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ABSTRACT

Alloying germanium with tin offers a means to modulate germanium’s electronic structure, enabling a greater degree of control over
quantum properties such as the retention of the phase or spin of the electron wave. However, the extent to which the presence of high
dopant concentrations in GeSn alters these quantum behaviors is poorly understood. Here, we investigate the role of dopant concentrations
on phase coherence through measurements of the weak antilocalization (WAL) effect at temperatures between 30 mK and 10 K in p-GeSn
(8%) thin films, which were doped to a series of carrier densities on the order of 1012 cm�2. Phase coherence and spin–orbit lengths were
extracted from the magnetoconductivities using the 2D Hikami–Larkin–Nagaoka model. Phase coherence lengths peaked at 577, 593, and
737 nm for the low-, mid-, and high-density samples, while upper limits on the spin–orbit lengths of less than 25 nm were relatively inde-
pendent of carrier density and temperature. The phase coherence lengths increased as the temperature decreased but changed only mini-
mally with carrier density, contrary to common models of temperature-dependent inelastic scattering. Saturation of the phase coherence
lengths occurred below 600 mK. Based on these findings, intrinsically generated inelastic scattering mechanisms such as two-level systems
or impurity band scattering likely contribute to phase decoherence in these alloys. Our results provide insight into the inelastic scattering
mechanisms of GeSn, while suggesting a need for further investigation into phase decoherence mechanisms in doped group-IV alloys.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233728

I. INTRODUCTION

Alloying group-IV elements alters the electronic properties rel-
ative to single-element semiconductors, enabling new electronic,
spintronic, and photonic applications while retaining a compatibil-
ity with conventional silicon-based architectures that is challenging
in other material systems.1–4 In recent years, germanium tin
(GeSn) alloys have been of particular interest due to the presence

of a bandgap crossover from an indirect to a direct gap at Sn com-
positions above 8 %.5–7 Achieving such high Sn compositions
necessitates out-of-equilibrium synthesis processes, as the
maximum equilibrium solubility of Sn in Ge is only 1:1 %.8 Many
studies have consequently focused on developing processes to
achieve high Sn content and demonstrating this bandgap cross-
over.9,10 However, less is known regarding the extent to which the
inclusion of Sn alters the quantum transport behavior of Ge.
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Characterizing the spin–orbit coupling (SOC) in GeSn can
provide insight into its electronic structure. SOC is the momentum-
dependent interaction between moving charge carriers in an
electric field and the resulting effective magnetic field.11

Magnetotransport measurements are often used to observe SOC, as
an applied magnetic field alters their energetics which results in
identifiable features in magnetoconductivity. For instance, weak
antilocalization, electric dipole spin resonance (EDSR), and the
inverse spin Hall effect are all found in group-IV materials due to
the presence of SOC.12–15 Such observations of SOC phenomena
enable the extraction of SOC length, time, or rate parameters, pro-
viding information about a material’s electronic structure while
pointing toward its applicability in various technologies.

The weak localization (WL) effect and weak antilocalization
(WAL) effect are two related quantum phenomena found in
electronic materials, including group-IV semiconductors and
alloys. Weak localization occurs when time-reversed symmetric
self-intersecting electronic pathways of electrons interfere construc-
tively, decreasing the material’s conductivity.16 Similarly, weak anti-
localization occurs when those self-intersecting pathways interfere
destructively due to an additional Berry phase π, effectively increas-
ing electrical conductivity.17 For both effects, application of a mag-
netic field dephases the electronic pathways, and SOC parameters
can be extracted from the resulting magnetoconductivity using a
model suited to the electronic transport regime and symmetry of the
structure.16,18,19 Key length scales associated with WL/WAL include
the carrier mean free path ltr, the phase coherence length lw, which is
the distance over which the phase of the electron wave is retained,
and the spin–orbit length lso, which is the distance over which the
spin of the electron wave is retained. WAL is associated with strong
SOC and short values of lso.

