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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors reported on the Te-dopd Ag2Se films and their excellent thermoelectric performance and
flexibility. By the Te doping, crystal orientation of the Ag2Se was successfully controlled. The Te doping
effect on thermoelectric performance of the Ag2Se films were systematically studied in depth. Flexibility
test of the Ag2Se was also successfully conducted. This study is fascinating and very interesting. | have
one major comment and one minor comment:

In this study, in-plane Seebeck coefficient and in-plane electrical conductivity were measured. However,
measurement direction of thermal conductivity is unclear. How did the authors measure and extract the
in-plane thermal conductivity of the thermoelectric film constrained on a substrate. Previously, X. Crispin
group and L. Shi group reported that in-plane thermal conductivity measured by 3 omega method can be
incorrect. Use of suspended microdevices is recommended for the measurement of in-plane thermal
conductivity of the films constrained on a substrate. [Advanced Materials 27 (2015) 2101] Use of the
suspended microdevices is strongly recommended for the measurement of the in-plane thermal
conductivity and zT.

(Minor comment) In the title, "wearable" should be replaced to "flexible".

Reviewer #2 (Remarks to the Author):

The manuscript (NCOMMS-23-53082-T) by Yang et al. presents the fabariction of flexible Ag2Se thin films
for wearable power generators. They deposited their films on Pl flexible substrate by a vacuum thermal
co-evaporation method and improved the crystallographic texture by doping Te. The power factor and ZT
were impressively high, and the films are very stable after subjecting to cyclic bending tests. Overall, |
think the experiments were rationally well designed and the results are scientifically sound. The
manuscript can be accepted for publication after minor revision according to my comments below.

1. Figure 4(a) — (i) should be rearranged in a correct alphabetical order.

2. | feel like there are too many details for the Callaway model analysis from line 303 to 355. Some of the
details and equations can be moved to supplementary, which will make the manuscript neat and clean.
The flow and readability will be improved.

3. Could you add some comments why the experiments and models in Figure 5c fit well for only Te 3.2
and 3.8%7? For other samples, they do not seem to match very much.

4. There are 50 exact references for both main paper and the supporting information, but they are
different groups of references, which caused me confusion in the first place. Maybe, the authors can add
some comments in the supporting information to clarify that the references are the different set.



Reviewer #3 (Remarks to the Author):

In this manuscript, Yang et al reported the orientated Ag2Se film with Te element doping, exhibiting high
thermoelectric (TE) performance near room temperature. With the flexible organic substrate, flexible
and wearable devices of Ag2Se was fabricated and achieved an output power density of 1.5 mWcm-2. |
think this work is helpful to the flexible thermoelectrics. There are some concerns regarding some
specific issues.

[1] The average thickness of Ag2Se films is marked as 350 nm in the Supporting information. However,
the film thickness mentioned in device fabrication in Table 3 is 450 nm. Also, for the transport property
measurement, do all the samples show a thickness of ~350 nm? Possible variation in thickness should be
indicated.

[2] In Figure 3h, it is argued that the contrast difference can indicate the potential point defect of TeSe.
But the contrast is not significant, and other places also show the same contrast marked in Figure 3h.
Please further check the relevant discussion.

[3] The EDS map in Figure S9 shows the inhomogeneous distribution of Ag, Se, and Te elements. Except
for TeSe defects, are there any other defects?

[4] In Figure 4e, the effective mass of a series of Ag2Se samples is larger than 0.5 me. This value is much
larger than previously reported Ag2Se samples at around 0.2 me (Journal of Materiomics, 2023, 4, 754).
Please explain this large difference.

[5] The calculated lattice thermal conductivity decreases dramatically with increasing Te content, even
reaching zero. With only 4 at.% Te, the lattice thermal conductivity has a reduction of 0.6 Wm-1K-1. Here
both the measurement of k for thin films and the calculation of kL for highly conductive materials are
challenging tasks. | suggest double-checking both the measurement and calculation methods. Also,
perhaps the theoretical minimum lattice thermal conductivity can be calculated as a reference.

