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Precision Interface Engineering of CuNi Alloys by Powder
ALD Toward Better Thermoelectric Performance

Shiyang He, Amin Bahrami,* Chanwon Jung, Xiang Zhang, Ran He, Zhifeng Ren,
Siyuan Zhang, and Kornelius Nielsch*

The main bottleneck in obtaining high-performance thermoelectric (TE)
materials is identified as how to decouple the strong interrelationship between
electrical and thermal parameters. Herein, a precise interface modification
approach based on the powder atomic layer deposition (ALD) technology
is presented to enhance the performance of CuNi alloys. ZnO and Al2O3

layers as well as their combinations are deposited on the surface of powders,
typically in 10–100 ALD cycles, and their effects on the TE performance
of bulks is thoroughly investigated. The enhancement of the Seebeck
coefficient, caused by the energy filtering effect, compensates for the electrical
conductivity deterioration due to the low electrical conductivity of oxide
layers. Furthermore, the oxide layers may significantly increase the phonon
scattering. Therefore, to reduce the resistivity of coating layer, a multilayer
structure is deposited on the surface of powders by inserting Al2O3 into
ZnO. The accurate microstructure characterization shows that the Al atoms
diffused into ZnO and realized the doping effect after pressing. Al diffusion
has the potential to increase the electrical conductivity and complexity
of coating layers. Compared to pure CuNi, zT increases by 128% due to the
decrease in resistivity and stronger phonon scattering in phase boundaries.

1. Introduction

Thermoelectric (TE) materials, as a direct energy conversion
between heat and electricity, are one of the promising so-
lutions for the impending energy problem and environmen-
tal degradation.[1,2] The conversion efficiency of TE devices is
mainly dominated by the dimensionless figure of merit zT,[3–5]
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which can be expressed as zT =
S2T/[𝜌(𝜅ele+𝜅 lat)], where S, 𝜌, 𝜅ele, 𝜅 lat,
T are the Seebeck coefficient, resistivity,
electrical thermal conductivity, lattice ther-
mal conductivity, and absolute temperature,
respectively. Thus, the performance of TE
materials is jointly determined by their
electrical and thermal transport properties.

Manipulating the grain boundaries to
chase favorable transport properties is an
essential issue in designing thermoelec-
tric materials.[6,7] The chemical composi-
tions and physical properties of the grain
boundaries have a substantial effect on the
TE performance.[8,9] Thus, the introduc-
tion of new phases into the matrix on the
grain boundaries to form multiphase com-
posites is another prominent approach at-
tracting major scientific interests.[10–12] In
thermoelectric materials, two approaches
are introduced to construct multiphase
composites[13]: i) forming precipitations
in non-equilibrium conditions during the
melting and solidification of the parent

compound[14,15] and ii) artificial second phase additions by dis-
persing the nanoparticles or forming a core-shell structure.[16,17]

The approaches mentioned above enable the combination of dif-
ferent dispersions and matrices in such a way that two or more
constituents can be gathered in one system, endowing the fi-
nal system with its own advantageous characteristics.[18–21] How-
ever, to achieve better TE performance, the composition and
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content of the second phase must be precisely controlled, even at
the atomic scale, which is challenging to achieve using existing
approaches.[13] Atomic layer deposition (ALD) is recognized as
a unique layer-by-layer deposition technique for creating highly
homogenous films in a controlled manner.[22,23] Unlike chemi-
cal vapor deposition, the precursors in ALD are always separated
and alternatively pulsed into reactors to achieve layer-by-layer
growth.[24,25] Because of the self-limiting nature of the chemical
reactions in an ALD process, not only film thickness can be con-
trolled down to the atomic level, allowing for the deposition of
extremely thin films (even only a few atoms thick),[17,26] but also
a highly conformal coating can be expected.[16,27] Furthermore,
the separated pulsing process allows for the formation of multi-
layer structures, which can be used to accurately tune the compo-
sitions of films.[28] These characteristics enable ALD to precisely
deposit a specific thickness of selected materials on the surface
of thermoelectric powders in order to manipulate the transport
properties of the selected material. pALD has already demon-
strated unprecedented success in improving the TE performance
of various TE materials, such as Bi,[29,30] Bi2Te3 alloys,[31,32]

CoSb3,[33] and ZrNiSn-based materials.[34] Different oxides, such
as Al2O3,[30] TiO2,[35] and ZnO[33] are mainly used as coating lay-
ers due to their developed deposition process and good thermal
stability.

