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Impurity Band Formation as a Route to Thermoelectric
Power Factor Enhancement in n-type XNiSn Half-Heuslers

Robert J. Quinn, Yuji Go, Aaron B. Naden, Andras Bojtor, Gabor Paráda,

Ashiq K. M. A. Shawon, Kamil Domosud, Keith Refson, Alexandra Zevalkink,

Neophytos Neophytou,* and Jan-Willem G. Bos*

Bandstructure engineering is a key route for thermoelectric performance

enhancement. Here, 20–50% Seebeck (S) enhancement is reported for

XNiCuySn half-Heusler samples based on X = Ti. This novel electronic effect

is attributed to the emergence of impurity bands of ûnite extent, due to the Cu

dopants. Depending on the dispersion, extent, and offset with respect to the

parent material, these bands are shown to enhance S to different degrees.

Experimentally, this effect is controllable by the Ti content of the samples,

with the addition of Zr/Hf gradually removing the enhancement. At the same

time, the mobility remains largely intact, enabling power factors ≥3 mW m−1

K−2 near room temperature, increasing to ≥5 mW m−1 K−2 at high

temperature. Combined with reduced thermal conductivity due to the Cu

interstitials, this enables high average zT = 0.67–0.72 between 320 and 793 K

for XNiCuySn compositions with ≥70% Ti. This work reveals the existence of

a new route for electronic performance enhancement in n-type XNiSn

materials that are normally limited by their single carrier pocket. In principle,

impurity bands can be applied to other materials and provide a new direction

for further development.

1. Introduction

Thermoelectric (TE) devices use semiconductor materials to con-
vert heat and electricity with key advantages including high re-
liability, low electronic noise, and scalability.[1] Current applica-
tions include power generation for space exploration and cooling
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of advanced optical components.[2] TEs
have great promise for energy sustain-
ability in power generation from indus-
trial waste heat and in scavenging, for ex-
ample reducing reliance on batteries in
sensors for the Internet of Things or in
self-powered medical diagnostics.[1a,3]

The most efficient TEs are metal
chalcogenides, including Bi2Te3, PbTe,
SnSe, and GeTe based alloys, which at
high temperatures have zT > 2,[4] Here,
zT = S2ÿT/ÿ, is the TE ûgure of merit.[1d]

This metric combines three key bulk ma-
terials properties, namely the Seebeck
coefficient (S), the electrical conductiv-
ity (ÿ), and the thermal conductivity (ÿ),
which is the sum of the lattice (ÿL) and
electronic (ÿE) thermal conductivity. The
numerator S2ÿ, is the TE power factor
(PF) and is a measure of the power gen-
eration potential of a TE material.[5]

Half-Heusler (HH) materials are one
of the leading contenders for applica-
tion in power generation and thermal

management, despite lower zT values. This is driven by their
good electrical properties, low toxicity, and favorable engineer-
ing properties, such as good mechanical strength, temperature
stability, and ease of making electrical contacts in devices.[6]

A wide variety of HH families have been investigated, with
benchmark zT ≥ 1 found for n-type compositions based on
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ZrNiSn[7] and Nb0.8CoSb,
[8] and p-types including ZrCoSb,[9]

NbFeSb[10] and ZrCoBi.[11] Typically, these materials are opti-
mized using alloying with heavy elements, for example mixing
Zr and Hf in the case of ZrNiSn, which primarily serves to sup-
press ÿL. Here, the small size difference of the alloying elements
due to the lanthanide contraction is considered essential tomain-
tain good electron mobilities.[7f,10d] In addition, dopants are used
to control the charge carrier concentration, for example, Sb3− for
Sn4− in ZrNiSn and Ti4+ for Nb5+ in NbFeSb. Beyond alloying
and doping, bandstructure engineering is a key route for per-
formance enhancement. Here, the p-type HH materials beneût
from complex valence band structures withmultiple carrier pock-
ets. In case of p-type NbFeSb and ZrCoSb/Bi, composition de-
sign, to tune the band mass, and achieve band convergence has
been used to improve the PF.[10h,i,11b] By contrast, in the n-type
XNiSn system, a single carrier pocket at the X point contributes
to the electrical transport, thus there is limited scope for band-
structure engineering.[12]