[6] According to Table 3, the total electrical resistance of the single leg is supposed to be small. However,
according to the slope in Figure 6d, the device's resistance is larger than 100 Q. Please check the testing
methods or fabrication process, and explain the resistance difference. The output performance of the
device should be compared with other state-of-the-art flexible devices to show the possible superiority
of this work.

[7] Why select Sb2Te3 as the other leg?

[8] The calculated surface energy of (00l) is reported as 0.002~0.004 eV/A2, which seems quite small?
How about other materials?



Response to Reviewers

Reviewer #1:

The authors reported on the Te-doped Ag:Se films and their excellent thermoelectric performance and
flexibility. By the Te doping, crystal orientation of the Ag>Se was successfully controlled. The Te
doping effect on thermoelectric performance of the Agz>Se films were systematically studied in depth.
Flexibility test of the Ag>Se was also successfully conducted. This study is fascinating and very
interesting. I have one major comment and one minor comment:

Author reply: We appreciate the positive comments and constructive suggestions.

Comment 1: In this study, in-plane Seebeck coefficient and in-plane electrical conductivity were
measured. However, measurement direction of thermal conductivity is unclear. How did the authors
measure and extract the in-plane thermal conductivity of the thermoelectric film constrained on a
substrate. Previously, X. Crispin group and L. Shi group reported that in-plane thermal conductivity
measured by 3 omega method can be incorrect. Use of suspended microdevices is recommended for
the measurement of in-plane thermal conductivity of the films constrained on a substrate. [Advanced
Materials 27 (2015) 2101] Use of the suspended microdevices is strongly recommended for the
measurement of the in-plane thermal conductivity and z7.

Author reply: In this study, we determined the Seebeck coefficient and electrical conductivity using
the SBA 458-NETZSCH Seebeck Coefficient and Electrical Conductivity Analyzer. Additionally,
thermal conductivity was measured by the 3] method using a thin film comprehensive physical
property analyzer (TFA-LINSES). All measurements were conducted along the in-plane direction.

According to the performance report provided by LINSES, a manufacturer based in Germany, the in-



plane thermal conductivity measurement is subject to an error range of +7% to +£10%.
The measurement process and method details are outlined as follows: We collaborated with a
professional testing company with instruments specialized in analyzing the thermal properties of films:

TFA-LINSES (www.linseis.com) and utilized a 2nd generation measurement chip, depicted in Figure

R1. This chip integrates two suspended membrane setups !, employing the Vélklein geometry 22, for
in-plane thermal conductivity measurements. The chosen method has been widely adopted in

numerous articles for measuring in-plane thermal conductivity *%.
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Figure R1. (a) Illustration of the chip cross-section after cutting. (b) Schematic cross-sectional view
of the larger membrane, featuring an embedded thermometer. (¢) Top view of the dual-membrane
configuration, showcasing heating stripes and a resistance thermometer. Ivi.4, Imis, Vmia, and Vi
denote the current and voltage connection pads for the two heaters on membranes 1 and 2. Additionally,
Irr and Vrr represent the connection pads for the resistance thermometer, and Vru.# is the pad for the

hot contact of the thermovoltage measurement !

For the measurements, two heating stripes, each with a width less than 5 pm, are applied to the

front side of two free-standing Si3N4 membranes with distinct geometries. To enhance accuracy, a


http://www.linseis.com/

platinum rim encompassing the membranes serves as a heat sink. To ensure precision in the
measurements, the product of the film thermal conductivity (Ar) and the film thickness (dr) should be
equal to or greater than the corresponding product (Asds) of the substrate. %

Aedy > s ds (1)

In this chip, the passivation layer has a thickness of 30 nm, and its measured thermal conductivity
at room temperature is 1.4 W m™! K™, The addition of this passivation layer results in only a 15%
increase in the thermal conductance of the measurement setup. The flat surface of the chip enables the
deposition of a thin film with uniform thickness, which can be achieved through methods such as spin
coating, thermal evaporation, or magnetron sputtering.

To address the potential error from heat loss attributed to radiation, similar to the correction
proposed for DC measurements by Vélklein et al. 2, the measurement chip utilizes a dual membrane
correction along with the 3w method. This approach ensures accurate measurement of in-plane thermal
conductivity under quasi-steady-state conditions.