However, it might be difficult to achieve high zT when utilizing
a single compound oxide layer as the particle surface modifier. In
terms of transport properties of the modified compound, the 𝜌, 𝜅,
and thickness of coating layers (x) define the electrical and ther-
mal conduction between the oxide and main phase boundaries.
For instance, for a given coating layer with low 𝜌, less degradation
effect on the overall electrical conductivity is expected. However,
the thicker layers of the coating compound can cause effective
carriers scattering which results in an increment of S and reduc-
tion of 𝜅 tot, even though considerable electrical conductivity re-
duction is inevitable. In addition, the oxide layers may form the
thermal conduction path if the thickness of the layers is too high.
As a result, a compromise between the 𝜌, 𝜅 of coating materials
and their thickness (x) should be sought.

Aside from the intrinsic characteristics of the coating com-
pound and its thickness, the architecture and complexity of the
coating layer is a criterion that has received little attention. As re-
ported before, inserting TiO2,[36] HfO2,[36] or Al2O3

[37] into ZnO
layers with multilayer structures after annealing can significantly
reduce the 𝜌 of the film compared to pristine ZnO. Having a mul-
tilayer coating in the particle junction might be beneficial consid-
ering two aspects: i) by decreasing the 𝜌 of coating and allowing
to deposit of a higher thickness of coating layer to enhance S and
ii) complex interfaces might induce stronger phonon scattering
compared to a single layer oxide coating.

Herein, we employ ALD-based interface modification to opti-
mize the thermal and electrical transport properties of the CuNi
thermoelectric material trying to decouple the thermoelectric
parameters. The reason we choose CuNi is because of its very
high power factor (>50 mW m−1 K−2) and its very high thermal
conductivity (>37 W m−1 K−1) in high-temperature range. The
effect of a single layer of ZnO and Al2O3 oxides and multilayers
of ZnO/Al2O3/ZnO on TE properties has been thoroughly inves-
tigated as listed in Table 1. The presence of ZnO and Al2O3layers
on CuNi, contributes to the creation of an energy barrier by the

Table 1. The summaries of ALD coating layers are in this work.

Types of ALD
layers

Compositions of ALD
layers

Cycle numbers of
coating layers

Nomenclature

Single layer Al2O3 10 A10

20 A20

50 A50

100 A100

ZnO 10 Z10

20 Z20

50 Z50

100 Z100

Multilayers ZnO/Al2O3/ZnO 20/5/20 Z20/A5/Z20

28/7/28 Z28/A7/Z28

44/11/44 Z44/A11/Z44

oxide layer, resulting in a significant rise in the S. Although
there is an insignificant decrease in 𝜌, the enhanced S after
50 cycles ALD of ZnO compensated for the loss and resulted
in ≈45% increment of PF compared to the pristine sample.
In addition, the multilayer structure of ZnO/Al2O3/ZnO was
constructed on the surface of the powder to enhance electrical
resistance at phase boundaries (Figure 1). In high cycle number
coating (>50 cycles), the multilayer coatings maintained the
high PF while significantly reducing the thermal conductivity.
For the sample modified with Z44/A11/Z44 multilayers, due
to decoupling thermoelectric parameters by ALD, a maximum
figure of merit (zT) of 0.22 was achieved at 673 K, ≈128% higher
than that of pristine CuNi and is a bit higher than the previously
reported vaules[38–44] (Figure 2).

2. Results and Discussion

2.1. Analysis of the CuNi Powder Coated with ZnO and Al2O3

To systematically investigate the effects of ALD coating layers on
TE performance, the microstructure and the composition of ALD
thin films and coated powders should be first explored.

Analyses of X-ray reflectometry (XRR) measurement data to
a simulated curve indicate a density of 5.6 and 3.0 g cm−3 and
a thickness of 61.1 and 43.2 nm for 300 cycles ALD of ZnO
and Al2O3 thin films on Si substrate, respectively, as shown in
Figure S1a,b (Supporting Information). The linear increase in
thin film thickness on the Si wafer by increasing the number
of ALD cycles is shown in Figure S1c (Supporting Information),
suggesting a growth per cycle (GPC) of 1.4 and 2.1 Å per cycle
for ZnO and Al2O3, respectively. This reveals excellent thickness
controllability at the sub-nano scale. Additionally, as shown in
Figure S1d (Supporting Information), the electrical conductivi-
ties of ZnO and Al2O3 films in the range of 275–400 K were ex-
amined and ZnO films exhibit much higher electrical conductiv-
ity which is around five orders of magnitude higher than that of
Al2O3. The difference in the electrical conductivity of ZnO and
Al2O3 ALD films may play a vital role in the electrical conduction
of the particle boundaries, which have a great influence on the
overall resistivity of coated bulk samples.
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Figure 1. A schematic of ZnO, Al2O3, and multilayer structure (ZnO/Al2O3/ZnO) deposition processes based on powder ALD.