In this work, we present a new mechanism for S and PF
performance enhancement that could address the single pocket
band limitations of the XNiSn system. This effect is linked to
the presence of dopant-derived impurity bands. It occurs in the
XNiCuySn system and is strongest for compositions with ≥70%
Ti, contrasting with the usual focus on Zr/Hf compositions.
Here, interstitial Cu is used as a dopant but simultaneouslymodi-
ûes the electronic structure, leading to a fracturing of the conduc-
tion band. We propose that this band fracturing is the key feature
that explains the observed enhanced S and PF. A minimal model
incorporating dopant-derived bands of ûnite extent, in addition
to the parent material conduction band, can explain the observed
experimental trends. The carrier mobility is only mildly affected,
enabling 50% PF improvements to>3mWm−1 K−2 (for Ti-based
samples) near room temperature. At high-temperature, the per-
formance advantage of the Ti-based samples is somewhat less,
but they continue to have the largest PF exceeding 4.5 mW m−1

K−2. Combined with low thermal conductivities and alloying opti-
mization this PF enhancement supports high average zT= 0.67–
0.72 between 320 and 793 K. These results point toward a novel
band/defect-engineering direction that can be applied to other
materials.

2. Results

2.1. Cu Interstitials in XNiSn Materials

The use of Cu interstitials in XNiSn materials has attracted only
limited interest compared to using separate dopants and alloying
elements.[13] Detailed structural analysis, including neutron pow-
der diffraction,[13b–d] electron microscopy[13b,c], and atom probe
tomography,[14] has been used to demonstrate that Cu is largely
homogeneously distributed in XNiSn samples. Most of the Cu is
found to occupy the normally vacant 4d site in the crystal struc-
ture with some Cu segregation occurring at grain boundaries.
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The atomic arrangement within the XNiCuySn unit cell is shown
in Figure 1a. Figure 1b–e visualizes the segregation of Cu at grain
boundaries and as small Cu inclusions for a TNiCu0.03Sn sample
prepared for this study. The TEM data also illustrates the gener-
ally highly ordered structure without extended defects. In terms
of TE performance, each Cu donates a single electron (i.e., the
same as Sb) and is a strong phonon scatterer with values as low
as 4 W m−1 K−1 at room temperature in TiNiCuySn (y = 0.02–
0.05).[13b,c] However, the Cu dopants also inüuence the electronic
properties beyond carrier doping.[13c]

Already in earlier work, the presence of a large Density of
States (DOS) mass, m∗

DOS
≈4.2 me from the use of the sin-

gle parabolic band (SPB) analysis and Pisarenko plots was
noted.[13c,d] This apparent increase beyond typical values of ≈3
me has not been satisfactorily explained. To do so is important be-
cause it implies that for a given carrier density, the Cu-containing
materials have a larger S, potentially supporting improved PF.
The m∗

DOS
increase could be consistent with the emergence of a

second band, doubling the orbital and valley degeneracy to Nv =

6, which using m∗
DOS

= N
2∕3
v m∗

b
,[15] predicts a similar increase to

that observed. Here, m∗
b
is the band mass of the parabolic band.

However, the emergence of such a second band is not realistic
given the low concentration of Cu in the material (y ≤ 0.1). The
results of Density Functional Theory supercell calculations for
TiNiCuySn (y = 0.05 and 0.125) are shown in Figure 1f,g and
show the emergence of a <fractured= conduction band with split
bands at the X-point in the Brillouin zone, with a much stronger
impact for the calculation with the larger concentration of the Cu
interstitials. This modiûcation of the electronic structure can be
expected to impact the electronic transport compared to the ideal
TiNiSn parentmaterial. The equivalent calculation forX=Zr and
Hf (y = 0.125) is shown in Figure S1 (Supporting Information)
and shows that a very similar band fracturing occurs. The frac-
turing is therefore caused by the presence of the Cu interstitials
and occurs for all X metals, with only minor differences between
X metals.
In this work, we elucidate the origin of the enhanced S in the

XNiCuySn system and show that this effect can be controlled by
adjusting the X-content. In addition, we show that compared to
calculations based on pristine XNiSn materials, an S enhance-
ment is always present, for any X-site composition.

