SUPPORTING INFORMATION: INFLUENCE OF COMPENSATING DEFECT FORMATION ON THE DOPING
EFFICIENCY AND THERMOELECTRIC PROPERTIES OF CU,.ySE;.xBRx

X-ray diffraction data modeling. Powder diffraction patterns
were modeled using a small, anorthic unit cell derived from a LP
search (TOPAS Academic V4.1). Figure S1 shows the x-ray pow-
der diffraction data of the synthesized Cuz-sSe with the correspond-
ing Pawley fit. A triclinic unit cell with a=7.082(8) A, b =4.121(3)
A, c=7.121(3) A, 0. =106.1(0), p = 99.1(0)° and y = 90.1(4)° has
been utilized for the fits in order to determine lattice parameters for
each composition.
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Figure S1. Exemplary x-ray powder diffraction data for Cuz-sSe
(red dots), including profile fit (black solid line) and profile differ-
ence (red solid line) from the corresponding Pawley Fit. Reflec-
tions could be indexed to a triclinic unit cell with phase with a =
7.082(8) A,b=4.121(3) A, c =7.121(3) A, a = 106.1(0), B =
99.1(0)° and y = 90.1(4)°, Rwp=5.9 % and GoF=2.1.

X-ray diffraction data of Cuz-ySei1-xBrx with x > 0.05. Besides Cuz-
ySe1-xBrx samples with a substitution grade of selenium versus bro-
mine up to 5 % additional samples have been prepared with a sub-
stitution grades of 6 to 10 %. X-ray powder diffraction data of these
samples is shown in Figure S2.
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Figure S2. Room temperature X-ray powder diffraction data of
the synthesized Cuz-ySe1-xBrx with the formal composition Cus-
ySe1-xBrx (x = 0.00, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
0.10). Samples with a substitution grade from 7 to 10 % show ad-
ditional reflections (#), which can be attributed to a CuBr impurity
phase (#).

Unfortunately these samples are not single phase as data from the
samples with a substitution grade from 7 to 10 % show reflections

of CuBr. In order to rule out phase segregation influences on the
transport properties the samples from 6 to 10 % have not been fur-
ther investigated with respect to thermoelectric properties.
Experimental-XPS. The powdered samples were pressed into pel-
lets and the surface was sputtered by 3 keV electron gun for 120
seconds in order to remove the native oxides before measuring. The
oxygen 1s peaks of both the samples were completely removed af-
ter sputtering.
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Figure S3a. Oxygen 1s peak in the XPS spectra for Cuz-sSe (left)
and Cua-ySeo.o5Bro.os (right) before and after sputtering for 120
seconds in order to remove native oxides.
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Figure S3b. Carbon 1s peak in the XPS spectra (binding energy
284.5 eV) for Cuz-sSe (left) and Cuz-ySeo.9sBro.os (right), which
was used as a reference to calibrate the binding energies of the
other core level spectra.

XRF. X-ray fluorescence (XRF) analysis was used to obtain a pre-
cise atomic percent ratio of bromine to selenium in each synthe-
sized Cuz-ySe1-xBrx sample. These ratios were determined by using:
1) the measured Se Ko (11.2 keV) and Br Ko (11.9 keV) net photon
counts from the solid-state detector XRF spectra (Figure S4), 2) the
cross-sections for these XRF emission lines at the incident energy
of 17.4 keV,' 3) the calculated transmissions for the incident and
emitted X-rays in the sample, 4) the transmissions for the emitted
X-rays through the air path between the sample and the detector,
and 5) the detector efficiency.
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Figure S4. XRF spectra for the investigated copper selenide sam-
ples.

ICP-MS. The variation of the Cu/Se ratio was determined with
ICP-MS. Data were obtained by dissolving 50 mg of the powdered
samples in conc. HNOs (Merck, Suprapure). The obtained solutions
were diluted to the required concentration of 10-100 ppb Cu and
Se. As internal standard 5ppb Rh were added. The measured iso-
topes were Cu(63), Cu(65), Se(77), Br(79) and Rh(103). Table S1
lists the operating parameters for the ICP mass spectrometer. Typ-
ical signal intensities were 1.6-2.7 x 107 with 1.0-2.1 x 10° blind
count rates for Cu(65), 3.0-6.0 x 10° with 4.7-5.4 x 108 blind count
rates for Se(77) and 8.2-4.3 x 10® for Rh(103).
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Figure S5. Linear calibration curve of the Cu(65)/Se(77) ratio
versus the absolute Rh(103) count rate for the Cu2-sSe sample
(black dotted line). Orange dots represent measurements of the
undoped Cu.-sSe sample which were used to obtain the calibration
curve, blue dots represent measurements of the doped samples.
The inset shows the absolute Br(79) counts for the undoped sam-
ple and the doped samples (blue). The absolute bromine count rate
increases with the nominal bromine amount in each sample indi-
cating that the absolute amount of bromine increases which is
consistent with the XRF data.

