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The optimization and application of new functional materials depends critically on our abil-

ity to manipulate the charge carrier density. Despite predictions of good n-type thermoelectric
performance in the quaternary telluride diamond-like semiconductors (e.g. Cu,HgGeTey), our
prior experimental survey indicates that the materials exhibit degenerate p-type carrier densities
(>102°h*em~3) and resist extrinsic n-type doping. In this work, we apply the technique of phase
boundary mapping to the Cu,HgGeTe, system. We begin by creating the quaternary phase dia-
gram through a mixture of literature meta-analysis and experimental synthesis, discovering a new
material (Hg,GeTey) in the process. We subsequently find that Hg, GeTe, and Cu,HgGeTey share
a full solid solution. An unusual affinity for Cupyg and Hgg, formation within Cu,HgGeTe, leads
to a relatively complex phase diagram, rich with off-stoichiometry. Through subsequent prob-
ing of the fourteen pertinent composition-invariant points formed by the single-phase region, we
achieve carrier density manipulation ranging from degenerate (>102! h*c¢m—3) to non-degenerate
(<10'7 h*em~3) via manipulation of native defect formation. Furthermore, this work extends the
concept of phase boundary mapping into the realm of solid solutions and clearly demonstrates
the efficacy of the technique as a powerful experimental tool within complex systems.
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1 Introduction

The optimization and application of new materials depends criti-
cally on our ability to manipulate the charge carrier density. Ma-
terial development is often hindered, sometimes fatally, by our
ability to dope. Consider, for example, the p-type doping of GaN.
Natively n-type, p-type GaN was considered synthetically impos-
sible for many years. The discovery of a unique combination of
techniques, however, eventually enabled the widespread manu-
facturing of blue LEDs and secured a Nobel Prize. 12 In fact, the
facile bipolar dopability of our most mature unary and binary
diamond-like semiconductors (e.g. Si, GaAs) appears to be the
exception and not the rule. Doping is a pervasive challenge that
cuts across many fields. For example, the performance of thermo-
electrics, photovoltaics, and superconductivity all hinge dramat-
ically on doping. Advances in computational efforts and the ap-
plication of concepts like machine-learning promise to accelerate
our ability to dope new materials. Complementary experimental
techniques will be required to validate and augment computa-
tional efforts.

Our prior high-throughput computational survey of the Inor-
ganic Crystal Structure Database (ICSD) revealed a variety of po-
tentially promising thermoelectric materials.® Among these ma-
terials were the series of quaternary diamond-like semiconduc-
tors (DLS) Cu,llgIVTey (IIg: Zn, Cd, Hg)(IV: Si, Ge, Sn). Our
prior work indicated that the quaternary DLS present as degen-
erately doped (>10*h*em™3) p-type semiconductors with un-
usually low thermal conductivity (<0.25W/mK at 300°C) in Hg-
containing compositions.* Together, our computational and ex-
perimental results confirmed that the Hg-containing DLS may be
a potentially interesting class of p-type thermoelectric materials. *
Interestingly enough, further analysis of our computational re-
sults suggests that the n-type behavior of these materials should
far surpass the p-type behavior, owing to a large increase in the
electronic mobility. A comparison of p-type and n-type results
is included in the ESI (Table S1) for convenience, although all
computational results are available on our open-source website
TEDesignLab.org. > Unfortunately, reducing the carrier concentra-
tion to optimize the p-type transport was sufficiently difficult that
n-type doping was considered altogether unlikely.

As one of the most technologically relevant classes of materi-
als, the DLS have been the impetus for numerous computational
studies aimed at broadly understanding, controlling, or calculat-
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ing defects.®11 The photovoltaic community, in particular, has
invested heavily in understanding doping and defect formation
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within ternary and quaternary DLS like Cu(In,Ga)Se; 12720 and
Cu,ZnSn(S,Se)», 21732 respectively. The problem has been suffi-
ciently complex that significant challenges in optoelectronic per-
formance persist to this day. Within thermoelectrics, the chemical
diversity and complex defect formation in the DLS make them
attractive candidate materials. The nuanced interplay between
the effect of defects on the electronic mobility, thermal conduc-
tivity, and carrier density is an outstanding problem in the field.
Many experimental studies on bulk ternary (e.g. CulnTe,,33-36
AgGaTe,,37 CuFeS,,3839) and quaternary (e.g. Cu,CoSnSy,4°
Cu,CdSnSe,, 1= Cu,ZnSnSey *40) systems have utilized the
rich defect chemistry (off-stoichiometry, vacancy doping, intersti-
tials, extrinsic doping) in the DLS to optimize the thermoelectric
performance.

This work tackles the challenge of doping in the quaternary
diamond-like semiconductor Cu,HgGeTe, through the process of
phase boundary mapping. At its core, phase boundary mapping
(PBM) leverages thermodynamics to probe the relationship be-
tween composition, phase competition, and the underlying de-
fect structures. First coined to describe the process that enabled
n-type doping of Mg3Sb,,4” phase boundary mapping is start-
ing to be applied in more complex systems like the Zintl ternary
CagZn,Sby, 48 and the mixed-anion skutterudite CogSnyTey. 4 A
multitude of other studies (e.g. Zn4Sbs,>® In-filled CoSbs,>!
Bi,Tes,>2 Mg,Si®3) have also observed effects consistent with
phase boundary mapping, although they were not described as
such. To date, there has not been a phase boundary mapping
study on a quaternary system. While carrier density manipulation
is a key focus of this study, we also aim to advance the method of
phase boundary mapping within quaternary systems and complex
alloys.

Phase boundary mapping can be distinguished from more con-
ventional studies by the intentional preparation of multi-phase
samples. By leveraging the presence of impurities, we are able
to fix the native chemical potentials within the sample. Not only
does phase boundary mapping create a repeatable, well-defined
way to probe the compositional extrema of a single-phase region,
but it naturally synergizes with the language of defect calcula-
tions, where available. For simplicity, we begin by demonstrating
the principle of phase boundary mapping on a toy ternary dia-
gram (Figure la).

