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1. X-ray diffraction patterns for Hg,GeTe,

—— Hg,GeTey, ICSD#759707
Sample D%, Hgi1.93GeTes
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Figure S1: XRD patterns of ternary samples shown with ICSD data for HgoGeTey (red). The small peak
observed at 26 = 24.1° for samples E° (green) and F° (blue) corresponds with trace amounts of HgTe.

2. Schematic for band edge shifts for Cu,HgGeTe, and Hg,GeTe,
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Figure S2: Schematic of band edge shifts for CusHgGeTey and HgoGeTey by comparing energies from
HSE06 and HSE06+SOC. Here (V) represents average electrostatic potential, A; (or Ag) correspond to
energy difference between (V) and valence band maximum (VBM) (or conduction band minimum (CBM))
calculated using the HSE06 hybrid functional. Similarly, Az (or A4) correspond to the energy difference
between (V) and the VBM (or CBM) calculated using HSE06 with spin-orbit coupling effects. The band
edge shifts for the VBM is obtained by A;-Agz, and band edge shifts for the CBM by Ag-Ay.



3. Density-of-states for Cu,HgGeTe, and Hg,GeTey
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Figure S3: Total and partial density-of-states (DOS) calculated for CusHgGeTes and HgoGeTey using
tetrahedron method obtained from HSE06 hybrid functional, for a wide energy window (top) and zoomed-in
window around band edges (bottom). DOS is plotted using the Sumo® python toolkit and post-processed
using Gaussian smearing.



4. Defect diagrams for Cu-doped Hg,GeTe,
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Figure S4: Defect formation energy for native point defects as a function of Fermi energy in Cu-doped
HgoGeTey at growth condition D', E’ and F’, calculated with HSE06 and band edge shifts from HSE06+SOC.
The effective Fermi energy Efff lies around the VBM, located at -0.03, 0.0 and 0.01 eV reference to VBM
for D’, E’ and F’ growth condition respectively.

5. Predicted thermoelectric performance of Cu,HgGeTe, and Hg,GeTe, evalu-

ated using quality factor [

Table S1: Computed transport properties and thermoelectric performance calculated using the HSE06 hybrid
functional. Here, 3 values are normalized by the p- and n-type 8 of PbTe, mj is the band effective mass,
Ny, is the conduction band degeneracy, p is the room temperature electron mobility and s, is the room
temperature lattice thermal conductivity. xr and p are calculated using semi-empirical models from Ref. 2.
The predicted value for kp, is larger than the experimentally measured value, particularly for CugHgGeTey.
A possible reason for the difference is additional phonon scattering in the experimental samples due to point
defects (especially Cupg and Hgc, antisites in the quaternary) and grain boundaries.

Phase Bo/Bpvre  Bu/Brote  mivy My cg Nove  Nbob KL, Hh He
(me) (me) (W/mK) (ecm?/Vs) (cm?/Vs)

HgoGeTey 0.3 1.2 0.49 0.01 2 1 1.1 20 770

CuyHgGeTey 0.4 3.8 0.35 0.02 3 3 5.9* 28 3050




6. Material parameters used in AMSET calculation for electronic transport

properties

Table S2: Materials parameters used to compute scatterings rates. C is the elastic tensor in Voigt notation,
in units of GPa. € and €4, are the static and high-frequency dielectric constants. E(}’BM and ESBM are the
absolute deformation potentials at the valence and conduction band edges, respectively. wp, is the effective
polar phonon frequency given in THz. For all tensor properties, components that are not explicitly listed
are zero.

ASMET input material parameters

Compound € €o  EYBM EJBM . Cin Oy O3 Cu Css Cee

HgoGeTey 12.0 10.6 2.8 5.3 5.1 389 389 324 234 143 143
CuyHgGeTey, 114 11.2 2.7 5.8 25 636 63.6 60.1 280 273 273

7. AMSET calculations for scattering types
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Figure S5: Electron scattering rate for CusHgGeTey (left) and HgoGeTey (right) calculated by AMSET.
The dominant scattering type for both materials is ionized impurity (IMP) scattering while polar-optical
phonon (POP) and acoustic deformation potential (ADP) scattering also play a significant role.



8. Goldsmid Sharp band gap for Hg,GeTe,
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Figure S6: Seebeck coefficient measured from 50 to 200°C for sample HgoGeTey. The Goldsmid Sharp band
gap? (Ez = 2¢|amax|Tmax) is calculated from the maximum Seebeck coefficient obtained for the sample:
460V /K (at 160°C). Seebeck coefficients for Sample C (corresponding to point C of our phase boundary
mapping) are low, barely increasing, and due to the degenerate carrier concentration, unlikely to exhibit
a rollover in carrier type before the sample melts. Therefore, the Goldsmid Sharp band gap cannot be
computed for the quaternary but data are shown to illustrate the contrast between the intrinsic ternary and
degenerate quaternary compounds.