For the measurement, an AC current / = Io cos(wt) is applied to the heating stripes, inducing a
temperature increase in the membrane represented by A7 = ATo cos (2wt + ¢). This leads to an
oscillation in the resistance of the stripe R = Ro (1 + [JAT) at the angular frequency of 2w. The phase
shift ¢, contingent on both the heater’s geometry and the underlying materials, is associated with the
frequency. By measuring the voltage drop across the heater using Ohm’s law, an amplitude-modulated
signal is obtained, featuring a minor component at the third harmonic 3w. This component can be
isolated using a lock-in amplifier.

By solving the one-dimensional thermal heat diffusion equation within the membrane area and

considering the specified boundary conditions, it can be demonstrated that the general expression for



the amplitude of the 3 oscillation (¥30) is given by °:
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with the temperature coefficient of resistance (), the unloaded resistance of the heater (Ro), the width
of the membrane (w), the length of the membrane (/), and the thermal diffusivity of the sample plus
membrane setup (D = A/pmc, where pm is the mass density and c is the specific heat capacity), the
angular frequency is denoted as w. Kp is defined as 2¢//w, and the thermal relaxation time is 7 = C/Kp.
The temperature coefficient of resistance can be determined by linear or cubic fitting of the measured
resistance over the temperature of the heating stripes, employing a small measuring current in
conjunction with the thermocouple under the chip. The product 4 and the total specific heat C of the
membrane setup can be extracted by fitting the measured 3w voltage versus frequency using Eq. (2).
When utilizing low frequencies, the measurement can be performed under quasi-steady-state
conditions, rendering the w term negligible and resulting in a constant V3. In this case, Eq. (2) can be

expressed in a simpler form:
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The sample’s thermal conductivity As can be calculated from a differential measurement, using

the values of the empty measurement setup (Am, dm) and sample thickness ds with
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The dual membrane correction employed in this study can be implemented post-measurement by

taking the ratio of the thermal conductance of the two membranes,
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where v is the Stefan-Boltzmann constant and &s is the emissivity of the sample. When the measurement
is conducted at very low frequencies, the phase shift tends toward zero, and the @ term becomes
negligible °, resulting in a quasi-steady-state measurement. The thermal conductance (Gcr) of the
membrane, accounting for both heat conduction and heat radiation, is then expressed as:
Geri = 2Atlypt coth (p W?) = A’;—"M (7)

where ATy =2|Vswil/ LiRoiloi is the amplitude of the mean temperature rise and Noi = Roilo?/2 is the
mean dissipated heating power with i =1, 2 for the big or small membrane, respectively. The parameter
1 can be determined by a numerical calculation of the zero of Eq. (7),

Gerilyz coth (.U %) — Gepalya coth (# %) (8)
after this, the corrected thermal conductivity and the emissivity of the sample can be calculated using

Egs. (8), (3), and (9),
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In accordance with the aforementioned explanation, this test effectively eliminates the influence
of the substrate, enabling precise measurement of the thermal conductivity of thin films. Consequently,
we deposited our thin films on the standard chip utilized by this instrument for in-plane thermal
conductivity measurements. The results were consistently measured multiple times to ensure the
accuracy of the data.

Indeed, it is noteworthy that both Prof. X. Crispin’s group and Prof. L. Shi’s group have provided
an excellent method for accurately measuring the in-plane thermal conductivity of materials '°. These
suspended microdevices effectively mitigate errors arising from substrate heat loss and facilitate

precise data analysis. However, the method necessitates materials that can exist as independent, free-



standing structures. In our attempts, we endeavored to create a free-standing inorganic AgzSe thin film
by depositing it on a NaCl substrate and subsequently dissolving the NaCl. Unfortunately, the resulting
AgoSe thin films were too thin, approximately 350 nm, to achieve free-standing status. Furthermore,
our group, along with our collaborating institution, is still in the process of mastering this measurement
technique. Consequently, we were unable to employ this method in the current work.