Consider synthesis of a sample (Figure 1la, black dot) within
the three-phase region bound by ABC, B, and C. For simplicity,
consider only trace impurities of B and C in an ABC matrix. The
composition of ABC in this sample will be naturally fixed to the
apex of the single-phase region defined by the phase equilibria.
This point (Figure la, red dot) is defined as the composition-
invariant point (shortened to c-invariant point), This approach
is immune to small deviations in stoichiometry — as long as the
overall composition falls within the three-phase region, ABC will
always be fixed to the same composition. Synthesis within the
single-phase or two-phase regions do not enjoy this effect, and
will be dependent on precise stoichiometry control. Confirmation
of the c-invariant point is straightforward, as the impurities can
be easily detected by diffraction and microscopy. The process is
repeated for every Alkemade triangle (4 total in Figure 1a). This
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Fig. 1 Phase boundary mapping is a process that leverages the
intentional synthesis in multi-phase regimes to control defect energetics.
To highlight the fundamental principles of phase boundary mapping, a
schematic (a) ternary and (b) quaternary diagram are used. For dilute
impurities, synthesis in the multi-phase regime (black dot) produces
samples with the matrix phase (ABC or ABCD) tied to the c-invariant
point (red points). Using the quaternary diagram as an example,
repeating the synthesis for each unique three-phase or four-phase
region creates a sample set that maps the vertices of the single-phase
polyhedron.

culminates in a series of samples that probe each vertex of the
single-phase polygon.

Transitioning to the quaternary phase diagram (Figure 1b),
our goal is the same - to evaluate all c-invariant points formed
by the single-phase ABCD polyhedron. The concepts introduced
for the ternary diagram extend naturally to the quaternary. Our
schematic phase diagram (Figure 1b) shows a magnified view of
one c-invariant point in the ABCD-B-C-D Alkemade tetrahedron.
Quaternary c-invariant points are formed where the single-phase
ABCD touches the four-phase region (Figure 1b, red point). Syn-
thesis within the four-phase region will collapse the composition
of the ABCD matrix phase to the c-invariant point. The process
is repeated for each Alkemade tetrahedron, which culminates in
a series of samples that probes the vertices of the single-phase
ABCD polyhedron.

To summarize, phase boundary mapping can be summarized
into three actionable items:

I Determine phase diagram surrounding the phase of interest
II Characterize any unknown phases that emerge
III Synthesis and characterization of samples at all c-invariant
points in the phase diagram

As outlined above, this work begins with the investigation of
the Cu-Hg-Ge-Te phase diagram, identifying all Alkemade tetra-
hedra formed by Cu,HgGeTe, and neighboring phases. In the
process, we identify a new phase, Hg,GeTe,, which crystallizes
in the defect-chalcopyrite structure. We discover that Hg,GeTey
shares a full solid solution with Cu,HgGeTe,4, demonstrating high
off-stoichiometry between Cu and Hg within this system. Den-
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sity functional theory (DFT) electronic structure calculations sup-
port the formation of an alloy and suggest that Hg,GeTey is also
a good candidate thermoelectric. Enabled by the high degree
of off-stoichiometry between Cu and Hg, we find that we can
manipulate the carrier density within the Hg, GeTe,-Cu,HgGeTey
system between the intrinsic (<107 htem™3) and degenerate
(>10%' h*tem—3) regimes via rational changes in the c-invariant
point composition. This work represents a critical step towards
the realization of n-type transport in the Cu,HgGeTe, system and
further demonstrates the power of phase boundary mapping in
complex systems.

2 Methods

2.1 Experimental

All powders and polycrystalline ingots were synthesized through
solid state methods. All milling, sieving, and handling of powders
was performed in a nitrogen dry box with oxygen and water lev-
els below 1 ppm. Appropriate ratios of elemental Cu (shot, Sigma
99.9%), Hg (liquid, Alfa 99.999%), Ge (ingot, Alfa 99.999%),
and Te (ingot, Alfa 99.999%) were milled in tungsten carbide
ball-mill vials with two 9/16” tungsten carbide balls for 90 min.
Resulting powders were sieved through a 106 um mesh, sealed
within evacuated fused silica ampules and annealed at 350°C for
>24h. Resulting material is subsequently ground in an agate
mortar, passed again through a 106 um mesh and consolidated
through uniaxial hot-pressing at 350°C and 40 MPa. Each sample
is soaked at 350°C for an additional 18 h during consolidation.
Samples were cooled at a rate <50°C/h to avoid quenching ef-
fects.

For phase diagram determination, each quaternary tetrahedron
was probed by using the appropriate compositional basis vectors
at 1:1:1:1 ratios. For example, to probe an Alkemade tetrahe-
dron where the endpoints are suspected to be Ge + GeTe +
Cu,Te + CupHgGeTey, the 1:1:1:1 composition was found by
equal combination of the normalized basis vectors (e.g. xGe +
x(1/2)GeTe + x(1/3)Cu,Te + x(1/8)Cu,HgGeTey). Assuming
x=0.25 for each constituent, the mixture used to probe Ge-GeTe-
CuzTe-CqugGeTe4 would be CUO.23Hg0‘03GeO‘41Te()_33.

Once the phase diagram was defined, more precise samples
with trace impurities (e.g. 3vol.% each of Ge, GeTe, and
Cu,Te) were synthesized. This step is critical to reduce the in-
fluence of effective media corrections. It is particularly impor-
tant to note phases with severe off-stoichiometry, as they will
offset the basis vectors used during synthesis. For example,
consider the Cu,GeTe;-Cu; 4Te-Cu,Te-CuyHgGeTe, c-invariant
point. The integration of Hg into Cu,GeTes and excess Cu into
Cu,HgGeTey shifts the successful sample stoichiometry to a mix-
ture of 23 mol% Cu,GeTes, 10 mol% Cu; 4Te, 13 mol%CuTe, and
54 mol% Cu,HgGeTe,.