The relationship between the Zn and Al content (wt%) and
ALD cycle numbers can be elicited from the mentioned phys-
ical parameters of films. The detailed mathematical derivation
can be found in Supporting Information Note. It should be
noted that the wt% is proportional to C3

layers and R−1
CuNi, where

Clayer is the ALD cycle number and RCuNi is the radius of CuNi
particles (Figure S2a, Supporting Information). In this work,
the average radius of CuNi particles is considered as 6.5 μm,
according to the materials data sheet (Figure S2b, Support-
ing Information). Considering that all the CuNi particles are

Figure 2. Comparison of temperature-dependent zT among other optimized CuNi works.[[38–44]

Adv. Funct. Mater. 2024, 34, 2314457 2314457 (3 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) The schematic image of coated particles and the calculated relationship between wt% and growth rate per cycle (GPC)/cycle number
(Clayer)/RCuNi (particle radius). b) The cycle number dependence of the weight percentage of Zn. c) The cycle number dependence on the weight
percentage of Al.

uniformly coated with ZnO and Al2O3 films, the calculated Zn
and Al content as a function of the ALD cycle number is pre-
sented in Figure 3. The Zn and Al contents in the samples
coated with different ALD cycle numbers were also measured
by inductively coupled plasma-optical emission spectrometry
(ICP-OES) and are presented in Figure 3 and Table S1 (Sup-
porting Information). With increasing the ALD cycle number,
Zn and Al content increased monotonously. The experimental
data fit well with the simulation indicating that the coating lay-
ers of ZnO and Al2O3 were homogeneously deposited on each
particle.

Furthermore, the energy dispersive spectroscopy (EDX) ele-
mental mapping and point analyses performed on the surface of
ZnO-coated samples show that the Zn signal from ZnO is uni-
formly distributed on the surface of every single CuNi particle, as
shown in Figures 4 and S3 (Supporting Information).

2.2. The Effect of Single-Kind Oxides Coated CuNi Bulks on TE
Performance

The X-ray diffraction (XRD) patterns of as-sintered samples have
been presented in Figure S4 (Supporting Information). All the
main diffraction peaks in XRD patterns can be well indexed to
Cu0.6Ni0.4 with an FCC (space group Fm3̅m) structure, consisting

of the ICP-OES results. In the XRD patterns of pALD-modified
and sintered samples, the ZnO peaks cannot be detected if <50
ALD cycles are used, while it appears clearly in the Z100 sample.
It indicates that the crystalline ZnO thin films were successfully
deposited on the surface of powders and were not decomposed
or formed alloys with CuNi. Due to the amorphous nature or low
contents of ALD-Al2O3,[30] no diffraction peaks corresponding to
Al2O3 were detected in the XRD patterns of ALD-Al2O3 modified
samples.

The effect of single ALD layers of ZnO and Al2O3 on the TE
performance of CuNi was thoroughly investigated (Figures S5
and S6, Supporting Information). Additionally, the ALD cy-
cle number dependence of TE parameters is summarized in
Figure 5. As shown in Figure 5a, 𝜌 exhibits a monotonously
increasing trend by increasing the cycle numbers at both 300 and
673 K measurement temperatures, indicating effective scattering
of charge carriers at the energy barrier induced by the oxides.
The 𝜌 of modified CuNi varied from 0.5 to 0.67 μm·Ω when
ZnO was deposited, while that in Al2O3 coated CuNi rapidly
increased and reached 2.07 μm·Ω as the number of ALD cycles
increased. This indicates that the chemical composition, crystal
structure, and thickness of oxides have different influences on
𝜌. Also, analysis of additional interfacial electrical resistance
induced by the oxide layer at the phase boundary (see Figure
S7, Supporting Information) reveals an increase in electrical
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Figure 4. a) EDX element mapping for the Z100 sample. b) The EDX spectrums of pure, Z50, and Z100 samples.