Both WL and WAL have been observed in Ge, demonstrating
changes in its electronic structure through altering its carrier
density through intentional doping or gating. The strength of SOC
has been shown to be tunable, as studies of strained p-Ge quantum
wells exhibited a transition from WL to WAL as the samples’
carrier densities were increased through gating.17,20 Measurements
comparing n-Ge and p-Ge thin films found that WL presented in
n-Ge while WAL was found in p-Ge.12 Previous studies have
observed a trend of increasing carrier densities correlating with
increasing phase coherence lengths, which were as long as 2.6 μm
at 260 mK in one study.17,20,21

The temperature-dependence of phase coherence is also criti-
cal to understand, as WL and WAL in Ge have shown variation
with temperature. Previous studies show that phase coherence
lengths of electrons and holes in Ge follow power-law temperature-
dependences, while the spin–orbit lengths remain relatively
constant with temperature.12 The temperature- and carrier-density-
dependence of the phase coherence lengths were typically
attributed to the presence of Nyquist inelastic carrier–carrier scat-
tering as the dominant dephasing mechanism, which predicts
strong temperature-dependence and carrier-density dependence.22

Similar behaviors have been found in GeSn.23,24 However,
phase coherence lengths tend to be shorter in GeSn than in Ge due
to the presence of alloy scattering contributing to phase decoher-
ence.24 Interestingly, while Sn was predicted to produce stronger
SOC in GeSn compared to Ge due to its larger atomic number,

SOC has been shown to weaken with higher Sn compositions.23

This was attributed to the presence of compressive strain in the
material that causes splitting between the heavy-hole and light-hole
bands.23

While some degree of control over quantum transport has
been demonstrated through altering carrier density or composition
in GeSn alloys, many questions remain regarding the complex rela-
tionships between the properties of the alloy, its environment, and
their roles in altering their electronic structure and consequently
quantum transport behaviors. Importantly, it has not been deter-
mined what role the presence of high dopant concentrations plays
in altering quantum transport. For this purpose, we investigated
the temperature-dependence of the WAL effect in p-type GeSn
(8%) thin film alloys to provide insight into the effect of the pres-
ence of high dopant concentrations on the phase and spin coher-
ence. Here, we present measurements of magnetotransport in a
series of GeSn alloys with 2D carrier densities of 2:09� 1012 (low
density), 3:65� 1012 (mid density), and 6:37� 1012 cm�12 (high
density), modulated through altering dopant concentrations. From
these measurements, the phase coherence lengths (lw) and upper
bounds on the spin–orbit lengths (lso) were extracted using the 2D
Hikami–Larkin–Nagaoka (HLN) conductivity correction model
with least-squares analysis. The relationships between the extracted
phase coherence lengths and calculated decoherence rates are dis-
cussed in view of underlying inelastic scattering mechanisms, and
it is proposed that inelastic scattering from two-level systems and
non-magnetic impurity energy states contribute to phase decoher-
ence behaviors in these GeSn alloys.

II. EXPERIMENTAL

A. Material growth

Germanium tin (GeSn) thin films within nominal composi-
tions of 8% were grown on 500 nm intrinsic germanium buffer
layers on Si (100) substrates using chemical vapor deposition
(CVD) [Fig. 1(a)]. The material precursors were digermane
(Ge2H6) and tin tetrachloride (SnCl6). These films were doped with
boron during growth to produce “low-,” “mid-,” and “high”-density
samples with nominally 8% Sn. Additional details have been pub-
lished elsewhere.23

B. Material characterization

The composition and strain of the GeSn thin films were charac-
terized by measuring asymmetric (224) reciprocal space maps. It was
found that the relaxation of the Ge buffer layer was 105% relative to
the Si substrate, while the GeSn layer was coherently strained to the
Ge buffer [Fig. 1(b), Fig. S1 in the supplementary material]. The
RSM measurements were used to obtain the in-plane and
out-of-plane lattice constants for the three samples, which were then
used to calculate the effective lattice constants for the GeSn films
(Table S1 in the supplementary material). Based on these values, it
was found that the Sn composition varied between 8.27% and 8.89%
across the three samples [Table I(a)] (see the supplementary material
for additional characterization information).

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
analyses were performed to quantify constituent elements Si, Ge,
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and Sn in addition to impurities C, and O which confirmed that
low concentrations of impurities are present in these materials
(Fig. S2 in the supplementary material). Based on the ToF-SIMS,
the Sn composition for the three samples ranged between 8.32%
and 9.02%, agreeing well with those obtained using XRD-RSM
[Table I(b)].

