0.21 ML at short exposure times, pointing to a
Langmuir-type kinetics for the P incorporation reaction
at 250 �C. Indeed, a near monolayer of incorporated P
was achieved, for the same exposure time, for the
sample characterized previously in Figure 2, which
was first dosed at a substrate temperature of 100 �C,
therefore providing a maximal P coverage on the
surface, and then annealed to 360 �C to incorporate
P atoms (Figure 3d, additional yellow circle).

Electrical Characterization. The ability to tune the dop-
ing density from very low to very high coverage allows
us to gain an insight into the electrical properties of
P-doped layers. Previous studies on Ge:P δ-doped
layers obtained using PH3 as dopant precursor were
limited to a maximum P concentration of 0.4 ML, and
thus the investigation of the deactivation process in
the high density regime was hindered so far.14 The
electrical properties of the Ge:P δ-doped layers ob-
tained by P2 (dopant profiles in Figure 3b) were
investigated by four terminal magnetotransport mea-
surements on trench-isolated Hall bars using standard
low-frequency lock-in techniques. The measurements
of transverse Hall resistance (Fxy) and sheet resistivity
(Fxx) were performed at 4.2 K in liquid He to freeze-out
bulk conduction through the lightly doped substrate.
All samples showed similar trends in the magneto-
transport measurements. Ohmic conduction was ob-
tained at 4.2 K due to high doping level above the
metal�insulator transition. The electron density nHall
was calculated from the slope of the linear depen-
dence of Fxy versus perpendicular magnetic field B. The
sheet resistivity Fxx showed a peak at B = 0 magnetic
field due to weak localization of electrons coherently
backscattered in time-reversed trajectories. Observa-
tion of weak localization highlights the 2D nature of
transport in the electron gas obtained by the strong
vertical confinement of the dopants, in agreement
with SIMS measurements.

In Figure 4a, we show the 2D electron density nHall
as a function of doping density dose NSIMS as obtained
by SIMS measurements. Full electrical activation
(Figure 4a, dashed line) is observed up to a dopant
concentration of ∼1014 cm�2 only (0.16 ML). Above
this density, additional P dopants do not provide active
carriers to the two-dimensional electron gas. This
observation is in agreement with previous results
on Ge:P δ-layers from PH3,

14 pointing to a common
origin of dopant deactivation. An insight into dopant

Figure 3. Structural characterization of P δ-layers. (a) Fab-
rication process schematics, (b) SIMS depth profiles of sharp
and narrow δ-layers with different P2 exposure time, (c)
SIMS peaks analysis of full width at half-maximum, trailing
and leading exponential edges showing very little segrega-
tion and diffusion. (d) Total concentration of P atoms
incorporated in the δ-layers obtained by integrating the
SIMS depth profiles.
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activation is provided in Figure 4b. Herewehaveplotted
the fraction of active dopants (nHall/NSIMS) against the
average dopant separation s in the plane of the δ-layer,
expressed in units of the Ge lattice site separation in the
(001) surface (a = 0.4 nm). The average dopant separa-
tion was estimated as s = 1/

√
NSIMS. We observe a trend

characterized by two regimes of high and low activation
(dashed line is a guide for the eyes). On average, a large
fraction of dopants are electrically active when they are
separatedmore than two lattice sites. In termsof dopant
configurations in the plane, this means that P atoms
along the same dimer row are not sitting on neighbor-
ing dimers. A cartoon of a possible P configuration
within the plane is shown in the top left corner of
Figure 4b, corresponding to a P coverage of 0.125 ML
(P separation s/a∼2.8). In this configuration, electrically
active P atoms;well-separated from each other;are
incorporated into the surface only as Ge�P heterodi-
mers. This is what we observe in STM images presented
in Figure 1b,d. In contrast, a likely P configuration in the
low-activation regime is shown in the bottom right
corner of Figure 4b, corresponding to P coverage of
0.75 ML (s/a∼1.15). As dopants are brought closer, due
to their proximity, they are likely to form P�P dimers
such as those seen in Figure 2c that act as deactivating
dopant complexes. Here only the minor fraction of P
atoms arranged in Ge�P heterodimers will contribute
to electron transport.