Based on your comments, the relevant sections in the manuscript and supplementary information
have been revised as follows:

Revised manuscript (Page 12): “This is partly attributed to the fact that thermal-conductivity
measurements of thin films typically have a significant margin of error. Although methods for
measuring the in-plane x of polymer thin films have been reported '°, the current technology for testing
the in-plane « of inorganic thin films is not yet fully mature ''”.

Revised supplementary information (Page 3) “The in-plane thermal conductivity « of the thin

film in this work, deposited on a commercial flat chip, was determined by using the 3] method through

a thin film comprehensive physical property analyzer (TFA-LINSES).”

Comment 2: In the title, "wearable" should be replaced to "flexible".
Author reply: The title has been revised as “Flexible power generators by Ag>Se thin films with

record-high thermoelectric performance” (Revised manuscript, Page 1).



Reviewer #2:

The manuscript (NCOMMS-23-53082-T) by Yang et al. presents the fabrication of flexible Ag>Se thin
films for wearable power generators. They deposited their films on PI flexible substrate by a vacuum
thermal co-evaporation method and improved the crystallographic texture by doping Te. The power
factor and ZT were impressively high, and the films are very stable after subjecting to cyclic bending
tests. Overall, I think the experiments were rationally well designed and the results are scientifically
sound. The manuscript can be accepted for publication after minor revision according to my comments
below.

Author reply: We appreciate the positive feedback and constructive suggestions, both of which are

valuable in further enhancing our manuscript.

Comment 1: Figure 4(a) — (1) should be rearranged in a correct alphabetical order.

Author reply: Figure 4 has been rearranged in the correct alphabetical order.

Comment 2: [ feel like there are too many details for the Callaway model analysis from line 303 to
355. Some of the details and equations can be moved to supplementary, which will make the
manuscript neat and clean. The flow and readability will be improved.

Author reply: According to the suggestions, we have relocated certain details to the supplementary
information (Page 5). The modifications in both the manuscript and supplementary information are

indicated in red.

Comment 3: Could you add some comments why the experiments and models in Figure 5c fit well



for only Te 3.2 and 3.8%? For other samples, they do not seem to match very much.

Author reply: Generally, thermal conductivity x is the sum of lattice thermal conductivity (x1),
electronic thermal conductivity (xe), and bipolar thermal conductivity (xb), depicted by the relation:
= K1+ ke + 1. The significant reduction in xi is attributed to phonon scattering from grain boundaries,

point defects, and/or crystal defects, as illustrated in Figure 5.

Concerning the temperature dependence of the data, x1 for samples (x < 2.6%) exhibits a
pronounced reduction with increasing temperature. For instance, x1 decreases from 0.52 Wm™' K (at
T=303K)t00.03Wm K (at T=2393 K) for the pristine sample (x = 0.0%), from 0.46 W m ' K™!
(at T=303K)t0 0.28 Wm ! K™! (at 7= 393K) for x = 1.3%, and from 0.53 Wm ! K™! (at 7= 303 K)
t0 0.13 Wm ' K™! (at =393 K) for x = 1.9%. However, at higher doping levels (x > 2.6%), x1 values
decrease more slightly. For example, the xi values decrease from 0.21 W m™! K™! (at 7= 303 K) to
0.0l Wm ' K (at T=393 K) for x = 2.6%, from 0.03 Wm ' K ! (at 7T=303K) t0 0.02 Wm ' K!
(at T=393 K) for x = 3.2 %, and from 0.09 Wm ' K ! (at 7=303 K)t0 0.02 Wm ! K ! (at T=1393

K) for x = 3.8 %.

The deviation between theoretically derived x1 and experimental xi1 can be attributed to the bipolar
effect. In narrow-gap semiconductors at room temperature, both holes and electrons contribute to
transport. To clarify the doping-dependent contribution of xb at high temperatures, the xv is separated
from the x using the method proposed by Kitagawa et al. '>. The difference, x1 + xb, as a function of
T! for the doped samples is shown in Figure R2(a). Acoustic phonon scattering is predominant at low
temperatures at low doping content, making the x1 + x» equal to the x1, which is proportional to 7'. As
the temperature increases, the x1 + kb gradually deviates from this linear relationship, indicating the

onset of bipolar diffusion contribution to the x at high temperatures. The xi1 is estimated by



extrapolating the linear relationship between x1and 7!, as indicated by the dotted line in Figure R2(a).