9. Temperature Dependent Hall Mobility (ux)
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Figure S7: Temperature-dependent Hall mobility shown for quaternary (top plots) and ternary samples
(bottom plots). Sample B omitted due to data flipping sign from negative to positive, which is likely a result
of erroneous instrument signal noise at very high sample carrier concentrations (>10%! carriers/cm?) rather
than evidence of bipolar behavior. Between the temperatures of 50-150°C the ternary exhibits a marked
increase in mobility with temperature due to ionized impurity scattering. A combination of acoustic phonon
and ionized impurity scattering is assumed for the quaternary. Higher carrier concentration samples (Sample
C for CupHgGeTey, Sample FV for HgaGeTey) exhibit lower mobility, likely due to their increased defect
concentration of vacancies, which serve as scattering sites.

To determine the scattering parameter r for HgoGeTey, and CusHgGeTe,, we analyzed the behavior of
temperature-dependent Hall mobility. For the ternary, mobility rises with temperature, and the slope of
the plotted log p as a function of log T yields 1.13, in acceptable agreement with the relation p; ~ T3/2
for ionized impurity scattering(IMP).3* The quaternary exhibits no such rise in mobility with temperature,
suggesting that another scattering regime besides IMP is present. Neutral impurity scattering (point defect
scattering) is unlikely to play a role since all neutral defects in both compounds are much higher in energy
than charged defects (Figure 4 in main text). Hence, we assert that acoustic phonon (ADP) scattering
accompanies IMP scattering in CusHgGeTe,. The associated r values for IMP and ADP are 1.5%% and
-0.5;° for HgyGeTe, we select an r value of 1.5 and for CupHgGeTe, we select an r value of 1 because
we simply consider the addition of r values for ADP (r= -0.5)% and IMP (r= 1.5).>5 We admit that the
linear addition of r values is a crude method, but we observe excellent agreement between experimental and

theoretical m},,g and logical positions of Er using this estimate.



10. Experimental Effective Mass (m},s) and Fermi Energy (Er)

Table S3: Reduced chemical potential (1), Er, and mjqg for CusHgGeTes (Samples A-C) and HgoGeTey
(Samples DY-F?)

Sample | Scattering Regime n Er | mbos
A IMP/ADP 22.66 | 0.63 | 0.36
B IMP/ADP 75.82 | 2.12 | 0.55
C IMP/ADP 20.81 | 0.58 | 0.54
DO IMP 0.724 | 0.02 | 0.14
E° IMP -0.29 | -0.01 | 0.15
FO IMP 0.122 | 0.00 | 0.36

Scattering regimes for the quaternary include ionized impurity (IMP) and acoustic phonon (ADP) scattering.
IMP scattering regime is chosen for the ternary (see Section 9 above for explanation). Er is calculated by
multiplying n by kT, which equals 0.028 eV at 50°C. Note that a negative value of 77 or Ef signifies position
above the valence band (within the bandgap) whereas a positive value denotes position within the valence
band. Reduced chemical potential and m{,oq are calculated using a Python script that assumes a single
parabolic band (SPB) model and requires scattering parameter r, Hall carrier concentration, and Seebeck
coefficient as inputs. The script back-solves for 7 using equations from Boltzmann transport theory.® These
values were calculated at 50°C.

The experimental effective mass values reported in the main text ( mjyog for CusHgGeTes = 0.49 and
mog for HgoGeTey = 0.21) were obtained by averaging the three values for each compound (A-C for the
quaternary, for example) from the table above to obtain a single effective mass value for the ternary and a

single value for the quaternary for easier comparison with the electronic calculated effective mass.



11. Electronic structures for Cu;HgGeTe, and Hg,GeTe, (HSE06)
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Figure S8: Electronic band structure of CusHgGeTey (left) and HgoGeTey (right) along the special k-point
path of the Brillouin zone, calculated from HSE06 hybrid functional. Electronic structures are plotted using
Sumo! python toolkit.



12. Visualization of Cu interstitial sites in Cu,HgGeTe, and Hg interstitial sites

in Hg,GeTey

(a) Cu_iin Cu,HgGeTe,: view 1

Figure S9: Structures of energetically favorable interstitial sites in CupHgGeTey and HgoGeTey. The
intersitials sites are determined using a Voronoi tessellation scheme as implemented in the pylada-defects”
software package.
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13. Temperature dependent carrier concentration
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Figure S10: Left plot shows calculated carrier concentration for all phase boundary mapped (PBM) points
A-F (CugHgGeTey) and DO-FY (HgyGeTey) (see Fig 2 for description). The data for PBM C are so close
to PBM D that the points are hidden. Right plot shows measured carrier concentration for PBM points
A-C and D°-F° (Recall that points D-F are impossible to synthesize due to the formation of an alloy
between Cu/HgoGeTey). Only some experimental data for sample PBM B are shown because at high carrier
concentration (>10%! carriers/cm?®) our Hall instrument erroneously reports negative and positive values for
carrier concentration due to the Hall coefficient going to zero. We report positive values in which we are

confident.
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14. Temperature dependent electrical conductivity
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Figure S11:  Experimental electronic conductivity for phase boundary mapped (PBM) samples A-C
(CupgHgGeTey) and DU-FO (HgoGeTey). Each letter corresponds to a corner on the chemical potential
space polyhedron of phase stability established in the main text (Fig 2). Note that PBM A and B have
nearly identical conductivity, but PBM B has higher carrier concentration (Fig S11). PBM A has higher
mobility than PBM B (at 50°C, 30 vs 6 cm?/Volt-sec, respectively), which explains this discrepancy.
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