2.2. Materials Synthesis and Characterization

To explore the evolution of the enhanced S and its link to com-
position, a total of 12 XNiCuySn samples, including the X = Ti,
Zr, and Hf endmembers, and several alloyed compositions were
prepared using the route of arc melting, annealing, hot pressing,
and annealing, using a temperature of 900 °C and slow cooling
of the ûnal hot-pressed disks. The Cu content (0.0175 ≤ y ≤ 0.04)
was chosen in the expected region of optimal PF.
Full details of the synthetic procedure and sample character-

ization are given in the Supporting Information (SI). All sam-
ples have good purity with Rietveld analysis of X-ray diffraction
data conûrming the inclusion of most of the Cu as interstitials
(Figures S2 and S3, Supporting Information). Crystallographic
data are summarized in Tables S1 and S2 (Supporting Informa-
tion). The Hall carrier concentrations conûrm the highly doped
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Figure 1. Structure and electronic bandstructure of the XNiCuySn materials. a) HH unit cell highlighting the location of the X-site alloying elements
(Ti, Zr, Hf) and interstitial Cu atoms. (b–e) TEM characterization of TiNiCu0.03Sn: b) EDX (top) and corresponding HAADF (bottom) images across a
grain boundary, showing Cu segregation forming a layer ≈1.6 nm thick. c) HAADF image showing several Cu inclusions distributed throughout a grain.
Assuming a homogeneous distribution, a number density of ≈17–18 μm−2 is estimated. Their radii vary in the range of ≈20–70 nm. d) SAD and (e)
atomic resolution HAADF from a region free of inclusions and oriented on the <111> zone axis, revealing a highly ordered structure without extended
defects. f,g) Unfolded electronic band structure illustrating the emergence of a <fractured= conduction band at the X-point for 5% (y = 0.05) and 12.5%
(y = 0.125) Cu interstitials. The value of 1 on the color bar corresponds to a single nondegenerate band per energy interval. The continuous red line
is the band structure for pristine TiNiSn. The bandstructure of y = 0.125 is reproduced under terms of the CC-BY license.[13c] 2019, S.A. Barczak et al,
published by the Royal Society of Chemistry.

nature of the samples, consistent with most Cu being present as
interstitials and occupying the 4d site (Table S3, Supporting In-
formation).
The results of regular SPB analysis are summarized in Figure

2. The Pisarenko plot in Figure 2a reveals that the XNiCuySn
samples have m∗

DOS
values between 3–4 me. Compositions close

to TiNiCuySn, including samples with ≤30% Zr or Hf alloying,
have m∗

DOS
≈4 me, all toward the upper limit of observed values.

By contrast, the other endmember compositions, ZrNiCuySn and
HfNiCuySn, are found to have regular m

∗

DOS
≈3 me. Alloyed

compositions based on these endmembers (Zr/HfNiCuySn with
<50% Ti) show only moderately increased m∗

DOS
< 3.3 me.

Adv. Physics Res. 2025, 2400179 2400179 (3 of 10) © 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

 2
7

5
1

1
2

0
0

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ad
v

an
ced

.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/ap

x
r.2

0
2

4
0

0
1

7
9

 b
y

 M
ich

ig
an

 S
tate U

n
iv

ersity
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [3

1
/0

3
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



www.advancedsciencenews.com www.advphysicsres.com

Figure 2. Conventional single parabolic band analysis for the XNiCuySn materials. a) shows the Pisarenko plot of Seebeck coefficient (S) against carrier
density (nH) (b) shows the density of state effective mass (m∗

DOS
), c) shows the mobility in the intrinsic limit (µ0) and (d) shows the weighted mobility

[µw = µ0.(m
∗
DOS

/me)
3/2], which measures the overall electronic quality of the material and is a measure of the achievable PF. Ti-rich XNiCuySn samples

have the best electronic properties, caused by their large m∗
DOS

with only moderately reduced µ0.