With increasing the doping content (x > 2.6%), the kb shows a decreasing trend, mainly due to
the trapping of minority carriers within the intensive nanoscale regions inside the doped samples. The
reduction in &b results in the x drop by reducing the x1 and suppressing the xv. Another reason for the
model’s misfit to the experimental data at high temperatures for doped samples lies in the different

scattering parameters exhibiting their effect in the temperature range in AgzSe.

Furthermore, the defined dominating scattering mechanisms for i variation values, the proposed
pre-factors Z2 and Z3 (corresponding to the relaxation time related to scattering from vacancies/alloy
elements (point defects, PD), and grain boundaries (GB)), show a significant reduction compared to zr
for the undoped AgzSe system due to the intense scattering effects under alloying or nanoscale grain
size. The Z> parameter increases with the increasing level of Te doping in Ag2Se, indicating an increase
in the anharmonicity of Se-Te and a decrease in Ag—Se chemical bonding. Weak chemical bonding of
Ag-Se indicates the persistence of lattice anharmonicity. The weak chemical bonding between Ag and
Se atoms enables Ag ions to move freely around the equilibrium position, leading to a high atomic
displacement parameter of Ag atoms and forming low-frequency optical modes. The deviation from
parabolic behavior is a clear indicator of weak chemical bonding of Ag—Se, indicating the persistence
of lattice anharmonicity, as given by an anharmonic approach relation of u = (—3B)/AKvT (temperature-

dependent, where u is the deviation, 4 and B are the potential positions).
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Figure R2. (a) The dotted line represents a linear fit to the lattice thermal conductivity (x1) at low
temperatures. (b) Bipolar thermal conductivity (xb) for Ag2Se thin films with various Te concentrations

(x=0,0.7,1.3, 1.9, 2.6, 3.2, and 3.8 at.%).

According to the suggestions, we have revised the relevant descriptions as follows: “Herein, the
obtained xi1 data curves (solid lines) exhibit inconsistency with the experimental results for Te doping
concentrations lower than 3.2 at.% (Figure 5c) at high temperatures, aligning with the trend of x1 + x»
(where xi1 is bipolar thermal conductivity) as a function of 7' (Supplementary Figure 15a). This
inconsistency is likely due to the influence of bipolar diffusion on the x at high temperatures
(Supplementary Figure 15b). As illustrated in Figure 5d, phonon scattering from grain boundaries,
point defects, and/or crystal defects may significantly reduce phonon transport. Simultaneously, the
calculated curves/values determine the primary contribution of phonon scattering from impurity/point
defects and grain boundaries (Figures Se-f). Details regarding the calculations and parameters used in
the Debye-Callaway model for all investigated doped specimens are provided in the Supplementary

Information” (Manuscript Page 13).

Comment 4: There are 50 exact references for both main paper and the supporting information, but



they are different groups of references, which caused me confusion in the first place. Maybe, the
authors can add some comments in the supporting information to clarify that the references are the
different set.

Author reply: The relevant information has been revised in the Supplementary Information under the

section “References (Supplementary Information)”.



Reviewer #3:

In this manuscript, Yang et al reported the orientated AgzSe film with Te element doping, exhibiting
high thermoelectric (TE) performance near room temperature. With the flexible organic substrate,
flexible and wearable devices of Ag2Se was fabricated and achieved an output power density of 1.5
mW cm 2. I think this work is helpful to the flexible thermoelectrics. There are some concerns
regarding some specific issues.

Author reply: We appreciate the positive feedback and constructive suggestions, both of which are

very helpful in further improving our manuscript.

Comment 1: The average thickness of AgzSe films is marked as 350 nm in the Supporting information.
However, the film thickness mentioned in device fabrication in Table 3 is 450 nm. Also, for the
transport property measurement, do all the samples show a thickness of ~350 nm? Possible variation
in thickness should be indicated.