Phase determination and lattice parameter analysis was per-
formed for every sample using a combination of X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy disper-
sive spectroscopy (EDS). Diffraction studies were performed on
a Bruker D2 Phaser diffractometer in 6-20 mode from 10 to 80°
of 26. Resulting patterns were analyzed via Rietveld and Paw-
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ley refinement using the Topas Academic V6 software package. °*
Detailed microscopy was performed on a JEOL JSM-7000F Field
Emission SEM. Energy dispersive spectroscopy studies were per-
formed on a FEI Quanta 600i Environmental SEM.

For the structure determination of Hg,GeTe4, a pure sample
was sieved through a 50 um mesh and diluted with amorphous
SiO, to reduce X-ray absorption. The sample was sealed under ni-
trogen into a kapton capillary tube and measured at the Advanced
Photon Source 11-BM beamline with 0.412725A radiation. Dis-
crete detectors covering an angular range from -6 to 16 degrees
of 20 were scanned over a 34 degree range, with data points
collected every 0.001° with a scan speed of 0.01 °/s. Charge flip-
ping structure solution and subsequent Rietveld analysis was per-
formed using Topas Academic V6 using the method pioneered by
Oszlanyi and Suto, implemented by Coelho. >4>7

Hall effect and resistivity measurements were performed using
the Van der Pauw geometry on a home-built apparatus. Mea-
surements were conducted up to 250°C under dynamic vacuum
(<1073 Torr) with pressure-assisted, nichrome wire contacts. To
allow contact annealing, samples undergo one thermal cycle be-
fore transport data is taken. Seebeck coefficient measurements
were conducted using the quasi-steady slope method to 250°C
under high vacuum (< 10~%Torr). Thermal diffusivity was mea-
sured using a Netzsch Laser Flash Apparatus (LFA) 457 and the
resulting diffusivity data fit using a Cowen plus Pulse Correction
(CPC) numerical model. The heat capacity is estimated using the
Dulong-Petit approximation.

2.2 Computation

Density functional theory (DFT) is used to calculate the electronic
band structure and the electron localization function (ELF) of
Hg,GeTe, and Cu,GeHgTe,. The employed first-principles ap-
proach is based on the Kohn-Sham DFT (KS-DFT),>8 as imple-
mented in the Vienna ab initio simulation package (VASP). 59:60
The core and valence electrons are treated with the projector-
augmented wave (PAW) method.®! The Kohn-Sham orbitals are
expanded in a plane-wave basis with a cutoff energy of 550eV. A
Gamma-centered 4x4 x4 grid is used to sample the Brillouin zone
(BZ), following the scheme proposed by Monkhorst-Pack.%2 A
finer 6x6x6 grid is used to ensure that convergence is achieved.
Visualization of the ELFs were achieved with an electron isosur-
face cutoff of 0.886.

Structural optimization is performed with a tolerance of
0.001 eV/A. The HSE06 hybrid exchange-correlation functional is
used to estimate the electronic structure. %354 This gives a better
description of the band gap, which is well known to be underes-
timated by standard DFT exchange-correlation functionals.

3 Results and Discussion

As outlined in the introduction, this work is organized into three
sections, each providing key insight into the process of phase
boundary mapping in a complex system like Cu,HgGeTey:

I Determination of the Cu-Hg-Ge-Te phase diagram from a
combination of experimental efforts and literature meta-
analysis.

Journal Name, [year], [vol.], 1-11 |3
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Hg

Te

Fig. 2 Shown are four isometric projections (a-d) of the experimentally determined phase diagram under our process conditions (300°C). For clarity,
Cu,HgGeTe, is not shown, but can be presumed to exist in equilibrium with every colored tetrahedra. To obtain a more transparent representation of
the data, we can transform the 3-dimensional phase diagram by “unfolding” the colored volume (e). As Cu,HgGeTey is the only quaternary compound
in the volume, we obtain a 2-dimensional representation of the phase diagram where each colored region is also in equilibrium with Cu,HgGeTe,.

II Characterization of the newly discovered phase Hg,GeTey
and its relation to Cu,HgGeTey.

III Synthesis and measurement of transport properties at c-
invariant points and interpretation within phase boundary
mapping framework.

Our primary goal is to enable precise control over the carrier den-
sity in CupHgGeTe4. However, we also aim to prove the efficacy
of phase boundary mapping as an elegant, purely experimental
technique for probing the effect of chemistry on transport in com-
plex systems.

3.1 Phase Diagram Determination

As is the case for many quaternary compounds, full knowledge
of the Cu-Hg-Ge-Te phase diagram does not exist. To provide a
reasonable scaffold for our work, we begin with a meta-analysis
of the binary and pseudo-binary literature. We will consider only
phases which are stable in the temperature range from room tem-
perature to 350°C. As noted in our prior work, the maximum op-
erating temperature for Cu,HgGeTey is likely below 300°C, so this
is a reasonable restraint.

Fortunately, all six binary edges of the Cu-Hg-Ge-Te phase dia-
gram are available in the literature. The Hg-Ge®® and Cu-Hg®®
diagrams are devoid of any stable compounds within our tem-
perature range. The Ge-Te, %768 Hg-Te,%%:70 and Cu-Ge”%72 dia-
grams reveal the presence of the binary compounds GeTe, HgTe,
Cu3Ge, and Cuy7Ges. The Cu-Te diagram is worth noting sepa-
rately — all sources point to a complex diagram rich with high-
temperature phase transitions and off-stoichiometry.73~7> Exist-
ing diagrams do not fully agree on the nature of the phase trans-
formations, the associated temperatures, compositions, or struc-
tures. Near ambient conditions, however, most sources agree that
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there are three relatively well-defined binary compounds: CuTe,
Cu; 4Te, and CupTe.”3-75

Pseudo-binary and ternary data exists sporadically within the
Cu-Hg-Ge-Te system. The most detailed work was performed
within the Cu-Ge-Te ternary face and reveals the presence of
CuGeTes.”® A later study for the Cu,GeTes-HgTe pseudo-binary
reveals a surprising solubility of Hg in Cu,GeTe; and also demon-
strates the first evidence of off-stoichiometry in Cu,HgGeTey.””
No information is available for the Cu-Hg-Ge, Cu-Hg-Te, or Hg-
Ge-Te ternary spaces.