A significant decrease in absolute sample flow rate during the
measurement could be observed. The decrease was quantified by
the absolute Rh(103) counts which decreased about 30% during the
measurement. This is due to blockage of the capillaries and cannot
be avoided. However, the absolute count rate is related to the meas-
ured Cu/Se ratio due to mass load effect. Therefore a calibration
curve for the Cu/Se ratio vs the absolute Rhodium counts had to be
created. This was done for the undoped sample by measuring the
Cu/Se ratio at the beginning and at the end of the experiment as
well as between the measurements of samples with a different Br
content (Figure S5). Each measurement consists of 180 scans with
a sample time of 0.002 s per scan for each isotope. Washout time
between each measurement was 120 s. Afterwards, the relative dif-
ference of the Cu/Se ratio between the doped samples and the cali-
bration curve were determined and used to calculate the relative
stoichiometry.

Table S1. Relative composition of Cuz-ySe1-xBrx with respect to
the undoped sample with the nominal composition Cuz-sSe. First,
the ratio of selenium versus bromine has been determined for the
investigated samples by x-ray fluorescence (XRF) analysis. Sec-
ond, relative changes in the copper to selenium ratio could be de-
termined using inductively coupled plasma mass spectroscopy
(ICP-MS).

X X 1-x y
nominal (XRF) (XRF) (ICP-MS)
0.00 0.000 1.000 0
0.02 0.022 0.978 0.005
0.03 0.032 0.968 0.030
0.04 0.043 0.957 0.027
0.05 0.058 0.942 0.037
A 0.001 0.014

Table S2. Operating parameters for the ELEMENT2 ICP-MS for
trace element analysis.

Operating Parameters
Rf power / W 1105
Cool gas flow rate / | mint 16
Auxilary gas flow rate / | min-t 0.9
Sample gas / | min! 0.735
Sample time /s 0.002
Samples per peak 100
Mass window / % 10
Scan mode Escan
Detector mode Both (Analog + Counting)

Speed of sound data, densities and results of the SPB model at
550 K in CuzySe1xBrxThe SPB model was also applied to
transport data on Cuz-ySe1-xBrx at 550 K. The results are shown in
Figure S6. The effective masses of Cuz-sSe and of the Br-doped
samples are increased relative to the values at 305 K.
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Figure S6. Results for the SPB model with acoustic phonon scattering for Cuz-sSe and Cuz-ySe1-xBrx at 550 K. Orange symbols denote Cua-
sSe and blue symbols denote CuzySe1-xBrx. In contrast to the results at 300 K the Hall mobility is not rising with the Hall carrier concen-
tration for the bromine doped samples butt follows the expected trend for acoustic phonon scattering. This is in line with expectations as
the relaxation time of acoustic phonon scattering depends on T-32, whereas that for alloy scattering depends on T-Y2, Therefore acoustic
phonon scattering will dominate the total charge carrier relaxation time at high temperatures.

This increase in effective mass is responsible for the reduction in
o in Cuz-ySe1-xBrx relative to Cuz-sSe at 550 K; po depends on m*-
52 The trend of the Hall mobility rising with carrier concentration
in the Br-doped samples at 305 K is gone at 550 K. At the higher
temperature, the Hall mobility decreases with Hall carrier concen-
tration, as expected for acoustic phonon scattering. This is because
the relaxation time for acoustic phonon relaxation time will be
much shorter and will dominate the total scattering rate.

Table S3. Densities and speeds of sound data of Cuz-sSe and Cu-
ySe1-xBrx at room temperature. Vi represents the longitudinal
speed of sound, v: represents the transverse speed of sound.

X d Vi Vs
nominal kgm3 ms! ms!
0.00 6618 3250 1860
0.02 6530 3250 1270
0.03 6542 2700 1350
0.04 6444 2900 1270
0.05 6336 2640 1270

The lower lattice thermal conductivity of the Br-doped samples
(0.4 W(Km)* versus 0.6 W(Km)1) gives them a slight edge over
Cuz-5Se in maximum zT at 550 K, as shown by the predicted zT

versus Hall carrier concentration curves in the bottom right plot of
Figure 5. The SPB results for CuzySe1-xBrx at all temperatures at
which the SPB model was applied are shown in Table S3.

Table S4. SPB results for Cuz-ySe1-xBrx for different temperatures.