SIMS analyses of the GeSn samples were used to investigate
the boron concentrations and depth profiles of boron and Sn rela-
tive to Ge (Fig. S3 in the supplementary material). The first
10 nm of the depth profiles were excluded from this analysis to
avoid surface artifacts. The depth profiles show that about 80% of
boron in each sample is found in a 9� 12 nm region in the

FIG. 1. (a) A series of 50 nm boron-doped GeSn thin film alloys were grown via MOCVD on 500 nm i-Ge buffers on Si (100) substrates. (b) Characterization of the
crystal lattice was performed using x-ray diffraction methods, including reciprocal space mapping (RSM). (c) SIMS depth analysis profiles confirm that 80% of the boron is
confined to a 9� 12 nm region in the growth axis above the Ge buffer in all three samples. From the depth profiles, 2D boron concentrations of 3:63� 1012,
5:61� 1012, and 9:44� 1012 cm�2 were quantified.

TABLE I. Compositions of the series of GeSn films were estimated from (a) x-ray diffraction methods and measured by (b) ToF-SIMS. (c) SIMS measurements were also
performed to obtain depth profiles of boron, which were integrated to obtain 2D densities.

Sample % Sn–XRD + RSM (a) % Sn–ToF-SIMS (b) 2D boron density (×1012 cm−2) (c)

Low density 8.89 8.88 3.63
Mid density 9.09 9.02 5.61
High density 8.27 8.32 9.44
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growth axis adjacent to the GeSn–Ge interface [Fig. 1(c)]. Total
2D boron concentrations were found to be 3:63� 1012,
5:61 � 1012, and 9:44� 1012 cm�2 for the low-, mid-, and high-
density samples [Table I(c)].

The measured SIMS depth profiles were also used to calcu-
late the thicknesses of the GeSn thin films for the three
samples (Fig. S3 in the supplementary material). To do this,
the magnitude of the Sn signal corresponding to depths
between 10 and 40 nm, or within the GeSn film, was averaged
for each of the three samples. The differences between these
averaged intensities and the lowest measured Sn intensity for
each sample were calculated, halved, and subsequently added to
the lowest measured intensity, producing estimates of the film
thicknesses. The averaged thickness of the three samples is
50 nm+ 1 nm, in good agreement with the nominal growth
thickness.

III. RESULTS AND DISCUSSION

Low-temperature Hall measurements were performed to
characterize the carrier densities ( p2D), mobilities (μp), and sheet
resistances (RA) of the three samples (Fig. 2). The 2D carrier
densities were 2:09� 1012 (low), 3:65� 1012 (mid), and
6:37 � 1012 cm�2 (high) at the base temperature of the dilution
refrigerator, indicating carrier freeze out of between 32:5% and
42:4% based on the measured boron concentrations [Fig. 2(a)].
These results indicate that the carrier densities are primarily a
function of the dopant concentrations rather than having large
contributions from intrinsic carriers. The 2D carrier densities
increased with temperature by 30:4%, 24:1%, and 16:0% at 10 K
relative to the base temperatures for the low-, mid-, and high-
density samples.

The mobilities (μp) of the low-, mid-, and high-density
samples peaked at 1120, 794, and 653 cm2 � V�1 � s�1 at the base
temperatures [Fig. 2(b)]. Mobilities increased with decreasing
carrier density, and the mobilities of all three samples decreased
with increasing temperature by 22:0%, 15:8%, and 9:17% at 10 K
relative to the base temperature.

The sheet resistances (RA) of the samples decreased as a
function of increasing carrier densities [Fig. 2(c)]. All three
samples had extremely low temperature-dependence, with only a
5:10% decrease in magnitude for the low-density sample and less
than 5% decreases for the mid- and high-density samples between
the base temperatures and 10 K. This result shows an interesting
balance between a positive temperature coefficient of the carrier
densities and a negative temperature coefficient of the mobilities
of the three samples, which effectively cancel each other out to
produce almost constant sheet resistances across this temperature
range.

To characterize WAL in the GeSn alloys, their magnetocon-
ductivities were measured in the magnetic field range �5 T to
5 T at temperatures of 30, 100, 300, and 600 mK, and 1:2, 3, 4,
5, 6, 7:5, and 10 K. The magnetoconductivities of the three
samples exhibited the WAL effect in a sharp increase in conduc-
tivity at a zero magnetic field, B ¼ 0 T, which was most promi-
nent at the base temperatures and decreased in magnitude as
temperature increased. The datasets were preprocessed by

centering the WAL peak at B ¼ 0 T, subtracting the zero-field
conductivity to produce Δσ, and finally by performing a back-
ground subtraction to remove the classical contribution to the
magnetoconductivity from the WAL-produced change in