Author reply: The deposition processes for all thin films and devices are identical. Throughout the
thin film deposition process, we controlled the thickness using a crystal oscillator and confirmed it
post-deposition with a mechanical probe profilometer (Dektak XT, Bruker). We have updated the

thickness of Ag>Se in Table 3 to be approximately 350 nm.

Comment 2: In Figure 3h, it is argued that the contrast difference can indicate the potential point
defect of TeSe. But the contrast is not significant, and other places also show the same contrast marked
in Figure 3h. Please further check the relevant discussion.

Author reply: Substitutional doping of Te atoms on Se sites is the most plausible defect in our Te-



doped Ag:Se system due to the similar atom sizes (Ag 172 pm, Se 120 pm, and Te 140 pm) and
electronegativities (Ag 1.93, Se 2.55, and Te 2.1). In this study, we detected Tes. defects by using TEM
and found that the energy band calculation based on Te substitution was consistent with the
experimental results. This indicates the presence of Tese defects. To better highlight potential defect
locations, we have modified the image’s color based on the comments, as shown in Figure R3.

Additionally, Figure 3h in the manuscript has been replaced with Figure R3.

Figure R3. Filtered Cs-STEM HAADF image to show the contrast difference. The arrows indicate

potential point defects of Tese.

Comment 3: The EDS map in Figure S9 shows the inhomogeneous distribution of Ag, Se, and Te
elements. Except for Tese defects, are there any other defects?

Author reply: Defects come in various types and play a crucial role in semiconductor materials. In
the context of our Te-doped Ag2Se system, defects can primarily occur through substitutional or
interstitial sites due to the presence of impurity Te atoms . In our previous analysis, Tese defects were

experimentally observed and identified, but there was no significant evidence of interstitial defects.



According to the suggestions, we conducted a reanalysis of our data by enlarging XRD patterns.
Typically, XRD refinement is performed to analyze crystal constants. However, our doped thin films
exhibit a highly oriented growth feature, which can impact XRD refinement results and lead to
inaccurate analysis '4, as shown in Figure R4. The XRD peaks have shifted very slightly toward higher

angles after Te doping, indicating that the possibility of interstitial defects is very small.
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Figure R4. Enlarged XRD peaks of (002) and (004) crystal planes.

Comment 4: In Figure 4e, the effective mass of a series of Ag2Se samples is larger than 0.5 me. This
value is much larger than previously reported Ag>Se samples at around 0.2 me (Journal of Materiomics,
2023, 4, 754). Please explain this large difference.

Author reply: The effective mass m™* is a crucial physical quantity that describes the electronic

structure of materials. To determine the m* by the single parabolic band (SPB) model, the reduced



electrochemical potential # should be calculated from the magnitude of the Seebeck coefficient S first
15,

_ K 2F

s=2C-m (1

0 xtdx

where K is the Boltzmann constant, F; is the Fermi integral, F;(n) = [ . Then estimate m *

0 1+exp(x—n)
using 7, the temperature 7, and the carrier concentration n:

2m*KT
n = 4n(=) (12)

2
The Hall carrier concentration (ny) is related to the chemical carrier concentration n via ny = n/rn,
where the Hall factor ry for acoustic phonon scattering is given by:

T =312 2R (13)

According to the analysis above, the m* is directly proportional to the ny. Lin et al. reported that
Ag>Se single crystals have an atomic ratio of Ag/Se of ~1.94 with an ny of ~10'® cm™. In our case, the
Ag>Se thin films we obtained have an atomic ratio of Ag/Se of ~2.02 with an ny of ~10' cm™. This
results in a difference of about 4 times in the calculation of the m*.

The related information has been revised as: “As observed, the n values are higher than those

reported for AgrSe single crystals '°, and they can be progressively optimized by increasing the Te

doping concentration to achieve peak S%¢ in the thin film”. (Revised manuscript, Pagel1)

Comment 5: The calculated lattice thermal conductivity decreases dramatically with increasing Te
content, even reaching zero. With only 4 at.% Te, the lattice thermal conductivity has a reduction of
0.6 W m ! K'. Here both the measurement of k for thin films and the calculation of xi for highly
conductive materials are challenging tasks. I suggest double-checking both the measurement and

calculation methods. Also, perhaps the theoretical minimum lattice thermal conductivity can be



calculated as a reference.