resistance with an escalating cycle number, with the Al2O3-coated
samples displaying notably higher values. This suggests that the
Al2O3 coating exerts a more pronounced negative effect on the
overall sample electrical conductivities. Figure 5b shows that S is
significantly augmented by increasing the cycle numbers from
−32 to −45 μV K−1 at 300 K and from −55 to −65 μV K−1 at 673 K
by increasing the cycle numbers. However, a further increase
in the ALD cycle numbers (>50 cycles) of both oxides did not
cause a further increase of S, similar to S variation in our pre-
vious report where Bismuth particles were coated with different
oxides.[30] In Z50 samples, the increment of S compensates for
the degradation of 𝜌, resulting in an increment of PF from 1.99
to 3.15 mW m−1·K2 at 300 K. However, due to stronger scattering
in Al2O3-coated samples, the enhancement of PF only occurred
in low cycle number coated samples (<10 cycles) as higher cycle
numbers deteriorate PF in Al2O3-coated samples (Figure 5c).

The cycle number dependence of 𝜅 tot is shown in Figure 5d
and shows a monotonous decreasing trend at both 300 and 673 K.
The 𝜅 tot in the A100 sample achieves a 31.6% decrement while
that reduces only 10.5% in the Z100 sample, both measured at
673 K. Because 𝜅 tot is the sum of the electronic (𝜅ele) and lattice
(𝜅 lat) constituents (𝜅 tot = 𝜅 lat + 𝜅ele), the influence of oxide coating
layers on the phonon scattering should be evaluated in details.
The Wiedemann-Franz law can be used to calculate 𝜅ele = L𝜎T,

where L is the Lorenz number and is described as L = 1.5 + exp
(−|S|/116). As shown in Figure 5e, the 𝜅 lat of the ZnO-coated
sample generally decreased with increasing cycle number. How-
ever, in Al2O3 modified samples, effective suppression of the 𝜅 lat
was observed in the A10 sample, reducing the 𝜅 lat from 12.5 to
8.7 W m−1·K at 673 K. Beyond 10 ALD cycle of Al2O3, the 𝜅 lat
significantly increased to 19.8 W m−1·K at 673 K A100 sample
which is even higher than pristine CuNi. The enormous enhance-
ment of 𝜅 lat might be a result of some characteristic changes
in Al2O3 layers during the sintering process. According to the
previous studies,[45–47] the amorphous Al2O3 films deposited by
ALD at 423 K (150 °C) can be crystallized at temperatures above
≈1098 K (825 °C). It should be noted that Al2O3-coated CuNi in
this study were pressed at 1073 K (800 °C) and the Al2O3 films
might be fully or partially crystallized. The ultra-thin Al2O3 and
ZnO layers deposited by a low number of ALD cycles can be em-
bedded in CuNi as nano-inclusions, enhancing significantly the
phonon scattering. However, thicker, more coalescent, and crys-
talline Al2O3 film deposited by the higher number of ALD cycles,
as a well-known high 𝜅 material, may form the thermal conduc-
tion path, leading to a huge increment of 𝜅 lat. Due to the enhance-
ment of PF and suppression of 𝜅 lat, the zT values augmented
from 0.09 to 0.14 and 0.12 at 673 K in Z50 and A10 samples,
respectively (Figure 5f).

Adv. Funct. Mater. 2024, 34, 2314457 2314457 (5 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. The ZnO and Al2O3 cycle number dependence of a) 𝜌, b) S, c) PF, d) 𝜅tot, e) 𝜅 lat, and f) zT at 300 and 673 K.

2.3. Effect of Multilayer Coatings on TE Performance of Bulk CuNi

Considering the results discussed for the CuNi modified with
a single oxide layer, it can be concluded that although 𝜌 is
increasing constantly by increasing the ZnO and Al2O3 ALD
cycle numbers and a few ALD cycles (<50 cycles) can trigger
significant augmentation of S. Also, from the variation of PF
with the cycle number, it can be concluded that ZnO performs
better than Al2O3 to optimize electrical properties due to less
degradation of electrical conduction. However, the reduction of
𝜅 lat in all ZnO-coated samples is not as effective as that of the A10
sample, indicating the strong phonon scattering by Al2O3 (amor-
phous) compared to ZnO (crystalline). It also should be noted
that, due to the amorphous-to-crystalline transition, the thicker
Al2O3 layer (in a higher cycle number of Al2O3 layers) might
form the thermal conduction path which is not favorable to 𝜅 lat
suppression.