FIG. 2. The temperature-dependence of the (a) 2D carrier density ( p2D), (b) mobil-
ity (μp), and (c) sheet resistance (RA) of the low-, mid-, and high-density GeSn
(8%) samples were obtained using Hall measurements from 30 mK to 10 K.
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conductivity (σClassical ¼ C2B2 þ C1Bþ C0) (Fig. 3). Including a
linear term in the background subtraction fitting allows consid-
eration of a linear, odd component to the signal that can be
introduced by mixing of Rxy. The quadratic background subtrac-
tion was applied by fitting the quadratic function to the high
field magnetoconductivities in the field ranges of [�5, �Btr] and
[Btr, 5 T], where Btr is the characteristic magnetic field associated
with the elastic mean free path of carriers (ltr) according to the
equations

Btr ¼ �h
4el2tr

(1)

and

ltr ¼
μp�h(2πn2D)

1
2

e
: (2)

Other parameters in these equations include the elementary
charge e and the reduced Planck’s constant �h. The estimated ltr
varied between 23 and 28 nm for all three samples throughout the
range of temperatures.

The perpendicular-field magnetoconductivities of the three
samples were fit to the 2D Hikami–Larkin–Nagaoka (HLN) con-
ductivity correction function to extract spin–orbit coupling length
scales (Fig. 4).18 This model is valid for diffusive, 2D carrier
systems for which the transport regime is defined such that the

mean free path ltr is greater than the film thickness d (d � ltr), and
the dimensionality of the system is defined in terms of the phase
coherence length lw relative to d for which lw is greater than d
(d � lw).

FIG. 4. The processed magnetoconductivities relative to the zero-field magneto-
conductivity of the (a) low-, (b) mid-, and (c) high-density samples (offset in incre-
ments of 10 μS for clarity). HLN fits are superimposed on the measured data.

FIG. 3. The magnetoconductivities of the three samples were measured at a
series of temperatures—30, 100, 300, and 600 mK, 1:2, 3, 4, 5, 6, 7:5, and
10 K The datasets were preprocessed by centering the WAL peak at B ¼ 0 T,
subtracting the zero-field conductivity to produce Δσ, and finally subtracting the
magnetoconductivity background obtained by fitting the high-field datapoints to a
quadratic function. These traces are from the low-density sample at 10 K.
Grayed-out regions represent data excluded from the subsequent conductivity
correction model fitting.
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The HLN function was derived to describe the relationships
between carriers and the effective magnetic fields emerging due to
their movement in the crystal lattice,18

ΔσHLN ¼ σB � σ0 ¼ e2

2π2�h
� 1
2
ψ

1
2
þ Bw

B

� �
þ ψ

1
2
þ Bw

B
þ Bso

B

� ��

þ 1
2
ψ

1
2
þ Bw

B
þ 2Bso

B

� �
þ ln

1
2
þ Bw

B

� �

� 1
2
ln

Bw

B
þ Bso

B

� �
� 1
2
ln

Bw

B
þ 2Bso

B

� ��
,

(3)

where ψ is the digamma function, B is the applied magnetic field,
and the effective magnetic fields Bw and Bso relate to the phase
coherence length lw and the spin–orbit length lso according to

Bw(so) ¼ �h
4el2w(so)

: (4)

To fit the magnetoconductivity data, a parametric sweep of
lw, HLN [1� 1000 nm] and lso, HLN [0:01� 100 nm] was performed
using Eq. (3) with least-squares fitting analysis. The magnetocon-
ductivity values used in the fitting corresponded to those in the
magnetic field range of [�Btr, Btr], resulting in a temperature- and
sample-dependent fitting range. The HLN fits are shown over the
measured data in Fig. 4. For lw, HLN, 95% confidence intervals were
obtained by holding lso constant and computing the covariance
matrix for the data. These intervals had a magnitude of around
25 nm at the base temperatures, and rapidly decreased to less than
1 nm at 10 K for each sample set.