The meta-analysis provided several key pieces of informa-
tion: 1) all binary compounds are known, 2) off-stoichiometry
should be expected for multiple phases, and 3) when investigat-
ing faces/volumes where no literature exists, care should be taken
to watch for the emergence of new compounds. Following the
procedure outlined in the Methods section, we surveyed the Cu-
Hg-Ge-Te phase space — the result is shown in Figure 2

As the quaternary diagram at a given temperature is a three-
dimensional object, we have shown four isometric projections of
the diagram in Figures 2a—d. For graphical clarity, Cu,HgGeTe,4
is not shown; however, as the only quaternary compound that we
observe, it coexists with any colored region. Figure 2d shows that
the Ge-HgTe-Cu, Te-Cu,HgGeTe4 Alkemade tetrahedron prevents
the quaternary composition from ever being in equilibrium with
Cu, Hg, CusGe, Cu;7Ges, or any unknown phases in the Cu-Hg-
Ge ternary face. Regions of the phase diagram not in equilibrium
with Cu,HgGeTe, are irrelevant from a phase boundary mapping
perspective and are not investigated further. This is actually quite
fortunate, as it is infeasible to synthesize samples in equilibrium
with elemental Hg. In practice, any phase diagram containing an
element in a different physical state of matter (e.g. O,, Np, Hg) in

This journal is © The Royal Society of Chemistry [year]
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equilibrium with the phase of interest may require modifications
to the phase boundary mapping procedure.

The compound Hg,GeTe, is not reported in any known phase
diagram or crystallographic database. To our knowledge, this
work is the first report of Hg,GeTe,. Unlike all other relevant
phases in Figure 2, Hg,GeTey and Cup,HgGeTe, do not share a
four-phase region. In fact, any attempts to synthesize samples
within the larger region bound by Te-HgTe-GeTe-Cu,HgGeTe,
(in which Hg,GeTe, is contained), yields three-phase samples.
Our discovery of the full-solid solution between Hg,GeTes and
CuyHgGeTe, ultimately explains the anomaly. The alloy has a
profound effect on the single-phase region of Cu,HgGeTe, and is
discussed in detail later.

The isometric projections of the phase diagram shown in Fig-
ure 2a-d do not facilitate a discussion of changes in transport
or crystallography as a function of c-invariant point composition.
As such, we present a two-dimensional variation of the quater-
nary phase diagram, shown in Figure 2e. To obtain Figure 2e
from Figure 2a, we first isolate the relevant Alkemade tetrahedra
(those which have Cu,HgGeTe, as a vertex). As Cu,HgGeTe, is
the only quaternary composition within the diagram, we can treat
the colored volume as a projection of the Alkemade tetrahedra
onto the faces of an irregular tetrahedra. Finally, we can “unfold”
the tetrahedron to obtain a two-dimensional representation of the
diagram. In this representation, we will use each colored trian-
gle in Figure 2e to represent a singular c-invariant point (a vertex
on the Cu;HgGeTe, single-phase polyhedron). For example, the
red triangle bound by CuTe-HgTe-Te on Figure 2e represents the
c-invariant point of Cu,HgGeTe, that is formed by the intersec-
tion of the CuyHgGeTe, single phase region and the four-phase
alkemade tetrahedron Cu,HgGeTe,-CuTe-HgTe-Te (recall the dis-
cussion surrounding Figure 1b).

We previously alluded to a full solid solution between
Hg,GeTe4 and Cu,HgGeTey. The presence of this alloy precludes
the formation of a true four-phase region in any sample contain-
ing the Hg,GeTe,-CuyHgGeTe, solid solution. This region plays
a critical role in our ability to manipulate the carrier density
within the CuyHgGeTe,4 system. As a result, we find it instruc-
tive to pause and focus on Hg,GeTe4 and the solid solution with
CupHgGeTey.

3.2 The Hg,GeTe,-Cu,HgGeTe, solid solution

While mapping the Hg-rich side of the Cu-Hg-Ge-Te phase dia-
gram, we noted that Cu,HgGeTe4 exhibited an unusual degree
of off-stoichiometry, allowing Hg to readily substitute for Cu. We
hypothesized that Cu,HgGeTe, was alloying with an unknown
phase on the Hg-Ge-Te face of the diagram. Synthesis on the
Hg-Ge-Te ternary face revealed the compound Hg,GeTey, for
which no prior information was available. A powder sample of
Hg,GeTe, was measured at the Advanced Photon Source at Ar-
gonne National Laboratory (BM-11) using high-resolution syn-
chrotron X-ray diffraction. From the resulting diffraction pattern
(ESI Figure S1), we performed ab-inito structure solution via the
method of charge flipping.°#>7 The structure is shown in Figure
3 alongside Cu,HgGeTe,.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 The newly discovered ternary compound Hg,GeTey crystallizes
in the defect chalcopyrite structure. Our analysis indicates that
Hg,GeTe, and Cu,HgGeTe4 share a full solid solution. Significant
off-stoichometry is noted on the Cu-rich side of Cu,HgGeTe,. A Cu-rich
diamond-like semiconductor (Cu,GeTes) exists as well, although it does
not share a full solution with Cu,HgGeTe,4. The facile swapping of Hg
and Cu is surprising, although transitions between each structure are
well modeled by considering Hgc, and Cup, substitution — simple
reaction schema are shown to highlight this point.

The structure of Hg,GeTe, is consistent with the defect
chalcopyrite prototype (e.g. CdGa,Ses,”87° HgGa,Sey,”? and
ZnGa,Se48%) Our analysis suggests that the vacancies within
Hg,GeTe, are ordered. All Ge and Hg cations are tetrahedrally
coordinated by Te. However, we note that the constituent tetrahe-
dra are relatively distorted. Visual comparison with Cu, HgGeTey
shows the striking similarity between the two structures and sup-
ports the formation of an alloy.