Therefore, combining ZnO and Al2O3 as a multilayer struc-
ture might result in the decoupling of TE parameters. To prove
that, an ultra-thin Al2O3 layer was inserted into ZnO layers to
construct the multilayer structure. It can be postulated that us-
ing this approach, due to the doping effect, the 𝜌 of multilayer

decreased compared to that of pristine ZnO,[37] thus slighter PF
loss can be expected. Additionally, lower 𝜌 allows for increasing
the thickness of layers which is beneficial for suppression of 𝜅 lat.
Note that, the crystal complexity of multilayers due to the dop-
ing effect might cause stronger phonon scattering in the phase
boundaries.

The present study has opted for a ZnO: Al2O3 ratio of 8:1 to en-
hance electrical conductivity, as reported in the reference.[37] The
effect of multilayer structures with different thicknesses on the
TE performance is presented in Figure 6. As shown Figure 6a, the
𝜌 increased constantly with increasing the ALD cycle numbers
of multilayer constituents. Compared to the Z100 sample, the 𝜌

of the Z44/A11/Z44 sample decreased by 5% in the whole mea-
sured temperature range. Also, the lower 𝜌 of the Z20/A5/Z20
sample compared to that of the Z50 sample was observed, which
indicates the enhancement of electrical conductivity at phase
boundaries after inserting Al2O3 layers. Figure 6b indicates that
the thickest multilayer possesses a slightly higher absolute S
compared to thin multilayer and single component layers. The
more conductive phase boundaries result in an 11.7% enhance-
ment in PF in the Z44/A11/Z44 sample at 673 K when com-
pared to the Z100 sample (Figure 6c). As shown in Figure 6d,e

Adv. Funct. Mater. 2024, 34, 2314457 2314457 (6 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. The temperature dependence of a) 𝜌, b) S, c) PF, d) 𝜅tot, e) 𝜅 lat, and f) zT with multilayer structure.

confirms the hypothesis that a thicker multilayer might suppress
the 𝜅 lat more effectively, decreasing to 9.5 W m−1·K at 673 in the
Z44/A11/Z44 sample. The temperature-dependent zT of the op-
timum multilayer coated samples is demonstrated in Figure 6f.
The zT value of the Z44/A11/Z44 sample increased by 128%
compared to pure CuNi bulks. Upon comparing our obtained re-
sults with those documented in the literature for CuNi alloy sys-
tems, it is apparent that the achieved zT at 673 K ranks as the
second-highest value reported for this alloy system. However, it
is important to consider that CuNi alloys with finer grains and
a more optimized composition (such as Cu55Ni45) and doping
(with Se) have the potential to yield even higher initial zT val-
ues. Therefore, it is reasonable to anticipate that by employing the
same pristine material conditions reported in studies like Yuan
et al.’s, or others,[38–44] further enhancements in zT values are
potentially achievable.

As previously discussed, the Al2O3 layers can be crystallized
during the high-temperature sintering process. According to the
literature,[36,37] Al atoms can diffuse into the ZnO structure as a
dopant and this might affect the multilayer structure after the sin-
tering process. Figure 7 demonstrates the EDX-elemental map-
ping of the Z44/A11/Z44 bulk sample, confirming the homo-
geneous distribution of Zn and O in the particle’s boundaries,
demonstrating the excellent conformality of films grown using
the ALD technique on the surface of particles. The slight con-
trast of Al can also be observed revealing that the 11 ALD cycles
of Al2O3 cause an even distribution of the phase on the surface of
CuNi particles (Figure S8, Supporting Information). To precisely
analyze the content and distribution of multilayer constituent
atoms, the mentioned sample was further studied using scan-
ning transmission electron microscopy (STEM)-EDX and atom
probe tomography (APT).