To investigate transport dimensionality, temperature-
dependent magnetoconductivities were measured for the high-
density alloy under a parallel B field at temperatures of ffi30, 100,
300, and 600 mK, 1:2, 3, 4, 5, 6, 7:5, and 10 K in the magnetic
field range from �5 T to 5 T (Fig. 5). The sample was found to be
oriented 1�+3� from parallel relative to the direction of current
flow based on the slope of a linear fit of the magnetic field and
Hall resistances. Comparing the parallel-field magnetoconductiv-
ities to the perpendicular-field data, a contrast is seen in the rela-
tive magnitudes and width of the WAL conductivity correction
Δσ at each temperature [Fig. 5(a)]. The magnetoconductivity
peaks are broader and lower in relative magnitude in the parallel-
field magnetoconductivities relative to the perpendicular-field
magnetoconductivities. A change is also seen in the high-field
data, for which the perpendicular orientation has a parabolic
background while the background for the parallel-field data is
flatter.

The parallel-field magnetoconductivities were fit to the
Dugaev–Khmel’nitskii (DK) conductivity model for 2D transport
in a parallel magnetic field in the limit that the film thickness is
less than the mean free path (d � ltr),

25

ΔσDK ¼ σB,k � σ0,k ¼ �N
e2

4π2�h
ln 1þ Bk

Bw

� �
: (5)

In this model, the conductivity correction is a function of the
thin film thickness d through the expression

Bk¼ eB2

4�hd
�h

4eBtr

� �1
2

: (6)

The film thickness of 50 nm is larger than the mean free paths
across the temperature range (26 nm , ltr , 28 nm for the high-
density alloy). Based on the SIMS data (Fig. 1) which showed that

FIG. 5. The magnetoconductivity of the high-density sample was measured at
a series of temperatures—30, 100, 300, and 600 mK, and 1:2, 3, 4, 5, 6, 7:5,
and 10 K—to confirm the 2D transport dimensionality. (a) Comparison of mag-
netoconductivities relative to the zero-field values (Δσ ¼ σB � σ0) of the
high-density alloy for perpendicular- and parallel-magnetic field orientations at
temperatures ffi30 mK, 3 K, and 10 K. (b) Parallel-field magnetoconductivities
for all temperatures were fit to the Dugaev–Khmel’Nitskii (DK) conductivity
correction model.25
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the boron concentration is highest at the interface, we assumed a
relative confinement of the majority of the carriers within the
ffi10 nm region above the interface and used a thickness parameter
d ¼ 10 nm to fit the data, consequently meeting the relative length
scale criterion for the DK model. The data were preprocessed and
fit to Eq. (5) using the same procedure as the HLN conductivity
correction fitting with only one fitting parameter—lw. The closeness
of the model fits to the data indicates a good theoretical fit for 2D

transport, with least-squares values of the parametric fit parameter
closely matching those obtained using the HLN model with the
parallel-field data. While validating that 2D transport occurs
throughout this temperature range, these findings also substantiate
majority carrier confinement to a region that is narrower than the
film thickness.

In the low-density sample, lw, HLN decreased from 577 nm at
the base temperature to 62 nm at 10 K [Fig. 6(a)]. Similarly, lw, HLN

FIG. 6. The (a) phase coherence lengths (lw, HLN) and (b) estimates on the upper limits of the spin–orbit lengths (lso, u: l:) for the three samples were extracted from the
measured magnetoconductivities by parametrically fitting that data to the 2D Hikami–Larkin–Nagaoka conductivity correction function. (c) The experimental (τ�1

HLN) and theo-
retical (τ�1

Nyquist) phase decoherence rates were calculated from the phase coherence lengths and calculated diffusivities of the three samples. (d) Finally, the rate of change

of the phase decoherence rate with respect to temperature
dτ�1

w

dT

� �
and the (e) base phase decoherence rates (τ�1

0 ) were calculated from the phase decoherence rates for

each sample. Lines on (d) and (e) are guides to the eye.
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decreased from 593(737) nm to 61(63) nm for the mid(high)-
density sample. The phase coherence lengths were greater than the
mean free paths [Eq. (2)], indicating a diffusive system and validat-
ing the use of the 2D HLN model for analysis.26

Due to the minimal least-squares error occurring over a wide
range of lso values, we can only provide an estimate of an upper
limit on lso, HLN � lso, u:l: [Fig. 6(b)] (see the supplementary
material). The digamma function loses sensitivity to input changes
as the input value increases, corresponding in our analyses to
decreasing lengths [Eqs. (3) and (4)] (Fig. S4 in the supplementary
material).27 Based on the parametric values producing least-squares
error within 5% of the magnitude of the minima of our parametric
searches, we believe that lso is less than 25 nm in all three samples
across all temperatures [Fig. 6(b)]. This estimated upper limit dem-
onstrates that strong spin–orbit coupling is present in these materi-
als, in which the hole spins rotate over shorter distances than the
estimated elastic mean free paths. There is minimal temperature-
dependence and carrier-density dependence in lso due to its rela-
tionship with the effective magnetic fields from the crystalline
lattice.