T/K m* / me po/cm?(Vs) | it/ W(MK)?
a b a b a b

305 2.1 2.1 34 17 0.16 0.20
350 2.3 2.4 23 12 0.31 0.30
400 3.0 2.5 12 9.1 13 0.68
450 2.7 3.2 11 5.5 1.0 0.58
500 31 3.8 8.1 3.9 0.61 0.42
550 35 4.3 6.1 3.3 0.60 0.41

Doping efficiency calculations. The doping efficiency has been
calculated from the average numbers of the charge carrier concen-
trations for each sample. The expected carrier concentration has
been calculated using the crystal structure of high temperature Cuz-
35e.18 a represents Cuz-5Se, b represents Cuz.ySe1-xBrx.



Table S5. Measured and expected charge carrier concentration for
Cuz-ySe1-xBrx. Here, the expected charge carrier concentration rep-
resents 100 % doping efficiency with respect to the undoped sam-
ple. With the relative differences to the undoped sample the dop-
ing efficiency for the measured carrier concentrations can be cal-
culated.

%/% | ¢ (measured) / | cc (expected) / Dpping effi-
10%°cm’3 102cm-? ciency / %
0 4.9 49 0
2.2 2.7 0.3 48
3.2 1.9 -1.7 44
4.3 15 -4.0 38
5.8 0.9 -7.1 33

Figure S7. Laser microscope image of excess copper on the sur-
face of the copper selenide chunk after the annealing process. The
copper can be easily separated from the chunk using tweezers. Af-
terwards the surface is removed with sand paper.

Lattice thermal conductivity. The lattice thermal conductivity
can be calculated by «iat = k — el with the total thermal conductivity
k and the electronic contribution to the thermal conductivity Kel
which is given by the Wiedemann-Franz law via ket = LoT. Here L
is the Lorentz number (2.0 x 10® WQ?) and o the electrical con-
ductivity. Using ultrasonic measurements of longitudinal and trans-
verse sound velocities at room temperature the Debye temperature
®p was estimated to be 250 K via,"
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where V is the average volume per atom and vm is the average speed
of sound."" According to Cahill’s formulation, the glassy limit for
the thermal conductivity xmin can be estimated."V"V The high tem-
perature limit for the minimum lattice thermal conductivity is given
by

1,m13 )
Kmin™7 (g) keV 23 (2vi+v))
leading to a value of kmin=0.62 W(Km)~1. The calculated value of
kmin iS higher than the lattice thermal conductivity at room temper-
ature, which has also been observed in Cu2S below the superionic
phase transition.V!
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Figure S8. Temperature dependences of the lattice thermal con-
ductivity «iat in CuzySe1-xBrx, which has been estimated from the
Wiedemann-Franz law. The glassy limit of the lattice thermal
conductivity kmin has been determined by Cahill’s formulation and
is represented by the red dotted line.

lonized impurity scattering. It should be noted, however, that an-
other possible scattering mechanism could be ionized impurity
scattering, which would express itself as an increase of the Hall
carrier mobility at higher carrier concentrations, due to screening
effects.V!" One might think that ionized impurity scattering would
play a role in Cu2Se1.xBrx due to the charge differences in Se* and
Br-and an upward trend of un with nu can indeed be seen. A com-
bined acoustic phonon and ionized impurity scattering model was
applied to the data at 305 K using the equation for the ionized im-
purity scattering relaxation time and 11.6 for the relative permittiv-
ity of CuzSe1xBryx. V"
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The S versus ny data along with curves resulting from combining
acoustic phonon scattering with ionized impurity and alloy scatter-
ing are shown in Figure S9. lonized impurity scattering is known
to increase the Seebeck coefficient relative to that for acoustic pho-
non scattering.'™ X At the lowest values of n4 measured in CuzSei-
xBrx, where ionized impurity scattering would have the greatest ef-
fect, the Seebeck curve generated by the combined acoustic phonon
and ionized impurity scattering model predicts Seebeck coeffi-
cients up to 25 % greater than those actually observed. This sys-
tematic over-prediction of the Seebeck coefficient rules out the
presence of ionized impurity scattering in this material. This is en-
couraging because it suggests that doping with something other
than Br may not affect the mobility parameter possibly leading to
larger quality factors and figures of merit, whereas ionized impurity
scattering implies that any dopant would reduce wo and therefore
reduce the maximum potential zT.
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Figure S9. Pisarenko plot of both undoped (orange squares) and
doped (blue circles) copper selenide samples at 305 K. The black
solid line represents the predicted curve for the combined acoustic
and alloy scattering model and the black dashed line for the com-
bined acoustic and ionized impurity scattering model. The overes-
timation of the Seebeck coefficient at low carrier concentrations
rules out ionized impurity scattering.
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