To understand the scattering mechanism limiting
the electron transport in the δ-doped samples, the
density-dependent resistivity Fxx and electron mobility
μ are shown in Figure 4c,d, respectively. The resistivity

decreases monotonically with electron density follow-
ing a power law Fxx(0) � nHall

�R with R ∼ 1.7. This expo-
nent is close to the value of 1.5 expected for screened
Coulomb scattering from the ionized impurities. Be-
cause R > 1, the mobility, instead, increases with nHall
since

μ ¼ [Fxx(0)enHall]
�1 � nHall

R � 1 (1)

A trend of increasing mobility with carrier density
is in agreement with recent calculations for Ge:P
δ-doped layers in the high-density weak-screening
regime.29 The experimental mobility is, however, much
smaller than the upper limits provided theoretically. As
suggested in ref 29, this points out additional scatter-
ing from other sources of disorder, such as structural
disorder, possibly originating in our case from Ge
overgrowth at 250 �C.

Multiple δ-Doping. The viability of δ-doping with P2
molecules to produce highly doped and electrically
active Ge films is demonstrated by fabricating a proof
of principle sample with 18 δ-layer closely stacked in
the Ge crystal (interlayer separation 2.2 nm). A sche-
matic of the fabrication process is shown in Figure 5a.
On the basis of the knowledge gained from the
electrical characterization of the single δ-layers, we
designed the P2 exposure step to provide in each layer
a doping density of ∼5 � 1013 cm�2, a reasonable
compromise between full dopant activation and over-
all fabrication times considering the slow doping rate
of the process. The substrate temperature was kept
constant at TSUB = 250 �C throughout the repeated
doping cycles.

Figure 4. Electrical characterization of Ge:P δ-layers fabri-
cated with different P2 exposure time: (a) 2D electron
density nHall as a function of doping density NSIMS shows
full activation only up to ∼1014 cm�2; (b) fraction of active
dopants as a function of average dopant separation in the
plane of the δ-layer, expressed in units of the Ge lattice site
separation in the (001) surface. Insets show possible P atom
configurations in the plane of the δ-layer at low and high
dopingdensity. (c) Sheet resistivity and (d) electronmobility
as a function of 2D electron density point to an increment of
transport qualities due to screened Coulomb scattering
from ionized impurities.

Figure 5. Atomically abrupt box-like shaped dopant profile
obtained by repeated δ-doping cycles: (a) process sche-
matics, (b) SIMS P depth profile, (c) accumulated P density at
each doping cycle highlighting the robustness and repro-
ducibility of the doping process, (d) transverse Hall resis-
tance from which a high 3D electron density of 1.74 �
1020 cm�3 is estimated.
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The P profilemeasured by SIMS (Figure 5b and inset
therein) shows 18 closely spaced peaks confined in a
box-like shape with atomically sharp leading and trail-
ing edges of λL = 0.6 nm and λT = 0.84 nm, respectively.
The total P areal dose incorporated in the thin film was
NSIMS = 6.95 � 1014 cm�2 with an average 3D doping
concentration of 1.84 � 1020 cm�3 and a fwhm of
36.5 nm. The trailing edge of the multilayer is the same
as in a single δ-layer grown under the same conditions
(Figure 3b, red curve). This gives a strong indication
that minimal dopant diffusion has occurred as a con-
sequence of the multiple doping cycles. The leading
edge has slightly increased (0.61 nm versus 0.50 nm),
indicating the presence of a growing front of segre-
gated P accumulating at each doping cycle throughout
the very thin Ge spacer layer. Figure 5c shows the P
density accumulated into the layer at each doping
cycle obtained by integrating the profile in Figure 5a
from peak to peak. The perfectly linear relationship
observed in Figure 5c highlights the robustness and
reproducibility of the doping process. The same
amount of phosphorus is incorporated at each doping
cycle. The average doping concentration per layer is
3.8 � 1013 cm�2, less than 5 � 1013 cm�2 measured in
the reference single δ-layer, because of limited segre-
gation occurring at each doping cycle.