To highlight the structure and connection to the quaternary
composition, Hg,GeTe, can be written explicitly as a vacancy
structure [JHg,GeTe, where [J in Figure 3 indicates the vacant
cation sites. Assuming that Hg exists as Hg?>" in Hg,GeTey and
that Cu integrates as Cu'*, charge balance can be maintained by
exchanging Cu and Hg at a 2:1 ratio. This is envisioned as the
creation of one Cuyg defect and the simultaneous annihilation of
a vacancy. Cu substitution can be continued in this manner until
the stoichiometry reaches the nominal composition of the stan-
nite Cu,HgGeTe, structure. In principle, either Hg site could be
involved in Cuy, defect formation. However, examining the stan-
nite Cu,HgGeTe, structure, we note that the Cu atoms nominally
exist on planes at z = 1/4 and z = 3/4. Noting that the vacant
cation sites in Hg,GeTe, also exist within planes at z = 1/4 and
z = 3/4, we hypothesize that the substitution of Cu may occur
preferentially on these layers. A more detailed crystallographic
study is underway to identify the exact nature of the Cu substitu-
tion.

As noted in prior literature studies, Cu,HgGeTe, also appears to
exhibit off-stoichiometry in the Cu-rich direction.’” However, as
there are no more vacant sites in CuyHgGeTey, additional substi-
tution of Cu on Hg must occur at a 1:1 ratio. In the absence of ad-
ditional compensating defects (e.g. anion vacancies) this reaction
should create an excess of free holes. The substitution of Cu for
Hg in Cu,HgGeTe, pushes the composition towards the Cu-Ge-Te
face and the diamond-like compound Cu,GeTe3, shown in Figure
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Fig. 4 Continuous changes in the lattice parameters and the cell
volume as a function of Cu/Cu+Hg ratio indicate that Hg,GeTe4 and
Cu,HgGeTe, share a full solid solution (region 1). A significant amount of
excess Cu can be integrated into Cu,HgGeTe, as Cupg (region Il)
before termination of solid solution occurs around Cu; sHgo sGeTes
(region Ill). We note that Cu,GeTes will incorporate a significant amount
of Hg (region V), consistent with literature results. Changes in slope
within region | and |l can be rationalized by considering the competing
effects of Cupg substitution versus vacancy annihilation. Solid black
lines serve as guides to the eye within the single-phase alloy.

3. Our phase analysis, however, indicates that Cu,HgGeTe, and
Cu,GeTes do not share a full solid solution.

To highlight the properties and structure of the Hg,GeTey-
CuyHgGeTe, alloy we synthesized several intermediate compo-
sitions. For completion, we also examined the Cu-rich composi-
tions between Cu,HgGeTe, and Cu,GeTes. Figure 4 summarizes
the lattice parameters, cell volume, and average atomic volume
for each sample as a function of Cu/Cu+Hg ratio. We can broadly
divide Figure 4 into four main regimes:

I Alloying between Hg,GeTe, and Cu,HgGeTey
II Excess integration of Cu into CuyHgGeTey
III Solubility gap between Cu,HgGeTe, and Cu,GeTes

IV Integration of Hg into Cu,GeTe;

Focusing on region I, we first note linear changes in the lattice
parameters, cell volume, and average atomic volume, consistent
with alloying. These results indicate that there exists a full solid
solution between Hg,GeTe,4 and Cup,HgGeTe,. This is a relatively
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profound observation — this has not been shown in any other qua-
ternary diamond-like system. Note that the cell volume weakly
increases with the incorporation of Cu into Hg,GeTe, until the
nominal stoichiometry of Cu,HgGeTe, is reached. There are two
competing effects at play here: 1) a volumetric expansion due to
annihilation of vacant sites and 2) a volumetric compression due
to the Cuyyg substitution.

To first order, we can motivate the changes in the a and ¢
lattice parameters through simple geometric arguments. Con-
sider modeling Hg,GeTe, as constructed from cation-centered
tetrahedra arranged. For this argument, consider the vacancy
centers as “cation-centers” as well. The base of the tetra-
hedral cell has a hypotenuse whose length is the sum of a
vacancy-centered tetrahedron and a Hg-centered tetrahedron.
When transitioning to Cu,HgGeTe4, we replace both with Cu-
centered tetrahedra. When we compare the relative dimen-
sions of the vacancy-centered tetrahedron and the Hg-centered
tetrahedra (from Hg,GeTes) with Cu-centered tetrahedra (from
Cu,HgGeTey), we find that the expansion of the vacancy site out-
weighs the compression of the Hg site. Thus, consistent with the
experimental data, the incorporation of Cu into Hg,GeTe, actu-
ally expands a.

For the contraction in c, there is a simpler, conceptual approach.
As shown in Figure 3, let us consider Hg,GeTe, as built of slabs
of atoms normal to the c-direction (e.g. Hg-Ge at z =0, Te at
z=1/8, Hg-O at z = 1/4...). If we consider Te as residing in a
rigid layer, the distance between the Te-Te slabs will be set by the
largest interlayer cation. To first order, the separation of all Te-Te
layers is set entirely by the Hg atoms. Substitution of Cu onto
a vacancy site in this regime will not cause an expansion in c,
although substitution of Cuyg will decrease the average Te-Te slab
separation. Thus, we could reasonably expect a net contraction
in ¢ with Cu integration.

We now turn to region II, where we observe a sharp decrease
in a and the cell volume. There are no more vacancy sites, so
all addition of Cu occurs as Cuyg defects. Our previous model
balanced the expansive and compressive effects of Cu integration
using tetrahedral building blocks. Without the expansive effect of
vacancy-filling, we now observe the strong contraction from Cupg
— thus the sharp decrease in a. As for ¢, we argued that the Hg
atoms determine the Te-Te slab distance. The argument did not
require any consideration of the vacancy sites. Thus, substitu-
tion of Cu for Hg in region II is not fundamentally different from
region I as far as c is concerned.