Author reply: According to the suggestions, we have thoroughly reviewed the measurement data and
calculation methods, and we can confidently confirm that there are no mistakes. As the reported by
Wang et al !, the theoretical minimum x1 of Ag-Se-based monolayers can be very close to zero when
the mean free path is smaller than 100 nm 7, indicating that this material system can exhibit ultralow
x under appropriate conditions. In fact, different x values with lower than 0.3 W m™' K™! (even as low

1822 confirming the

as 0.1 W m' K™!) have been reported in many pure Ag>Se bulk materials
theoretical inference that a judicious regulation can yield Ag2Se with extremely low x1. Meanwhile,
similar results have also been reported for AgaSe thin films by Marisol Martin-Gonzalez et al. ** and
Cai et al. **. Therefore, all theoretical and experimental results have confirmed that it is possible to
obtain extremely low x1in Ag>Se »°. Comparatively, the pure AgzSe thin film prepared in this work has
a measured x and k1 of ~1.1 Wm ™' K™ and 0.5 W m™! K. This falls within the range of theoretical
values (0.9 Wm ' K 'to 1.3 Wm ! K™!) and is slightly higher than many reported experimental values,
including those for bulk and thin films. 4,

To interpret the achieved low xi after Te doping, the Callaway model was employed in this work.
The reduced x1 arises from the solid solution and nanoscale size effects. The solid solution introduces
an increased concentration of Tese point defects in the lattice. Additionally, the differences in mass,
size, and bonding forces between Se and Te atoms with silver atoms create a strong scattering effect
on phonons, leading to a reduction in the x1. The lowest x was obtained for highly doped samples due
to the following factors: (1) their low values of n and m* (Figures 4d & e). The x of Ag2Se is notably

more sensitive to changes in the carrier spectrum compared to the phonon spectrum. This underscores

the critical importance of tuning the defect structure of Ag>Se, which governs carrier transport, to



enhance both power factor (PF) and reduce «; (2) weak chemical bonding of Ag-Se, indicating the
persistence of lattice anharmonicity. The weak chemical bonding between Ag and Se atoms allows Ag
ions to move freely around the equilibrium position, resulting in a high atomic displacement parameter
of Ag atoms and the formation of low-frequency optical modes; and (3) Ag2Se exhibiting a low average
sound velocity of 1475 m/s compared with other thermoelectric materials. The increased intensity of
Tese point defects is responsible for the scattering of phonons with shorter wavelengths.

Furthermore, to calculate the xi, the xe must be initially estimated using the formula xe = LoT,
where L is the Lorenz number. Obtaining an accurate Lorenz constant is challenging. Consequently, in
various reports, a wide range of Lorenz constant values is employed, including literature values,
calculated values, or estimated values. This variability can introduce substantial errors in electronic
thermal conductivity and, subsequently, result in significant discrepancies in lattice thermal
conductivity. Therefore, the objective of presenting the x1in this work is not to emphasize its precise
value but to illustrate that the xi of this material significantly decreases after Te doping. This
observation aligns with the theoretical analysis and experimental results, as well as with the majority

of other reported findings.

Comment 6: According to Table 3, the total electrical resistance of the single leg is supposed to be
small. However, according to the slope in Figure 6d, the device's resistance is larger than 100 €. Please
check the testing methods or fabrication process, and explain the resistance difference. The output
performance of the device should be compared with other state-of-the-art flexible devices to show the
possible superiority of this work.

Author reply: Upon reviewing your comments, we have carefully examined the electrical resistance



of the device. According to the formula R = pl/A, where R is resistance, p is resistivity, / is the length
along the current, and A4 is the cross-sectional area perpendicular to the current direction, the resistance
of our thin films should be on the order of 10 Q. Despite the high electrical conductivity of our films,
their thickness is only in the range of hundreds of nanometers. Therefore, when considering contact
resistance, the total resistance is not negligible, aligning with the observed results from the device tests.