Figure 2b shows the change in m∗
DOS

plotted against X-site
composition, revealing a clear maximum for TiNiCuySn and
≤30% Zr or Hf alloyed samples. Hence, these samples have a
larger S at a given carrier density. The impact of the X-site com-
position on mobility can be assessed using the intrinsic SPBmo-
bility in the zero-carrier density limit (µ0). This is obtained from
the measured Hall mobility (µH) by assuming acoustic phonon
scattering and allows the mobilities of samples with different
carrier densities to be compared. The calculated µ0 is plotted
in Figure 2c and reveals that the samples with the enhanced S
(TiNiCuySn, and ≤30% Zr/Hf alloyed), only have a 10–20% re-
duction inmobility, compared to samples with regular S. Overall,
this favorable scenario leads to improved weighted mobilities, µw

= µ0(m
∗
DOS

/me)
3/2, shown in Figure 2d. The µw is ameasure of the

electronic quality of thematerial and a predictor of themaximum
achievable PF. Hence, the SPB analysis shows that the favorable
impact of the enhanced S is not offset by a strong reduction in
carrier mobility and should be helpful in attaining improved PF.

The link between enhanced S, ÿ and its impact on PF is fur-
ther analyzed in Figure 3, which shows log(S)-log(ÿ) and PF-
ÿ plots at 340 K and 793 K. For degenerate samples, such as
the XNiCuySn materials reported here, S∝ÿ−1/s, where s gives
information about the dominant scattering mechanism.[16] At
340 K (Figure 3a), the data fall between two parallel trend-
lines, the highest of which is ûxed by samples with enhanced
S, and the lower by samples with regular S. In terms of S,
TiNiCuySn and the ≤30% Zr or Hf alloyed samples show sim-
ilar enhancements. However, a discrepancy occurs because the
Hf alloyed samples have somewhat lower mobilities (Figure 2c).
Hence, the Ti0.7Hf0.3NiCuySn samples have lower ÿ and move
away from the ideal S-ÿ trendline but remain superior to the
Zr/HfNiCu0.025Sn samples with regular S. Figure 3b conûrms
that the PF for samples with enhanced S is much larger than
the values found for samples with regular S. The PF increases
from lowest values ≈2.2 mW m−1 K−2 (Zr/HfNiCu0.025Sn and
Ti0.3Hf0.7NiCu0.025Sn) to highest values of ≈3.5 mWm−1 K−2
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Figure 3. Seebeck (S) versus electrical conductivity (ÿ) analysis for the XNiCuySn materials. Panels (a-b) show log-log plots of S-ÿ and linear plots of
power factor, PF = S2ÿ-ÿ at 340 K. Panels (c-d) show the equivalent plots at 793 K. At 340 K, the data falls between two parallel S ÿ ÿ(−1/s) trendlines,
corresponding to samples with the enhanced and regular S (m∗

DOS
) from the Pisarenko analysis. The enhanced S leads to strongly improved PF, increasing

by 40–50% for samples that fall on the regular S and enhanced S trendlines. At 793 K, all samples fall on single S ÿ ÿ(−1/s) and PF-ÿ trendlines, indicating
a more similar response between samples. Nevertheless, the TiNiCuySn and Ti0.7Zr0.3NiCu0.025Sn samples maintain the highest PF, with ZrNiCu0.025Sn
becoming more competitive.

(TiNiCuySn and Ti0.7Zr0.3NiCu0.25Sn), an improvement of ≈50%
(Figure 3b). The Ti0.7Hf0.3NiCuySn samples have PF= 2.5–3mW
m−1 K−2. The PF of Ti0.5Zr0.25Hf0.25NiCu0.025Sn also falls in this
range, despite only having a small enhancement of S (Figure 2a),
but this sample beneûts from a higher mobility (Figure 2c). At
793 K (Figure 3c), all samples fall on a single S∝ÿ−1/s trend-
line and the clear distinction between compositions with en-
hanced and regular S disappears. In terms of PF, TiNiCuySn
and Ti0.7Zr0.3NiCu0.25Sn have the largest values (Figure 3d), but
ZrNiCuySn now approaches within 20–25%, with values near 5
and 4 mW m−1 K−2 respectively. The converging trend in elec-
tronic properties is also evident from the temperature depen-
dence of µw shown in Figure S4 (Supporting Information), where
the difference between samples is much smaller at high temper-
atures.
To summarize: a signiûcant enhancement of S is found for

TiNiCuySn and ≤30% Zr or Hf alloyed samples (m∗
DOS

≈4 me),
whereas Zr/HfNiCuySn samples have S values in line with typ-
ical literature values (m∗