Within regions III and IV, we observe the termination
of solid-solubility at a Cu-rich composition of approximately
Cu, sHgy 5GeTey. On the other side of the solubility gap, we ob-
serve that Cu,GeTes integrates a significant amount of Hg as Hgcy,
defects with a termination of solid-solubility at approximately
Cu; gHgy,GeTe;. The extent of Hg integration into Cu,GeTejs is
consistent with prior literature.””

Unlike the lattice parameters and cell volume, the average
atomic volume is remarkably linear throughout the entire region.
We performed some basic modeling of the effect of Cu substitu-
tion (compression and expansion) along with the effect of vary-
ing number of atoms (e.g. 14 in Hg,GeTey, 16 in Cu,HgGeTey).

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 The electronic structurs of Hg,GeTe, and Cu,HgGeTe, are
remarkably similar, consistent with the formation of an alloy. We note,
however, that Hg, GeTe4 possesses a significantly larger band gap. The
electron localization functions (right) help visualize the most localized
electrons in each system. As expected from charge counting
arguments, Hg,GeTe, exhibits lone-pair electrons oriented towards the
vacant cation sites.

Our results indicate that linearity is not a general result, but is a
mathematical coincidence. The linearity is a peculiar alignment
of multiple effects: 1) the similarity between the magnitude of
the compressive Cuyg and expansive vacancy annihilation, and 2)
the renormalization per number of atoms per unit cell. A subtle
non-linearity in region I, however, can be traced to the changing
number of atoms per formula unit and the corresponding normal-
ization. The persistence of the trend through the solubility gap is
intriguing. However, as all three materials are diamond-like tel-
lurides, the changes in average atomic volume are analogous to
the average cation radius, which should smoothly track changes
in composition.

Our high-throughput computational survey suggested that
Cu,HgGeTey showed promise as an n-type material due to desir-
able electronic properties within the conduction band.> We were
interested to see how the fundamental electronic structures of
Hg,GeTes compares with Cu,HgGeTes. As there is an alloy be-
tween the two structures, we need to be cognizant of changes in
the electronic structure that could significantly disrupt the elec-
tronic transport. Figure 5 presents the calculated band diagrams
for Hg,GeTe, and Cu,HgGeTe, alongside the electronic localiza-
tion functions (ELFs) for each structure.

The general features of the electronic structure for Cu,HgGeTey
are relatively unperturbed as we transition to Hg,GeTe4. How-
ever, we note a significant increase in the DFT band gap of
Hg,GeTey (0.64€eV) when compared to Cu,HgGeTe, (0.18€V).
This effect is likely similar to the anomalous increase in the band

This journal is © The Royal Society of Chemistry [year]
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gap observed between some binary II-VI (e.g. ZnSe, 1.32 €V) ma-
terials versus the analogous Ig-III-VI, materials (e.g. CuGaSe;,
1.81eV). 148182 In Cu,HgGeTe,, the top of the valence bands
are formed from Te 5p and Cu 3d anti-bonding states. Moving
deeper into the bands, we encounter Cu 3d non-bonding states
and then finally Te 5p/Cu 3d bonding states. The interaction
between the non-bonding Cu 3d states and the anti-bonding Te
5p/Cu 3d states yields a repulsive p-d interaction that increases
the energy of the anti-bonding states and subsequently reduces
the band gap. Besides the increased band gap, however, the gen-
eral features of the electronic structure (particularly for n-type
transport) in Hg,GeTey mimic Cu,HgGeTe, quite well.

We can also examine the electron localization function (ELF) to
gain insight into the real space distribution of the most localized
electrons in the structure. Figure 5 shows the respective electron
densities. Both structures show localization of electrons on the Te
atoms. The ELF for Hg,GeTe, is particularly interesting, however,
as we can observe Te lone-pair electrons oriented towards the
vacant cation sites. In Cu,HgGeTe,, the most localized electrons
remain on Te, but the effective electron density is split between
the neighboring Cu atoms. This behavior suggests that bonding
between Cu and Te in Cu,HgGeTe, is likely polar-covalent with a
sizable (though incomplete) charge transfer from Cu to Te.

To first order, the electronic properties of n-type Hg,GeTey
should mimic those predicted for Cu,HgGeTe,. Our experimen-
tal results confirm the presence of a full-solid solution between
Hg,GeTes-Cup,HgGeTey, highlighting an unusual affinity for Hgcy,
and Cuyg substitution. The high degrees of off-stoichiometry
make Cu,HgGeTe, a particularly interesting candidate for phase
boundary mapping.

3.3 Phase Boundary Mapping Results

With the phase diagram well-characterized, we proceeded to syn-
thesize the c-invariant points using the techniques outlined in the
Methods section. Each c-invariant point was confirmed using a
mixture of X-ray diffraction and microscopy — all SEM, XRD, and
EDS results can be found in the ESI Figures S2-15. Consistent
with the Hg,GeTes-Cu,HgGeTey solid solution, we continue to
observe high degrees of off-stoichiometry in the Hg and Cu di-
rections. Some deviation is noted in the Ge and Te directions,
although the single-phase region appears to be largely needle-
like, extending from Hg,GeTe, through Cu,HgGeTe,, and nearly
reaching Cu,GeTe;s.