The phase coherence lengths followed power-law temperature-
dependences for temperatures T . Tsat where the saturation tem-
perature is 300 mK , Tsat , 600 mK. The power values
(p ¼ �0:610, �0:627, �0:674 for the low-, mid-, and high-density
samples) deviate from but are close to the power p ¼ 0:5 predicted
for the phase coherence lengths of 2D systems by the Nyquist equa-
tion for inelastic carrier scattering,22

lw, Nyquist ¼ 2π�h2D
e2kBRA

1

ln
π�h
e2RA

� �
0
BB@

1
CCA

1
2

T�1
2: (7)

The pre-factor to the temperature-dependence is a function of the
carrier density and mobility of the material through the sheet resis-
tance RA and the diffusivity D,

D ¼ 1
N
π�h2

em*
μpp2D, (8)

where the effective mass m* and the number of occupied subbands
N were estimated based on 1D Schrödinger–Poisson calculations
(Table II).28 This pre-factor is typically estimated as a constant for
small ranges of temperatures.12,22 As written, this form of the
Nyquist model predicts the temperature-dependence of the phase
coherence length based solely on carrier–carrier scattering and con-
sequently deviations from it are likely due to the presence of addi-
tional inelastic scattering mechanisms contributing to phase
decoherence, such as temperature-dependent contributions from
electron–phonon scattering or temperature-independent contribu-
tions from other inelastic scattering mechanisms. While the
Nyquist model is generally considered to reliably predict transport
dimensionality, deviations from this theory have been reported.26,29

We note that while we cannot rule out the variability in composi-
tion contributing to some degree to phase coherence in our
samples, this variability would be incorporated into this model
through the diffusivity and sheet resistance terms in the pre-factor.

The Nyquist model predicts that lw, Nyquist increases with
increasing carrier density through its pre-factor [Eq. (7)].12,30

However, very minimal carrier-density dependences of lw, HLN were
calculated from fitting magnetoconductivities, despite the range of
densities measured across the sample set (Table II). To further
probe the carrier-density dependence of the dephasing mechanism,
the phase decoherence rates were calculated from lw, HLN using the
equation

τ�1
w ¼ l�2

w D: (9)

Theoretical Nyquist decoherence lengths (lw, Nyquist) were also
calculated using Eq. (7) from the measured transport properties and
estimated diffusivities, and they were subsequently used to calculate
the theoretical phase decoherence rates using Eq. (9) [Fig. 6(c)].

While phase decoherence rates are predicted to increase line-
arly with temperature, the measured temperature-dependences of
our samples are superlinear [Fig. 6(c)]. Additionally, while the
Nyquist model predicts decreasing phase decoherence rates with
increasing carrier density, the opposite is found in the experimental
results. This point is more clearly illustrated in observing the trends
of the experimental vs theoretical changes in the decoherence rates
with respect to changes in temperature, which were obtained for

TABLE II. A summary of the electronic parameters extracted from the (a) low-, (b) mid-, and (c) high-density p-GeSn (8%) samples. Values correspond to the base temperatures
of ≅30 mK where relevant.

(a) Low density (b) Mid density (c) High density

p2D (×1012 cm−2) 2.09 3.65 6.37
μp (cm

2 ⋅V−1 ⋅ s−1) 1120 794 653
RA (Ω �A) 2680 2160 1500
lw, HLN (nm) 577 593 737
lso, u.l. (nm) 22 21 23
N (no. subbands) 1 1 1
m*/m0 0.436 0.436 0.436
D (cm2 ⋅ s−1) 12.7 15.8 22.6
dτ�1

w

dT (ps�1 � K�1) 0.0360 0.0475 0.0625

τ�1
0 (ps�1) 3.81 × 10−3 4.49 × 10−3 4.17 × 10−3
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the experimental values by linearly fitting τ�1
w, HLN corresponding to

temperatures at and above 600 mK [Fig. 6(d)].
In addition to predicting a strong dependence of τ�1

w on
carrier density, the Nyquist model predicts that τ�1

w, Nyquist ! 0 as
T ! 0 K. We do not observe this behavior in τ�1

w, HLN, in disagree-
ment with our observation of a nonzero temperature-independent
base scattering rate τ�1

0 based on the asymptotic behavior at the
lowest temperatures [Fig. 6(e)].