DOS
≈3me). Alloyed compositions close

to Zr/HfNiCuySn (<50% Ti) only show modest improvements
in S (m∗

DOS
<3.3 me). These S enhancements translate to PF

improvements as the carrier mobilities are only slightly reduced.
In prior works, improvements in S have been linked to band
convergence, resonant states, and carrier ûltering effects in
composite samples.[3b] However, the main feature in our band-

structure calculations is the fracturing of the conduction band.
There is no evidence for band convergence and or the emergence
of resonant states. Despite the presence of segregated Cu, in the
form of metallic inclusions and Cu-enriched grain boundaries,
these are at low number densities, making it unlikely that they
inüuence the electronic structure substantially. Instead, we
propose that the fracturing of the conduction band and the intro-
duction of split impurity bands drive the S enhancement. This
mechanism acts throughout the material as it is linked to the
unit cell composition and can explain the observed experimental
trends.

2.3. Modeling of Dopant Bands

To model the fractured bandstructure of the XNiCuySnmaterials
we include a <dopant band= of ûnite extent and perform energy
dependent transport simulations utilizing the Boltzmann Trans-
port Equation (BTE). This band has a variable extent, dispersion,
and offset with respect to the conduction band of the pristine
XNiSn parent materials. This arrangement is schematically illus-
trated in Figure 4a,b for the bands and DOS, respectively. We la-
bel this second band an impurity (or dopant) band as it is linked
to the introduction of interstitial Cu dopants that are introduced
in low concentrations.
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Figure 4. Energy-dependent band analysis – enhancement of the Seebeck coefficient (S) via dopant-derived impurity bands. a) The band diagram of the
basis material (TiNiSn) with added dopant states. b) The change in total DOS is due to the dopant states. c) The enhancement in S of measured data
with respect to the pristine material simulations. Blue, brown, and green lines are Pisarenko plots simulated for pristine HHs for two different mass
values.[17] Fits were made for XNiCuySn samples with ≥50% Ti (red triangles) and <50% Ti on the X site (black squares) cases. The increase in S in the
Pisarenko plot (c), due to impurity states, has a similar effect as an increase in the m∗

DOS
would have. d) Pisarenko plot comparing a range of XNiSn

materials from the literature, which exhibits both regular and enhanced S. Data taken from Refs.[7b,e,g,i,13c,d,18]

To start, the experimental Pisarenko (S-nH) data was compared
to pristine TiNiSn, ZrNiSn, and HfNiSn, using two sources of
m∗

DOS
from the literature,[17] to accommodate for uncertainties

(Table S4, Supporting Information). The detailed procedure is
outlined in the SI and the different S are plotted in Figure 4c for
the three materials (different colored lines) and the two different
m∗

DOS
sources (solid versus dashed lines). The experimental data

used for ûtting includes the XNiCuySn samples prepared in this
study and a set of earlier samples with properties summarized in
Table S5 (Supporting Information). These were divided up into
XNiCuySn samples with ≥50% Ti (signiûcant S enhancements
observed) and <50% Ti (no or small S enhancement) on the X
site. In all cases, including for the <50% Ti samples where no S
enhancement is found, the Pisarenko lines are below the experi-
mental data, conûrming that an enhancement is needed tomatch
the measured data. As can be seen in Figure 4c, the effect is sig-
niûcant with 20–50% higher S values, even when comparing to

the nearest Pisarenko line. This implies that compared to pris-
tine XNiSn all experimental samples, including Zr/HfNiCuySn,
have enhanced S values. We propose that even for materials with
low m∗

DOS
≈3me from SPB analysis, impurity bands are already

making a signiûcant contribution. Next, a dopant band was in-
troduced using TiNiSn as the basis, forming the two-band sys-
tem shown in Figure 4a. The extent of the dopant band, its ef-
fective mass, and placement in energy, translates to additional
states of a certain height, broadening, and energy positioning in
the DOS of the material as shown in Figure 4b. This modiûed
electronic structure was used within the BTE model, accounting
for inter-band scattering, and S was extracted. By adjusting the
height, width, and energy of these bands, the experimental data
for both the ≥50% Ti (red lines in Figure 4c) and <50% Ti on the
X site cases (black lines) can be matched with relatively minor
changes to the dopant band (ût parameters are summarized in
Table S6, Supporting Information).
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Figure 5. Overview of key thermoelectric properties of the XNiCuySnmaterials. Panels give the TE power factor (PF= S2ÿ), lattice thermal conductivity (ÿ-
LT/ÿ), and ûgure of merit (zT) for the end members (a–c) and alloyed (d–f) compositions. The full TE properties are given in the supporting information.