The needle-like nature of the single-phase region naturally
pushed us towards investigating off-stoichiometry along the Cu-
rich and Hg-rich directions (e.g. Figure 4). In general, how-
ever, we are not guaranteed that the Ge and Te directions do
not play a role in the defect energetics of Cu,HgGeTey. In the
absence of computation, there are uncountably many composi-
tional studies that could be constructed to probe the single-phase
region. Within the framework of phase boundary mapping, how-
ever, there are a finite number of well-defined c-invariant points
(14 for Cup;HgGeTe,) that serve to probe all constituent chemi-
cal potential extrema within the single-phase region. To elucidate
this point, Figure 6 investigates the changes in the average atomic
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Fig. 6 Projection of the average atomic volume onto our phase diagram
reveals a strong volumetric contraction towards the Cu-rich c-invariant
points. As the c-invariant points related to Hg,GeTe4 are formally
three-phase and lie upon the HgTe-GeTe-Te ternary face, they are
compositionally distant from the bulk of the single-phase region (note
the large volume change and discontinuous scale). However, as seen
previously in Figure 4, the alloy demonstrates a smoothly varying
average atomic volume as we transition from Hg,GeTe4 to Cu,HgGeTey.

volume as a function of c-invariant point composition. This is
analogous to the Vegard’s Law study shown in Figure 4, although
phase boundary mapping investigates the entire single-phase re-
gion without bias or the need to confine the study to a single
dimension (e.g. Cu/Cu+Hg). As the c-invariant points probe the
extrema of the single-phase region, and due to the presence of the
Hg,GeTes-CuyHgGeTey alloy, the scale is discontinuous near the
Hg,GeTe, region.

Alongside Figure 4, this completes the crystallographic survey
of the single-phase region. Consistent with our alloying study,
we see a relatively continuous decrease in the average atomic
volume as we approach the Cu-rich side of the phase diagram.
While it appears as though the region connecting Hg, GeTe4 with
the other four-phase c-invariant points is discontinuous with the
rest of the map, recall that the average atomic volume (Figure
4) connects linearly with the nominal Cu,HgGeTe, composition.
Graphically, the stark difference occurs because the c-invariant
points near Hg,GeTe,4 formally probe the three-phase c-invariant
points between the Hg,GeTe,-Cu,HgGeTe, single-phase region
and the Hg-Ge-Te face, which are compositionally distant from
the bulk of the quaternary c-invariant points. The large change in
average atomic volume throughout the phase diagram is a key re-
sult, as it highlights the breadth of compositional change between
c-invariant points. Next we examine the influence of the chemi-
cal changes on the carrier densities — the crux of phase boundary
mapping.

Figure 7 presents the results of Hall carrier concentration mea-
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Fig. 7 Projection of the carrier density on our c-invariant point phase
diagram reveals a wide range of achievable carrier densities depending
on the composition. Consistent with the creation of Cu,, defects,

degenerate carrier densities in excess of 102! h*ecm—3 are observed in
Cu-rich regions. Inversely, c-invariant points associated with the
Hg,GeTe4-rich end of the Hg, GeTe4-Cu,HgGeTe, alloy exhibit intrinsic
transport with carrier densities on the order of 10'7 h*cm—3. We find the
decrease in carrier concentration near Hg,GeTey intriguing, as the
charge-balanced substitution of 2:1 Cu'* for Hg?* is not expected to
change the carrier density.

surements at the relevant c-invariant points. Consistent with the
large degree of off-stoichiometry in Cu,HgGeTe,, we see a dra-
matic spread in the carrier density between c-invariant points.
Cu-rich compositions in equilibrium with the ternary Cu,GeTe;
show the most degenerate compositions, with hole densities
in excess of 102 h*em~3. Hg-rich compositions, in particular
Hg,GeTe,, show the most intrinsic compositions, with hole den-
sities on the order of 10! htem=3. With this range of compo-
sitions, optimization for p-type transport should be readily ob-
tainable within the single-phase volume. Furthermore, as the
Hg,GeTe, alloy enables intrinsic transport, we have also managed
to find a composition amenable to n-type extrinsic doping. Use of
Hg,GeTe, may allow extrinsic studies to avoid the influence of
energetically favorable defects that normally force Cu-rich com-
positions to exhibit p-type transport.

Beginning with the Cu-rich region, we previously proposed that
the substitution of excess Cu!" into the nominal Cu,HgGeTe,
structure occurs at a 1:1 ratio as Cuﬁg defects (Figure 4, re-
gion II). The creation of free holes with excess Cu integration
is intuitive and matches the general trends we observe in Figure
7. However, we acknowledge that the underlying defect struc-
tures are likely more complex and probably involve contributions
from all of the constituent elements. Nevertheless, to first or-
der, our model does not take into account compensating defects
(e.g. V?F;“), defect clusters, or changes in oxidation state. For the
Cu,HgGeTe, system, however, off-stoichiometry in the Ge and Te
directions pales in comparison to the flexibility of the Cu and Hg

This journal is © The Royal Society of Chemistry [year]
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sites. We find it reasonable to assume that the dominant defect
is likely related to the Cu/Cu+Hg ratio. Furthermore, the experi-
mental XRD and Hall Effect measurements appear to corroborate
a underlying defect structure with strong ties to Cu and Hg.

As we transition between Cu,HgGeTe; and Hg,GeTe, (Fig-
ure 4, region I), our proposed substitution schema are charge-
balanced. A substitution of 2 Cu!* for a Hg?t and a neutral
vacancy is not expected to significantly change the charge car-
rier density. Our EDS and XRD results (ESI Figures 13-15) con-
firm that the single-phase region for Hg, GeTe4-Cu, HgGeTe, alloy
is quite narrow in the Ge and Te directions, suggesting that the
charge-balanced substitution is well adhered to. Furthermore,
there doesn’t seem to be a large difference between the three c-
invariant points on the HgTe-GeTe-Te face. All Cu-free composi-
tions exhibit nearly identical charge carrier densities, consistent
with a small degree of off-stoichiometry involving Hg, Ge and Te.

Speculating, we see several possible resolutions to the carrier
density change along the Hg,GeTe,-CuyHgGeTe, alloy. Firstly,
it is possible that the significant increase in the band gap to-
wards Hg,GeTe, changes the relative energy of the dominant
defect relative to the band edges. Secondly, it is possible that
the “nominal” composition for Cu,HgGeTe, actually lies outside
the single-phase volume (e.g. Cu,HgGeTe, is destined to be “off-
stoichiometric" at all compositions). This could potentially ex-
plain the transition to intrinsic behavior as the compound al-
loys with Hg,GeTe, — we traverse a line in the phase diagram
that starts at an off-stoichiometric composition (Cu,HgGeTe,),
but which ends in a charge-balanced regime by Hg,GeTes. In
this case, it is likely more accurate to refer to Hg,GeTe, as the
parent structure and CupHgGeTe, as the defect structure. We
see these types of questions as examples where synergy between
phase boundary mapping and computation would yield insightful
results.