STEM-high angle annular dark field (HAADF) image shows
dark contrast in the particle boundaries (Figure 8), as the oxide
layers have lower atomic numbers. The Al-doped ZnO phase and
an Al-poor oxide region are also clearly visualized in Figure 8
showing the different contrast and morphologies. Based on cal-
culations, the thickness of the as-deposited Z44/A11/Z44 sample
is estimated to be ≈18.5 nm for ZnO and 1.5 nm for Al2O3. As
shown in Figure 8a, the oxide layers between CuNi grains are
indeed ≈20nm thick. Their compositions are indeed separated
from STEM-EDX spectrum imaging (Figure 8b), with one phase
enriched in Al (marked by the white arrow, Al/Zn ratio: 0.29),
and the other poor in Al (marked by the yellow arrows, Al/Zn ra-
tio: 0.01). The Al-doped ZnO phase is thinner and surrounds the
CuNi matrix continuously, whereas the Al-poor oxide region is
more rounded and located between the matrix and the Al-doped
oxide. The coverage of the Al-doped oxide phase confirms the suc-
cessful deposition of Al2O3 ALD layers within the ZnO layers.
The diffusion of Al atoms in most regions of Al-doped ZnO re-
sults in the doping effect and causes higher electrical conductiv-
ity of the multilayer. It should be noted that the coexistence of the
Al-doped ZnO region and Al-poor oxide region is due to the few-
cycle numbers of Al2O3. As shown in Figure 8c, the island growth
of Al2O3 occurred and Al2O3 layers just deposited on most of the
surface area, resulting in the discontinuous distribution of Al2O3
between the ZnO layers.

Furthermore, we studied the diffusion of Zn and Al into the
CuNi matrix by APT. As shown in Figure S9a,b (Supporting
Information), Zn can diffuse deeper into the CuNi matrix
(≈2% in the matrix), whereas Al remains very little across the
interface of the CuNi matrix (Figure 8d). Nevertheless, the
atomic scale microstructural analyses confirm that using ALD
accurate regulation of intrinsic characteristics of the modifying
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layer is possible, resulting in a considerable TE performance
enhancement of CuNi thermoelectric material. The present
work provides insight into the structural design and synthesis of
broadly functional hybrid TE material systems.

3. Conclusion

In summary, ALD-based interface modification has been em-
ployed to improve the performance of CuNi alloys by decoupling
and optimizing TE parameters. First, the influence of a single
kind of oxide coating (ZnO and Al2O3) has been thoroughly inves-
tigated. The EDX mapping results confirmed the uniform coat-
ing on the CuNi powders by ZnO and Al2O3 layers. Addition-
ally, a model is proposed to obtain the relationship between the
content of Zn/Al and oxide cycle numbers, and experimental re-
sults from ICP-OES fit well with the simulation data. This model
can be used to estimate the actual composition of coating lay-
ers and easily be adapted to other powder ALD processes. For
the as-prepared ZnO-coated sample, because of the energy fil-
tering effect, considerable enhancement of S compensates for
the electrical loss, resulting in improved PF values in all ZnO-
coated samples. Combined with slight suppression on 𝜅 lat, the
56% enhancement of zT has been realized in the Z50 sample.
For the as-prepared Al2O3-coated sample, the Al2O3 is detrimen-
tal to electrical conduction on the boundaries and the PF of the
A10 sample. The significant suppression of 𝜅 lat only obtained in
low cycle numbers and thicker Al2O3 layers provide the thermal
conduction path due to the amorphous-to-crystalline transition of
Al2O3. In order to reduce the electrical resistance of coating lay-
ers, the Al2O3 layers were inserted into ZnO layers to construct a
“multilayer” structure. The EDX results confirmed the existence
of ZnO layers. The element scanning proved that the Al atoms
diffused into ZnO layers and the Al-doping effect may benefit
the increasing of electrical conduction in phase boundaries. In

this approach, the higher cycle numbers of ZnO are used to sup-
press 𝜅 lat and maintain the PF. As a result, the zT value of the
Z44/A11/Z44 sample increased by 128% compared with pure
CuNi bulks, which is nearly the highest zT value among other
CuNi works.

This study underscores the potential of ALD-based interface
modification as a versatile pathway for decoupling the tightly in-
terrelated parameters and finely tuning the properties of phase
boundaries. This approach holds promise not only for CuNi al-
loys but also for exploring broader applications across various
thermoelectric materials. Nevertheless, given the direct influence
of numerous processing conditions—including chemical com-
position, particle size distribution of pristine TE materials, and
sintering conditions—on the ultimate TE performance, system-
atic analyses of these parameters appear indispensable. Such in-
vestigations are poised to provide deeper insights into the impact
of ALD-based interface modification on the overall performance
of CuNi alloy systems, paving the way for future advancements
in thermoelectric device design and fabrication.