According to the suggestions, we have compared the power densities of reported thermoelectric
flexible devices, as illustrated in Table R1 (Page 27 in the revised Supporting Information). This
table has been added to the supplementary information. The related information has been revised as:
“Remarkably, a high open-circuit voltage of 6 mV, a substantial output power of 65 nW, and a
competitive power density of 1.5 mW cm 2 can be simultaneously achieved at a AT of 20 K 2?7, The

comparison results are provided in Supplementary Table 3.” (Revised manuscript, Page 14)

Table R1. A summary of the power density of thermoelectric thin film devices.

Device materials Output power density (mW cm™2)
CusSe single leg * ~0.09 (AT =30 °C)
N-Bi>Te3+P-SbhoTes #° ~0.1 (AT =20 °C)

N-Bi>Te3 (PEDOT:PSS)+P-Sb,Tes (PEDOT:PSS) ° ~0.2 (AT =20 °C)

BizTes with 1wt% Se single leg 3! ~0.14 (AT =20 °C)

P-Sb + N-Ni * ~0.9 (AT =20 °C)
N-Bi>Te3+P-SbaTes 32 ~1.42 (AT =60 °C)

Ag>Se single leg ** ~0.16 (AT =20 °C)

Ag>Se single leg 2* ~0.23 (AT =30 °C)




AgSe single leg ¥ ~1.0 (AT =20 °C)

Ag>Se single leg * ~1.4 (AT =20 °C)

This work Ag>Se + SbaTes 1.5 (AT =20 °C)

Comment 7: Why select SbaTes as the other leg?

Author reply: Traditional thermoelectric devices typically require both n- and p-type legs*’*. To
achieve higher performance in a specific temperature range, the temperature range corresponding to
the highest performance of p- and n-type materials should be consistent or close. In this work, we
prepared n-type Ag>Se thin films with excellent performance near room temperature. According to our
previous reports “°*?, the p-type Sb2Tes film prepared in our laboratory exhibits optimal thermoelectric
properties near room temperature, making it suitable as a p-type leg to match with AgaSe, given the

similar temperature ranges of optimal thermoelectric performance.

Comment 8: The calculated surface energy of (00/) is reported as 0.002~0.004 eV/A?, which seems
quite small? How about other materials?

Author reply: The surface energy was calculated by:

¥s = 2= (Esian — NEatom) (14)

where A4 is the area of the surface. Esus is the energy of the slab. N is the number of metal atoms. Earom
is the energy for one atom (Ag, Se, and Te) referred to the corresponding bulk structures. Based on the
first-principles theory, the surface energy of (00/) is 0.004 eV/A? (or 0.064 J/m?), and reduced to
0.002eV/A? (or 0.032 J/m?) after Te doping, indicating the higher growth speed of (00/) planes after

doping. In response to your comments, we were unable to find reports specifically addressing the



surface energy of Ag:Se. However, we have compared results from other reported materials, as
presented in Table R2 (Table 4 on Page 28 in the revised Supporting Information). Our
observations indicate that the surface of (00/) in AgzSe is small, suggesting a preference for the growth
of this crystal plane. As for the reason for the calculated surface energy being relatively small, generally
speaking, different calculation methods may lead to varied surface energy results, which is
understandable. As long as the calculated variations follow a systematic pattern, even if the overall
results are somewhat underestimated, the underlying mechanism can still be explained.

Table R2. A summary of reported surface energies of different materials.

Materials Surface Energy (J m™2)
MgSi (100) 4 0.8-2.0
AlTi (010) 1.798

AlTi (001) 4 2.374/1.167
Boron Carbide Polytype B11Co(CBC) (1011) #° 3.21

Co (0001) 46 2.110
CosCr (0001) 4 2.170
Co3Mn (0001) 46 2.766
Co3Ni (0001) 4 2.012
CoSbs (100) ¥ 0.330
CoSbs (110) ¥ 0.138
CoSbs (111) ¥ 0.797
NizsNb (100) *® 2.51

Ti2AIC (0001) ¥ 0.078




This work Ag2Se (00/)

0.032-0.064

(0.002 eV/A%-0.004 eV/A2)
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