In effect, the dopant band has the same inüuence on the Pis-
arenko lines as an increase in the m∗

DOS
of the material. How-

ever, rather than being caused by increased degeneracy (Nv) or
band mass (m∗

b
), it can be quantitively attributed to the presence

of a dopant-derived band of ûnite extent. These dopant bands are
present in all XNiCuySn samples, but alignment is most favor-
able in case of TiNiSn and hence the largest S enhancements are
observed. A key feature is that the impurity bands retain disper-
sion, that is, the carriers do not become localized, which is con-
sistent with the largely conserved mobility that is observed ex-
perimentally. This behavior contrasts with interstitial Ni, which
leads to üat bands in the bandgap, causing Fermi level pinning
and reducedmobilities.[18,19] As alreadymentioned, an important
aspect of the model is that small changes in energy offset, dis-
persion, and extent of the dopant band are sufficient to explain
measured variations in S for all our XNiCuySn compositions. In-
deed, beyond the samples presented in this manuscript, the liter-
ature shows evidence for S enhancement, as illustrated by the Pis-
arenko plot in Figure 4d. This shows experimental S-nH data for
a wide range of XNiSn samples, with various dopants and alloy-
ing elements, which are found to have SPBm∗

DOS
values between

3–4.5 me. This suggests that dopant-derived impurity bands are
widely present and inüuence TE transport.

2.4. Thermoelectric Performance of the XNiCuySn Materials

The temperature dependence of the PF, ÿL, and zT for the
XNiCuySn samples are shown in Figure 5, with the complete set
of TE data given in Figures S5 and S6 (Supporting Information).

TiNiCu0.03Sn has the best overall PF, achieving the highest
value of 5.2 mW m−1 K−2 with values close to this over a broad
range of 500–793 K. Out of the end-member compositions, it also
has the lowest ÿL ≈5Wm−1 K−1 near room temperature. This en-
ables a promising zT = 0.9 at 793 K, in a composition that has no
alloying, with the low ÿL due to the Cu interstitial dopants.[13b]

The lower doped TiNiCu0.025Sn composition has a broad PF
plateau near 4.5 mW m−1 K−2 and achieves a similar zT = 0.85
at 793 K. As discussed, the lack of S enhancement means that
ZrNiCu0.025Sn andHfNiCu0.025Sn have the lowest S

2ÿ near room
temperature. Upon heating, ZrNiCu0.025Sn achieves a plateau of
≈4mWm−1 K−2 withHfNiCu0.025Sn reaching≈3.5mWm−1 K−2.
ZrNiCu0.025Sn has the largest ÿL of the endmembers, followed
by HfNiCu0.025Sn, which follows the expected trend based on Cu
dopant solubility limit and average atomic mass.[17b] Peak zT =

0.6 (Hf) and zT = 0.5 (Zr) are reached at 793 K, which is substan-
tially lower than found for the TiNiCuySn compositions, but in
line with results on Sb doped samples.
The Ti0.7Zr0.3NiCu0.025Sn sample has the highest PF of the

alloyed composition, with a plateau of ≈4.5 mW.m−1.K−2, which
is comparable to the TiNiCu0.025Sn sample. Its PF near room
temperature is also very high (>3 mW.m−1.K−2) and comparable
to the TiNiCu0.03Sn sample. The 30% Hf alloyed samples have
lower peak PF, with both Ti0.7Hf0.3NiCuySn samples reaching
plateaus of ≈4 mW m−1 K−2 (with the PF peaking at lower tem-
perature for the lower doped y = 0.0175 sample). The 70% Hf
alloyed Ti0.3Hf0.7NiCu0.025Sn sample only reaches ≈3.3 mWm−1