4. Experimental Section
pALD Process of Coating the CuNi Powders: CuNi powders with <20

μm diameter were purchased from Nanoval GmbH & Co. KG. CuNi were
coated in a commercial ALD reactor with a powder rotation option (Veeco
Savannah S200) under a base pressure of 0.2 torrs. For each experiment,
5 grams of CuNi powder was transferred into the coating tube in the glove
box. The coating details were included in previous publications of the
groups.[29,30] To ensure coating uniformity on particles, three strategies
were implemented: i) The uniformity of CuNi powder particle size distri-
bution was assessed using particle size analyzer techniques. Additionally,
SEM analysis confirmed their spherical shapes, facilitating smooth rolling
of the powders over one another, ii) Extended exposure time provided suf-
ficient duration for ALD reactions on the particle surfaces to reach comple-
tion, iii) A quartz tumbler served as a rotating apparatus, with an optimal

Figure 7. The EDX elemental mapping of the Z44/ A11/ Z44 sample.

Adv. Funct. Mater. 2024, 34, 2314457 2314457 (8 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. a) HAADF-STEM image of Z44/A11/Z44 specimen and HAADF-STEM image focused on the boundary with b) EDX elemental maps. c) The
schematic illustrations for the diffusion of Al. d) 3D atom map of Z44/A11/Z44 sample. e) 1D concentration profile along d direction in (d).

Adv. Funct. Mater. 2024, 34, 2314457 2314457 (9 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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rotation speed of 2 rpm, allowing gases to access all sides of the particle
surfaces. Al2O3 and ZnO layers were deposited using trimethylaluminum
(TMA, 97%, Aldrich), diethylzinc (DEZ, Zn ≥ 52.0%, Aldrich), as ALD pre-
cursors at 423 K, reacting with H2O as an oxidant. All of the precursors
were kept at room temperature. The pulse/purge times were as follows:
0.015/15 s for TMA, DEZ, and H2O. The precursor was supplied to the
chamber with a 40 sccm flow of N2 gas.

Phase Identification and Microstructure Characterization: The size of
CuNi particles was checked with a particle size analyzer (Camsizer X2).
The inductively coupled plasma-optical emission spectrometry (ICP-OES)
measurements were conducted with an iCAP 6500 Duo View (Thermo
Fisher Scientific) after aqueous acidic digestion. XRD measurements for
bulk samples and thin films were performed using Bruker D8 (Co X-ray
source) to examine the samples’ phase purity and crystal structure. The
densities and thickness of films are calculated based on the results of
X-ray reflectivity (XRR) measured by Philips X’Pert pro MRD. The thick-
ness of thin films is determined again by field emission scanning elec-
tron microscopy (SEM, Sigma300-ZEISS). A dual-beam focused ion beam
(FIB)—scanning electron microscopy (SEM) system (Thermo Fisher Sci-
entific Scios2) was used to fabricate the specimens for STEM and APT.
HAADF-STEM imaging was conducted using a Titan Themis microscope
(Thermo Fisher Scientific) at 300 kV operation voltage. STEM-EDX spec-
trum imaging is acquired using a SuperX detector, and multivariate statis-
tical analysis[48] was applied to reduce the noise and separate areas with
different compositions. APT analysis was performed using a local elec-
trode atom probe (CAMECA LEAP 5000 XS) in a pulsed laser mode at a
specimen base temperature of 60 K. The laser pulse energy, detection rate,
and frequency were set to 50 pJ, 1%, and 125 kHz, respectively. Data re-
construction and analyses were done with the AP Suite 6.3, provided by
CAMECA Instruments.

Thermoelectric Measurement: The powders with different coated lay-
ers were pressed into pellets by spark pressing sintering (AGUS-PECS
SPS-210Gx) at 1073 K for 10 min in a vacuum with a uniaxial pressure of
50 MPa. After polishing both sides, the obtained pellets were directly used
to measure thermoelectric properties. The standard four-probe method
measured the temperature-dependent S and 𝜌 (LSR-3, Linseis). The laser
flash method measured the temperature-dependent thermal diffusivity (𝜆)
under a helium atmosphere (LFA 1000, Linseis). The density (D) of the
samples was measured by the Archimedes method, and the heat capacity
(Cp) was calculated using the Dulong–Petit law. The thermal conductivity
(𝜅tot) was calculated according to the relation 𝜅tot = 𝜆∙D∙Cp.
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