The Nyquist model imperfectly fits our data due to the low
carrier-density dependence of the phase decoherence behaviors and
the presence of a base scattering rate as T ! 0 K. As the experi-
mentally obtained decoherence rates are overall larger than the
Nyquist rates, between 37% and 227% at 10 K, it is likely that addi-
tional phase decoherence mechanisms are present in addition to
Nyquist temperature-dependent inelastic carrier scattering, contrib-
uting significantly to dephasing electron waves in these alloys.

While little to no carrier-density dependence was seen for
phase coherence lengths at higher temperatures, their values
increased with carrier density at the base temperature [Fig. 6(a)].
Temperature-dependent saturation of phase coherence lengths at
low temperatures has been shown previously in a variety of differ-
ent material systems.31–40 It is frequently attributed to an external
factor, such as microwave irradiation or Joule heating, that prevents
the electrons from cooling down below some saturation
temperature.41–44 Measurements were also performed using three
orders-of-magnitude different applied currents to ensure that the
current used at each temperature was not noticeably causing a
Joule heating effect (Fig. S5 in the supplementary material). While
these results point toward an intrinsic rather than extrinsic source
for phase decoherence in these samples, we cannot quantify other
factors that may cause the electron temperatures to saturate and
therefore we cannot definitively rule out a heating-related cause for
temperature saturation.

Intrinsic causes for temperature saturation explored in other
studies include the crossover between transport dimensions and
temperature-independent magnetic scattering.27,34,45–50

Dimensional crossover occurs when the phase coherence lengths
are large relative to some dimension of the sample under investiga-
tion. As it was confirmed that transport was 2D across the experi-
ments’ temperatures, and based on our microscale device
dimensions, we do not believe that dimensional crossover produced
the temperature saturation in our samples. Additionally, due to the
high purity of the precursors used to grow our materials, it is
unlikely that magnetic scattering due to unintentional dopants is
the underlying cause of saturation.51

Intrinsic saturation of the phase coherence lengths in these
GeSn thin films could be caused by the presence of point defects
with close energy states, called two-level systems (TLSs) or
dynamical defects.52–54 TLSs are often associated with scattering
at interfaces, surfaces, or dislocations. They scatter inelastically
with carriers to switch between degenerate energy states separated
by small energy barriers, thereby resulting in a temperature-
independent source for phase decoherence.55–57 We also note that
high boron concentrations are present in close proximity to the
2D holes in our samples (see Fig. 1). The acceptor states associ-
ated with boron dopants and their clusters could introduce many
effective TLS and possibly impurity bands, exchanging carriers

and energy among themselves and with the 2D hole system and
resulting in an additional inelastic scattering mechanism.

Based on our results, it is likely that inelastic scattering mecha-
nisms that are intrinsically tied to localized defects and nonmag-
netic impurities are an influential factor in the phase decoherence
behaviors of GeSn alloys. These intrinsic sources of dephasing,
which self-limit the magnitudes of phase coherence lengths at low
temperatures, are intriguing directions for further investigations
into group-IV alloys. The possibility of multiple intrinsic dephasing
sources indicates a need to ascertain the distinct roles of interfacial
defects and impurity densities in inelastic scattering.

Figure 7 displays the ranges of coherence lengths found in the
literature in group-IV materials—Si, SiGe, Ge, and GeSn—as a func-
tion of carrier density, illustrating a nuanced relationship between
the two parameters. This snapshot of published values corresponds
to ungated and gated WL and WAL measurements of materials with
carrier densities ranging from 1.3 × 1011 to 1:4� 1015 cm�2, at tem-
peratures between 260 mK and 2:2 K, and measured coherence
lengths from 42 nm to 3.3 μm. Our coherence lengths for our low-,
mid-, and high-density GeSn (8%) samples, measured at the base
temperatures, are overlaid on the literature values.

