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ABSTRACT

Cd3As2 provides an excellent platform for studying the physics of three-dimensional Dirac semimetals due to its stability as well as its com-
patibility with thin film growth. Crystals made using both bulk and thin film synthesis are unintentionally doped n-type, and other than
introducing Zn to reduce the carrier concentration, no efforts have been reported to alter this intrinsic doping without major changes to the
band structure. Here, group VI elements Te and Se are introduced during epitaxy to increase the electron concentration of the films. Starting
from an unintentionally doped electron concentration of 1–2� 1017 cm�3, concentrations of up to 3� 1018 cm�3 are achieved. Analysis of
Shubnikov–de Haas oscillations reveals good agreement in calculated effective mass and Fermi velocity of highly doped films with uninten-
tionally doped single crystals with similar electron concentrations. The density functional theory is also performed to study the effects of
group VI substitutions and confirms no strong perturbations in the electronic structure. This work ultimately demonstrates tunability in the
carrier concentration using extrinsic dopants without substantial changes in the band structure, allowing for intentional design of Fermi-
level position for device applications.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0133491

Three-dimensional Dirac semimetals offer potential advantages for
a number of technologies. Cd3As2

1–3 is a promising material in this
regard, largely due to its compatibility with thin film synthesis and its
similarity and compatibility with zinc blende semiconductors in both
chemistry and structure.4 Already, this material has been explored for
several applications. It is currently being developed for photodetectors
because of its broadband light absorption and fast carrier dynamics.5,6

High phonon scattering and low thermal conductivity make it attractive
for thermoelectrics.7,8 Quantum confinement in thin layers opens a gap
in the bulk states,9 creating opportunities for manipulating electron spin
within surface states.10 Finally, gating has been explored to dynamically
tune the carrier concentration in very thin films.11 To fully realize the
potential of bulk-like Cd3As2 epitaxial layers in devices, however, other
ways to modify the intrinsic carrier concentration must be pursued.

Cd3As2 films4 and bulk crystals12 are intrinsically n-type. While
the electron mobility is much higher than the hole mobility, electron
concentrations are also much higher in these materials. Early studies
attributed electron doping to As vacancies,13 and more recent studies
using scanning tunneling spectroscopy attributed conductance fluctua-
tions to As vacancy clusters.14 A recent density functional theory
(DFT) and electronic structure study found that the intrinsic doping
behavior is dominated by the balance between n-type Cd interstitials

and p-type Cd vacancies.15 While some works have been done to alter
the electronic properties of Cd3As2, it has generally been confined to
percent level alloying with isoelectronic cation and anion species.
Adding Zn to the cation sublattice in low concentrations (<10%)
reduces the electron concentration, while higher concentrations
(>20%) induce a transition to a trivial semiconductor with p-type
doping.16 Analogous modifications have been performed in bulk single
crystals.17 Similarly, isovalent alloying of Sb on the anion sublattice
has been shown to drive films p-type (>12%), it is achieved though
here by increasing the band inversion.18 Alloying of transition metals
has also been explored in bulk crystals, including the use of Mn to
slow down photocarrier dynamics,19 Cr to create negative magnetore-
sistance,20 and Eu to alter the magnetic properties.21 However, in these
cases, alloying changes the electronic structure beyond simply altering
the carrier concentration. Extrinsic doping options, similar to those
used in conventional semiconductors to achieve rigid band shifts,
must be realized to fully design topological semimetals for device
applications.

Here, n-type doping of Cd3As2 is achieved analogously using
group VI elements to III–V compound semiconductors. Both Te and
Se increase the electron concentration with minimal observable
changes to the band structure. Starting at unintentionally doped
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(UID) Hall concentrations as low as 1–2� 1017 cm�3, electron con-
centrations as high as 3� 1018 cm�3 are achieved. Attempts to dope
above this value resulted in films with lower carrier concentrations
and lower mobilities than expected. Lifshitz–Kosovich fitting is per-
formed on Shubnikov–de Haas (SdH) oscillations to further under-
stand the influence of the dopants on the Cd3As2 electronic structure.
The effective mass and Fermi velocity values converge with calculated
UID values in bulk single crystals. The mean free path also does not
change with carrier concentration, suggesting that they are controlled
by scattering events other than those associated with ionized dopants.
Finally, we confirm the suitability of group VI elements as shallow
donors via the density functional theory (DFT). Our results now dem-
onstrate that it is possible to intentionally tune the electron concentra-
tion in arbitrary thick films.