To further probe the nature of the carrier density decrease
along the Hg,GeTe,-Cu,HgGeTe, alloy, we synthesized samples
of CupHg, ,GeTey (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0). Phase
boundary mapping is not routinely applied within alloys — how-
ever the concept extends naturally by synthesizing the alloyed
samples with trace impurities of HgTe and GeTe. The impuri-
ties will pin the alloyed samples along a particular edge of the
Hg,GeTey-Cu,HgGeTe, single-phase volume. To aid understand-
ing, a schematic of this region is shown in Figure 8. Note that,
unlike the other phase boundary mapping regions, these sam-
ples do not condense to a singular c-invariant point. The true
c-invariant points for the single-phase region are formed by HgTe-
GeTe-Hg,GeTe4, Te-HgTe-Hg,GeTey, and Te-GeTe-Hg,GeTe, as
shown previously in Figure 7. We chose the region containing
HgTe and GeTe because samples at the corresponding c-invariant
point show the most intrinsic transport. Additional microscopy,
diffraction, and composition results for the alloyed samples are
shown in the ESI Figures 16-20.

Hall Effect measurements on the Cu,,Hg, ,GeTey series of al-
loys confirm that the carrier density and electronic resistivity vary
smoothly as we transition from degenerate Cu,HgGeTe, to intrin-
sic Hg,GeTe,. Additional results highlighting the changes in lat-
tice thermal conductivity and mobility with alloying are included

This journal is © The Royal Society of Chemistry [year]

Journal of Materials Chemistry A

500
= I
g 100 o
E 5 o
e} S
€ 3
> =
= 10 2
L o
3 3
o <
1
0 02 04 06 08 1.0 0 0.2 04 06 08 1.0
x in Cu,,Hg,.,GeTe, x in Cu,,Hg,.,GeTe,
Te Three-phase region
Hole Conc. (50°C)
Log(h*)
Hg,GeTe, WS x 10"
GeTe
5x 10"
HgTe Cu,HgGeTe,

Fig. 8 Recall that the full solid solution between
Hg,GeTes-Cu,HgGeTe, precludes the existence of a formal four-phase
c-invariant point in the region bound by GeTe-HgGe-Te. As such, we
investigate along the edge formed by GeTe-HgTe-Cu,Hg,_,GeTes. We
find that plots of the electronic resistivity and hole concentration vary
smoothly with Cu integration. A schematic of the edge formed by the
three-phase region is also shown with compositions colored to be
consistent with the c-invariant point heat map shown in Figure 7. This
result confirms full carrier density control from the degenerate to intrinsic
regime.

in the ESI Figure 21. We observe strong alloy scattering in both
the electronic and thermal transport, consistent with increased
disorder as Cu integrates into Hg,GeTes. This result confirms
that we have complete control over the carrier density (10!7 —
102! h*em—3) in the CupHgGeTey system by rationally varying
the Cu/Cu+Hg content. While this work does not investigate
the extrinsic n-type doping of Hg,GeTe4, we did perform a full
suite of thermoelectric characterization on the p-type Hg,GeTey-
Cu,HgGeTe, series of alloys. The results are included in the ESI
Figure 22. As noted in ESI Figure 21, there is strong alloy scat-
tering along the alloying series. The strong reduction of the mo-
bility suggests that thermoelectric optimization would be better
achieved by extrinsic p-type and n-type doping of Hg,GeTey. It
is also possible that the reduction in carrier concentration near
the intrinsic regime is also reducing screening, enhancing scatter-
ing from charged defects. Note that the intrinsic nature of the
Hg,GeTe, samples prevents us from commenting about its ulti-
mate thermoelectric efficiency, although additional doping work
is ongoing.

While the extrinsic doping of Hg,GeTe, is outside the scope
of this work, our phase boundary mapping study has revealed
a path for the realization of n-type transport in the Hg,GeTey-
CuyHgGeTe, system. Our study has allowed us to escape from the
strongly degenerate Cu-rich compositions, reducing the influence
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of energetically favorable p-type defects and enabling extrinsic
studies. Furthermore, our work extended the concept of phase
boundary mapping to alloys and proved the technique valuable
even in exceedingly complex systems.

4 Conclusion

The optimization and application of new material systems is of-
ten hindered, sometimes fatally, by our inability to manipulate
the carrier density. Our prior work on Cu,HgGeTe, and related
quaternary DLS revealed a schism between the experimentally re-
alized carrier densities (>102° htcm—3) and our predictions of n-
type thermoelectric performance. This work directly confronted
the problem of doping in a complex system through application
of the concept of phase boundary mapping.

Our work resulted in several critical results. We successfully
created a phase diagram for the Cu-Hg-Ge-Te system, identifying
all relevant composition-invariant points for the phase boundary
mapping of Cu,HgGeTey. During creation of the phase diagram,
we discovered the ordered-vacancy structure Hg,GeTe4 and fur-
ther discovered a full-solid solution between Hg,GeTe, and
CuyHgGeTe,. We successfully synthesized samples at all relevant
composition-invariant points, further extending the concept of
phase boundary mapping along the Hg, GeTe,-Cu, HgGeTe, alloy.
Ultimately, our phase boundary mapping study revealed carrier
density manipulation from intrinsic (<10'7 h*ecm=3) to degener-
ate (>102'hTem™3) through the engineering of native defects.
By reducing the carrier density in the Hg, GeTe4-Cu,HgGeTey sys-
tem to the intrinsic regime, we have enabled extrinsic doping as a
means to realize n-type transport in future studies. Furthermore,
we have demonstrated phase boundary mapping as a structured
technique with the immense potential to augment the experimen-
talists’ toolkit.
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Figure 1 Phase boundary mapping in CupHgGeTe4 allows discovery of HgoGeTey and further enables carrier density control over 4 orders of

magnitude.
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