In undoped materials, coherence lengths increased with
increasing carrier density for all datasets. In the doped materials,
control over carrier densities was obtained by using different
dopant concentrations, as was demonstrated with our measure-
ments. These studies found that increasing the carrier density
increased their measured lw, and generally found that the n-doped
materials had slightly shorter lw than p-doped materials.12,24

Other studies focused on holding carrier densities approxi-
mately constant to study the effect of other parameters, such as

FIG. 7. A selection of phase coherence lengths (lw) of group-IV materials is
presented as a function of carrier density (d2D), at the lowest recorded tempera-
tures from each publication (260 mK� 2:3 K). Our data correspond to the base
temperatures of 30 mK for the low-, mid-, and high-density alloys. The data
shown in this figure are compiled from digitized datasets.12,17,20,21,23,24,40,58–60
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composition, which also played an important role in the phase
decoherence behavior. For instance, it was found that lw decreased
as Sn content increased in a study of GeSn (1%–8%).24

Our research adds to the current understanding of both
quantum transport behaviors in GeSn alloys and more generally of
modulation of electronic structure using impurity densities in
group-IV alloys, providing information regarding the temperature-
dependence and carrier-density-dependence of phase decoherence
mechanisms in moderately doped GeSn (8%) alloys. While direct
comparisons with literature values are difficult given the variability
in the compositions and structures of the samples investigated pre-
viously, our measured phase coherence lengths are on the same
order as many of other experiments, even relative to those of some
high mobility heterostructures. Our findings highlight the potential
of GeSn materials and devices to perform favorably relative to
other group-IV materials.

IV. SUMMARY AND CONCLUSIONS

In this work, the weak antilocalization effect was measured in
a series of p-GeSn (8%) alloys to determine the role of changing
dopant densities on their temperature-dependent phase decoher-
ence mechanisms. The magnetoconductivities of these alloys were
measured at temperatures between 30 mK to 10 K and were subse-
quently fit to the 2D Hikami–Larkin–Nagaoka conductivity correc-
tion model to extract spin–orbit coupling lengthscales: the phase
coherence length lw and the spin–orbit length lso. Maximum phase
coherence length values of 577, 593, and 737 nm were obtained at
the base temperatures for the low-, mid-, and high-density samples.
The phase coherence lengths were found to follow power-law
temperature-dependences at higher temperatures at and above
600 mK, below which the coherence lengths saturated. Upper esti-
mates of lso were less than 25 nm across all samples and tempera-
tures, demonstrating strong spin–orbit coupling.

Phase decoherence rates (τ�1
w, HLN) were calculated from the

lw, HLN values and compared to theoretical values predicted by the
Nyquist model (τ�1

w, Nyquist) for inelastic carrier scattering, which pre-
dicts strong temperature and carrier-density dependences of phase
decoherence in 2D systems. It was found that the temperature-
dependences of the high-temperature data were comparable to
those predicted by the Nyquist model. However, temperature-
dependent behavior of the phase decoherence rates and their low
dependence on carrier density indicated a poor model fit. In light
of these results and the temperature saturation of phase coherence,
it was proposed that additional intrinsic inelastic scattering mecha-
nisms were present in the materials, such as two-level systems or
impurity band scattering. Future studies include identifying the
underlying mechanisms contributing to phase decoherence. This
work is an important step toward understanding quantum trans-
port behaviors of GeSn alloys.

V. METHODS

A. Lithography

To characterize transport and spin–orbit coupling in the GeSn
thin films, six-contact Hall bar devices (W ¼ 40 μm, L ¼ 200 μm)
were fabricated using standard cleanroom processes.

B. Transport

To quantify spin–orbit coupling in the GeSn samples, a
3He/4He dilution refrigerator was used to measure low-temperature
magnetoconductivity in the three samples. To perform these mea-
surements, standard lock-in procedures were used to measure the
current through the device and the longitudinal (Vxx) and Hall
(Vxy) voltages as a function of magnetic field and temperature of
five-terminal device configurations for the samples. The electrical
current used to perform these measurements was 1 nA at
T . 1:2 K, and 100 nA at T � 1:2 K to ensure that the WAL effect
was not dampened by Joule heating in the device. The magnetic
field was swept between �5 and 5 T at a rate of 0:05 T �min�1.
The magnetic field was calibrated using an InAs Hall sensor.
Temperatures included a base temperature around 30 mK which
varied slightly depending on the condensation cycle, as well as 100,
300, and 600 mK, 1:2, 3, 4, 5, 6, 7:5, and 10 K. Lines into the dilu-
tion refrigerator were filtered using multi-stage low-pass filters
(QFilters by QDevil) designed for low noise and low electron tem-
peratures for quantum devices. These datasets were also used to
calculate transport properties at those temperature values.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
and figures regarding the material characterization and validation
of the electrical experiments.
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