K−2 at high temperature, linked to the lack of S enhancement
and strong bipolar transport. In terms of alloying efficiency,
heavy Hf leads to large reductions in ÿL. The regular alloying
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Figure 6. Single-leg device performance for selected XNiCuySn materials and comparison to the state-of-the-art. Panel (a) shows the power output and
(b) shows the efficiency for a 2 mm single leg device with a cold side of 320 K. (c, d) best temperature averaged ûgures of merit (zTavg) achieved in our
work (320–793 K), compared to some of the best literature values for other n-type XNiSn systems.[7b,d,g–i,13d] The XNiCuySn samples reach state-of-the
art zTavg values, despite the lack of intense processing, and are only clearly exceeded by studies where a densiûcation agent (DA) was used.

dependence of mixing Ti-Hf is conûrmed in Figure S7 (Sup-
porting Information), whilst higher Cu doping levels reduce
bipolar transport (Figure S8, Supporting Information). All 30%
alloyed samples (Ti0.7Zr0.3NiCu0.025Sn, Ti0.7Hf0.3NiCu0.0175Sn,
and Ti0.7Hf0.3NiCu0.025Sn) reach the critical benchmark of zT
= 1 above 700 K (Figure 5f). The Ti0.5Zr0.25Hf0.25NiCu0.025Sn
sample with mixed Ti/Zr/Hf alloying achieves a similar low ÿL

to the Ti-Hf alloyed samples. At low temperatures, a moderate
S2ÿ ≈2.6 mW m−1 K−2 is found (in keeping with the only
slightly enhanced S), improving to a plateau ≈4 mW m−1 K−2

at high temperature, that is, comparable to ZrNiCu0.025Sn and
the Ti0.7Hf0.3NiCuySn samples. This sample also achieves zT =

1 above 700 K, due to its low ÿL and moderate PF (Figure 5f).
Resonant ultrasound spectroscopy measurements reveal that

alloying and interstitial Cu dopants have negligible impact on
the elastic moduli (Table S7, Supporting Information). The ob-
served low ÿL is therefore due to structural disorder caused by
the dopants and alloying and not by large changes in chemical
bonding.

Finally, we present a comparison of the Cu containing ma-
terials to literature data on XNiSn samples. In Figure 6a,b, the
temperature-averaged PF and zT are used to calculate theoret-
ical device power outputs and efficiencies for our materials.[5]

Improved near ambient performance substantially improves
the temperature-averaged properties that are important for
device applications. For example, the large PF achieved in
TiNiCu0.03Sn translates directly to the largest potential power out-
put of ≈10 W.cm−2 between 320–790 K. The large zTavg value
aided by maximization of zT close to room temperature allows
Ti0.7Hf0.3NiCu0.0175Sn to have the largest theoretical efficiency of
≈11% between 320–790 K, despite having a 50% lower power
generation potential compared to TiNiCu0.03Sn. It is worth not-
ing that these calculations present an upper limit as parasitic con-
tact resistances and warming up of the cold side are not consid-
ered. Figure 6c,d shows the zTavg values for the samples of this
manuscript and a comparison to literature samples. This reveals
highly promising zTavg = 0.58 for TiNiCu0.03Sn, zTavg = 0.67 for
Ti0.7Zr0.3NiCu0.025Sn, and zTavg = 0.72 for Ti0.7Hf0.3NiCu0.0175Sn.
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These values are competitive with the best reported n-type XNiSn
materials, which in most cases have beneûtted from many opti-
mization studies and extensive processing.

3. Conclusion

We demonstrate the presence of a new mechanism for S and
PF enhancement of TE materials, different from band conver-
gence. We attribute this effect to the dopant-induced fracturing
of the conduction band, leading to impurity bands of ûnite ex-
tent. These bands, with the correct energy offset, dispersion, and
extent with respect to the parent material, lead to enhanced S, in-
dependent of the carrier density. The dispersive character of the
dopant-bands allows for retainingmobility, enablingPF improve-
ments of the order of 50%, which is very comparable with other
methods such as band convergence. Importantly, dopant bands
and their positive impact on the PF can appear in single pocket
materials, where band convergence is not possible. Further un-
derstanding and controlling the synergistic interaction between
host-and dopant-bands provides a new development direction for
improving the PF of TE materials.

Experimental Section

The experimental procedures are described in the supporting in-
formation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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