The electrical properties of the multilayer stack were
measured at 4.2 K as for the single δ-layers. Figure 5d
shows the linear relationship of the transverse resistance
versus magnetic field from which a 2D electron density
nHall = 5.18 � 1014 cm�2 is calculated. This corresponds
to a 3D electron density of 1.74� 1020 cm�3 assuming
the doping profile fwhm as the layer thickness. The

fraction of active dopants nHall/NSIMS has reduced from
unity to 0.75 as a consequence of repeated δ-doping.
Quite significantly, we found a low resistivity of 120
Ω/square corresponding to amobility of∼100 cm2/(V s).
This is a drastic ∼3� improvement in mobility com-
pared to the single δ-layer grown under similar
conditions. We speculate that the reasons for such
improvement are two-fold. First, repeated annealing
due to multiple stacking increases the overall crystal
quality, thereby reducing additional scattering me-
chanisms. In addition, the band structure of the multi-
ple stacked layers will be substantially different from
the single-layer case with electron wave functions
being delocalized in the interlayer region between
the very close quantum wells. Electrons therefore
experience less scattering from the ionized impurities,
similar to modulation doping.

CONCLUSIONS

In summary, we harness the smaller footprint of
P2 compared to PH3 on Ge(001) to achieve tunable
δ-doping with near-monolayer P coverage. By resolving
the density-dependent doping process at the atomic
level, we reveal the origin of dopant deactivation at high
P coverages. Combining this knowledge with the unique
properties of Ge to achieve high crystal quality growth at
relatively low temperature, we demonstrated stacking of
δ-doped layers obtained by P2 while preserving high
donor activation and electron densities. This technology
has the potential to precisely control thickness and
electron concentrations over a wide range in doped Ge
films, overcoming one of the major challenges that has
limited the development of a Ge-on-Si laser to date.

METHODS

Sample Preparation. All samples were fabricated in a custo-
mized ultrahigh vacuum system (base pressure <5� 10�11 mbar)
comprising a MBE system (MBE Komponenten) for Ge deposition
and P2 dosing (minimum sample temperature ∼100 �C), an STM
system (OmicronGmbH) for imaging at room temperature, and an
additional chamber for surface preparation. The three chambers
are connected via UHV transfer chambers.

Ge(001) samples 2.5 � 10 mm2 in size were cleaved from a
Sb-doped Ge(001) 4 in. wafer (resistivity of 1�10 Ω 3 cm). Light
doping was required for STM imaging. Atomically flat, clean,
and defect-free Ge(001) surfaces were prepared according to
the method described in detail in ref 30. This method combines
combines an ex situwet chemical cleaning treatment using HCl/
H2O (36:100) and H2O2/H2O (7:100) to alternately strip and re-
form aGeOx passivation layer, with an in situ cleaning treatment
which involves a controlled in situ thermal desorption of the
oxide layer by flash-anneal at 760 �C followed by a 25 nm Ge
buffer layer growth by MBE at a rate of ∼0.15 Å/s and sample
temperature of 500 �C and a subsequent final thermal anneal at
760 �C.

For P doping, a beam of P2 molecules was sourced in the
MBE chamber from a commercially available GaP cell (Deco-D
phosphorus doping source, MBE Komponenten) operated at
700 �C and equipped with a dedicated shutter to minimize
background doping. The concentration of gallium incorporated
in the doped films, as measured by SIMS profiling, was in the

1016�1017cm�3 range and 4 orders of magnitude less than the
incorporated phosphorus.

Final encapsulation Ge layers embedding the P layers in the
Ge crystal were grown by MBE at a sample temperature of
250 �C to minimize dopant diffusion and segregation.

Depth Profiling. After removal from UHV, Ge:P-doped layer
samples were cleaved and shipped to EAG (Evans Analytical
Group) for an independent characterization by secondary ions
mass spectroscopy. The 31P profiles were carried out with a
Quadrupole SIMS instrument with a low-energy 1 keV Csþ

primary ion impact at 60� angle of incidence beam to optimize
depth resolution.

Electrical Characterization. Trench-isolated Hall bar structures
to investigate the electrical properties of the doped layers were
defined by a CHF3/CF4-based dry etch with thermally evapo-
rated Al Ohmic contacts connecting the P δ-doped layers or
all multiple P layers of the δ-doped stack. The electrical mea-
surements were performed at 4.2 K using a dipstick in liquid
helium equipped with a superconducting magnet providing a
perpendicular magnetic field up to 1 T. Four-terminal magneto-
transport characterization was performed using standard low-
frequency techniques employing Stanford SR830 lock-ins and
injection currents of ∼100 nA to measure simultaneously the
perpendicular magnetic field B dependence of the longitudinal
Fxx and transverse Fxy component of the resistivity tensor where
x and y are, respectively, the directions parallel or perpendicular
to the current flow in the Hall bar.
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