Cd3As2 thin film structures were grown in a dual chamber, inter-
connected III–V, II–VI MBE system as described elsewhere.22 All
Cd3As2 films were grown in a (112) orientation on Zn(1�x)CdxTe
buffer structures on GaAs(111) substrates using elemental sources and
arsenic rich conditions. Te was added during Cd3As2 growth from a
Knudsen cell, while un-cracked Se was provided via a valved cracker
source. Magnetoresistance measurements were performed in a
Physical Properties Measurement System from Quantum Design at
temperatures from 300 down to 2K and at fields of 614T on 6-point
Hall bars fabricated using standard lithography techniques and Au
contacts. Hall measurements were performed within a �0.1 to 0.1T
field range. SdH oscillations are extracted from the qxxðHÞ longitudi-
nal resistivity data by simultaneously fitting qxxðHÞ at all temperatures
to

qxx ¼ qosc � qBG þ qBG; (1)

where qBG is a four term polynomial background and qosc is the oscil-
latory part of the magnetoresistance following the standard
Lifshitz–Kosevich form:12,23

qosc ¼
qxx � qBG

qBG

¼ �hxc

2A

� �1=2
2p2kBT=�hxc

sinh 2p2kBT=�hxc

� e�2p
2kBTD=�hxc cos

2pF
B
þ /

� �
: (2)

A is a constant with dimensions of energy, F is the frequency of oscilla-
tions, kB is the Boltzmann constant, T is the temperature, xc ¼ eB=m�

is the cyclotron frequency, andm� is the cyclotron effective mass. The
Dingle temperature is TD ¼ �h=ð2pkBsQÞ, where sQ is the quantum
lifetime. The resulting qoscðHÞ fits are used to extract the amplitude of
SdH oscillations as a function of temperature, which are then fit to Eq.
(2) at a fixed magnetic field with the maximum oscillation amplitude
Hmax. We iteratively fit until the values converge. We make the
assumption of a linear Dirac-like dispersion typically used for Cd3As2
to determine the Fermi velocity vF ¼ �hkF=m� and effective mass
m� ¼ EF=v2F , where EF is the Fermi level.12,23 Here, kF is the Fermi
crossing determined by the Onsager relation F ¼ �h

2e k
2
F between the

SdH oscillation frequency and the cross-sectional area of the Fermi
surface which we assume to be spherical and to have two identical cop-
ies. From this assumption, we extract the carrier concentration as

n3d;SDH ¼
4
3
pk3F

� �
gsgv
8p3

; (3)

where gs is the spin and gv is the valley degeneracy.
DFT calculations were performed for the 80 atom primitive cell

of Cd3As2 using the strongly constrained and appropriately normed
(SCAN) functional24 and the projector augmented wave (PAW)
method implemented in the VASP code.25 A 4� 4� 4 k-point mesh
was used for Brillouin zone integration, and spin–orbit coupling was
included. The Cd3As2 lattice was fully relaxed to its equilibrium bulk
structure. The S, Se, and Te dopant substitutions were calculated for
each of the three nonequivalent As sites. Atomic forces were con-
verged to 0.01 eV/Å, and the cell-external lattice parameters were kept
at their bulk values.

Figure 1 shows the temperature dependence of the carrier con-
centration [Fig. 1(a)], Hall mobility [Fig. 1(b)], and resistivity [Fig.
1(c)] for a number of Cd3As2 films doped with varying amounts of Se
or Te. The starting UID n-type carrier concentration of 1–2� 1017

cm�3 is lower than most reports, especially compared to single crys-
tals.12 Mobility decreases at higher doping levels, typical of increased
ionized impurity scattering by extrinsic dopants. The magnitudes of
the temperature dependence of both properties decrease with higher
doping levels, coinciding with an observed transition to metallic tem-
perature dependence in resistivity beginning near 1� 1018 cm�3.
Doping levels around 3� 1018 cm�3 are ultimately achieved for both
dopants. Attempts to dope films above this concentration with
increased Se or Te flux were unsuccessful, resulting in films with lower
carrier concentrations and even lower mobilities, typical of the forma-
tion of self-compensating point defects.

Figure 2 shows the relationship between the carrier concentration
and Hall mobility at both 300 and 2K. Data from UID Cd3As2 films
are included as well. There is a pronounced relationship between the
carrier concentration and mobility with the best mobility films also
having the lowest carrier concentrations. Undoped films showed
much larger differences between their 2 and 300K mobility and con-
centration than the doped films [see Fig. 1(a)], suggesting a different
scattering and electron donor mechanism than in the doped films.
Data from bulk single crystals are also included. Bulk synthesis results
in not only much higher electron concentrations but also much higher
mobilities. Extended defects,22 including dislocations,26 primarily
reduce mobilities in thin films, and despite strategies to reduce them,
they are still the limiting factor in most reported values to date. While
extended defect densities are lower in single crystals due to the lack of
substrate, bulk synthesis is limited in its inability to control the chemi-
cal potential by finely tuning overpressures, likely resulting in a much
larger population of electrically active point defects.

Additional information about the material properties is extracted
from the high field magnetoresistance data shown in Fig. 3. qxx curves
of a highly Te-doped sample (2.4� 1018 cm�3) are shown in Fig. 3(a).
They are similar to undoped samples with oscillations clearly visible at
higher magnetic fields. The corresponding qxy curves [Fig. 3(b)] are
linear at all temperatures, and this linearity is observed for all samples.
Kohler plots [Fig. 3(c)] are well behaved with higher doping leading to
much lower thermal dependence on the carrier concentration, mini-
mizing the difference between curves measured across the temperature
range.27 Highly doped films exhibit a polynomial trend in the magne-
toresistance at lower fields with films transitioning or beginning to
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transition to a linear magnetoresistance trend at higher fields similar
to UID Cd3As2 films.28

To further understand the effects of the dopants on the electronic
structure of the films, SdH oscillations were extracted from the qxx

curves and fit using the Lifshiftz–Kosevich equation. As described ear-
lier, we assume that the Fermi surface is spherical and a perfectly linear
Dirac dispersion as is typical for Cd3As2.

12 Deviations from the simpli-
fied electronic structure, which are expected based on our DFT

calculations, will cause the quantitative values to be slightly incorrect
but do not impact the utility of this analysis in studying the sample to
sample trends. An advantage of this approach is that it provides a way
to compare these results with previously published bulk crystals.
Figure 4(a) shows a typical extracted oscillation component as well as
the fit. Figures 4(b)–4(d) summarize some of the extracted parameters

FIG. 1. (a) Hall carrier concentration, (b) Hall mobility, and (c) resistivity vs temper-
ature of Cd3As2 films with varying degrees of Se and Te doping. Legend refers to
dopant and measured carrier concentration at 300 K.

FIG. 2. l vs n3d for Se and Te doped films along with UID films grown under differ-
ent As/Cd ratios and bulk single crystals (black pentagon,3 vertical diamonds,12 and
horizontal diamonds23).

FIG. 3. Example (a) qxx, (b) qxy, and (c) Kohler plot for measurements taken
between 2 and 300 K.
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as a function of the measured Hall carrier concentration. The mean
free path [Fig. 4(b)], which is related to the quantum mobility rather
than the Hall mobility, varies between 10 and 30nm and shows virtu-
ally no trend across doping values, suggesting that this parameter is
limited by scattering mechanisms completely separate from the effects
of the added dopants. The extracted SdH oscillation frequency [Fig.
4(c)], which scales with the Fermi level, shows an expected monotonic,
largely linear relationship with doping. The trend in the effective mass
[Fig. 4(d)] is also consistent with values reported in the literature for
Cd3As2 with varying electron concentrations. As expected, the Fermi
velocity (not shown) is largely independent of the electron concentra-
tion and is consistent with bulk values at higher doping concentrations
(9.9� 105 m/s).17 The similarities in these fundamental band structure
properties between the intentionally doped films presented here and
UID single crystals with similar electron concentrations suggest group
VI elements shift the Fermi level position without substantially chang-
ing the fundamental band structure of Cd3As2.

The absence of strong perturbations of the electronic structure
due to group VI doping is corroborated by the DFT-SCAN calcula-
tions. Figure 5 compares the total and site-projected DOS for doped
and undoped Cd3As2. Due to ordering of the occupied cation sites on
the underlying anti-fluorite lattice, three distinct As Wyckoff sites
exist. Only the lowest energy group VI substitution is plotted in Fig. 5

for simplicity as only minor differences between these sites are
observed. The dopant substitution of one out of 32As atoms per cell
corresponds to a concentration of about three anion percent. Despite
the high dopant concentration in the calculations, for all dopants, the
total and local DOS closely resembles that of the undoped material,
and the Fermi level increases more than 0.6 eV above the Dirac point
energy, EDP as expected for electron-donating dopants at this concen-
tration. There are no indications of localized defect levels that would
otherwise cause narrow peaked features in the DOS and pin EF.
However, there is a subtle but significant downward shift in the DOS
above EDP, also seen in the position of EF. Consistent with expecta-
tions of chemical trends,29 this effect is most pronounced for the sulfur
dopant.

In conclusion, group VI elements, namely, Te and Se, are shown
to be effective n-type dopants in Cd3As2, leading to increased electron
concentrations. Films are doped to 3� 1018 cm�3 before self-
compensation via point defect generation is observed, and at these
doping levels, no evidence is observed to suggest that the band struc-
ture is changing noticeably from intrinsic Cd3As2. The ability to inten-
tionally tune the electron concentration is critical to device design
efforts. This work also suggests that analogous attempts to lower the
electron concentration via extrinsic doping with acceptors may be pos-
sible without percent level isovalent substitutions. Efforts to move the
Fermi level closer to the Dirac point or even into the valence band will
open up avenues for creating junctions and studying the physics of
topological semimetals near the Dirac point.
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FIG. 4. (a) Typical SdH fitting for a standard Te doped film (2.4� 10 18 cm�3). Fits
for each temperature are shown using dotted black lines. (b) Mean free path, (c)
SdH frequency, and (d) effective mass, m�, as a function of the measured Hall con-
centration for UID films and Se/Te doped films. Values are extracted from fitted
SdH oscillations using the Lifshiftz-Kosevich formula.

FIG. 5. Density of states calculated in DFT-SCAN in 80 atom cells of pure and
doped Cd3As2. The As Wyckoff site with the lowest energy for substitution with
group VI elements is indicated, and others are not plotted. The respective positions
of the Fermi level are shown by the solid vertical lines. The shaded areas represent
the site-projected local DOS for As, S, Se, and Te using an integration radius of
1 Å.
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