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Decoupling the electronic thermal and electrical conductivities is one of the limitations hindering
a breakthrough in thermoelectric efficiency. After a conformal surface coating of bismuth
telluride nanowires (BixTes NWs) by porphyrins, the thermal conductivity increases from 0.8 to
1.0 Wm'K™" at 300 K without any obvious change in electrical conductivity. Density Functional
Theory (DFT) calculations assisted by Boltzmann Transport Equation (BTE) simulations of
electronic transport properties indicate that the electronic thermal transport is enhanced by the
depletion of surface charge carriers, which results in transition from metallic to semiconducting
behavior. Thus, the adsorption of porphyrin onto the BixTes NWs layer suppresses the surface
electronic conduction, resulting in thermal electronic conduction dictated by the bulk of the NW.
The results mean that electronic thermal transport can be decoupled from the electrical

conductivity by changing the density of surface states on BixTe; NWs.
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I. INTRODUCTION

Bismuth telluride is widely employed for thermoelectric applications around room
temperature due to its high thermoelectric efficiency.'” In Bi,Tes, charge carrier and phonon
transport properties are dependent of the crystallographic orientation. BixTe; has a unique crystal
structure with a large spacing between Te atoms along the c-axis direction (3.64 A), which are
held by van der Waals forces leading to the formation of van der Waals gaps.* There are several
important properties related to the special crystal structure associated with van der Waals gaps.”
46 Bismuth telluride is known to have three dimensional (3D) topological insulator behavior.”®
Doped Bi,Te; materials have also shown superconductor properties.”!? Surface states in Bi;Tes
and similar materials (e.g. BixSes and SbxTes) strongly influence the band structure, which may
result in topological metal and topological superconductor properties.'®!® Thus, surface states

should strongly influence the thermoelectric properties of BixTes materials.

II. EXPERIMENTAL

Bi,Tes NWs were grown by the vapor transport method,' !” and the thermoelectric properties
of NWs were measured with the platform shown in FIG. 1(a). The NWs have a rectangular
cross-section (FIG. 1(b)),!” and the Bi:Te ratio measured by energy dispersive spectroscopy
(EDS) close to the atomic 2:3 ratio (FIG. 1(d)). The characterization platform was patterned by a
combination of photo- and electron-beam lithographies.'® Details about NW growth and platform
fabrication are included in the Supplementary Material (SM). Single Bi;Tes NWs were picked
from the as-grown substrate and placed onto the characterization platform by a scanning electron
microscope nanomanipulator.'”” E-beam lithography followed by metal evaporations was
performed to produce the top contacts on the NWs. After lift-off in acetone, the device was ready

for testing (FIG. 1(a)).



Thermal and electronic measurements were carried out in a cryostat from 25 K to 310 K
(SM).' ' The measurements were performed first for bare NWs. Then, layer-by-layer
deposition of porphyrin onto the devices were carried out with 0.1 mM Sn(I'V)-meso-Tetra(N-
ethanol-4-pyridyl)-porphyrin water solution for 1 minute (cationic porphyrin, S"\TNEtOHPyP*")
followed by 1.0 mM Zn(II)-meso-Tetra(4-sulfonatophenyl)-porphyrin NaCl-water solution for 3
minutes (anionic porphyrin, ZnTPPS*). Three SnTNEtOHPyP*'/ZnTPPS* bilayers were

deposited to form a conformal shell of about 1.2 nm thick.

(a) (b)

104 — Si (d)

83

6.2 Element  Wt% At%
BiM 50.54 38.43

2
3 TeL 49.46 61.57
4.2 Matrix Correction | ZAF
2.1 -
Bi Te
S -

2.00 4.00 6.00 8.00 10.00
Energy (keV)

FIG. 1. (a) SEM image for BizTes NW on thermoelectric characterization platform. (b) SEM image showing the cross-section. (c)
TEM images of porphyrin coated BiTes NW. In this image, there are 12 porphyrin bilayers on NW resulting in 5 nm thick shell.
(d) EDS analysis for the Bi2Tes NW.

III. RESULTS AND DISCUSSION
In this work, we studied the thermal and electronic properties of bare and porphyrin coated p-
type BixTes nanowires (NWs) from 25 to 310 K (FIG. 1). Porphyrins are bio-organic molecules

with novel electronic and photoactive characteristics that can be adsorbed onto substrates



inducing changes in electronic characteristics of substrates without chemical binding. Such
interaction makes porphyrins ideal candidates to probe the influence of surface-electronic states
without chemical functionalization.?® 2! A porphyrin shell was formed onto Bi;Te; NWs by
layer-by-layer deposition to produce a conformal and uniform coating. The thermal conductivity
increased after coating for temperatures above 100 K, while the electrical conductivity remained
unchanged. Supplemented by computational modeling, we attribute the increased thermal
conductivity to a transition of surface electrons from metallic to semiconducting states due to the
influence of the porphyrin shell, resulting in deviation from the classical Wiedemann-Franz (W-
F) law.

Thermal and electronic transport properties for the NW samples are displayed in FIG. 2.
Samples 1 and 2 have a rectangular cross-section with side lengths of about 350 nm by 150 nm,
while sample 3 has a nearly square cross-section of about 380 nm by 350 nm. The different
cross-sections of samples 1 and 2 compared to the one of sample 3 can be associated to a
different crystallographic growth direction.”” Porphyrin coating was performed on the NWs.
However, sample 1 and 2 did not survive the porphyrin coating; presumably the rectangular
cross-section shape was not strong enough to sustain the high surface tension of the porphyrin-

water solutions.
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FIG. 2. (a) 4-probe electrical conductivities, (b) thermal conductivities (k), (¢) calculated phonon thermal conductivities (k)
based on the W-F law, and (d) Seebeck Coefficients versus temperature. Solid lines in (c) are Callaway model fittings. Inset plot
in (b) is the k of samples 3 before and after porphyrin coating (axis for the inset are the same as (b)).

The temperature dependence of the electrical conductivity for the 3 samples provides
evidence for the different charge carrier transport mechanisms (FIG. 2(a)). The electrical
conductivity (o) versus temperature (T) for the three samples follows o < T~ from 200 K to
310 K with n varies from 0.7 to 1. Between 100 K and 180 K, all samples showed a(T)
dominated by thermally activated conduction. From 180 K to 310 K, the thermally activated
conduction is overcome by increasing phonon-carrier scattering. On the other hand, the
conductivity values below 100 K differ from each other. The conductivity of sample 3 decreases

as T decreases, while those of sample 1 and 2 increase with decreasing 7. The o of sample 2



increases sharply at low temperatures while that of sample 1 just slightly increases. After
porphyrin coating, ¢ of sample 3 remains the same between 120 K and 310 K, while at the lower
temperature range, a change is observed. The different temperature dependence of o among the
samples, as well as the influence of porphyrin coating at the low temperature range, can be
associated to relative contributions of surface states.** 24

FIG. 2(b) shows the thermal conductivity (k) versus T for the three samples. The k of sample

3 increased after porphyrin coating (FIG. 2(b) inset). FIG. 2(c) shows the calculated phonon
thermal conductivity (kp,) versus T plots of sample 3 (kpn, = K —K,) assuming that the
electronic thermal conductivity (k,) follows the W-F law (k.(T) = L T o, where L is the Lorenz
number). The Lorenz number calculations and Callaway model fitting parameters are detailed in
SM. The calculated Lorenz numbers before and after porphyrin coating are found to be almost
identical. The temperature dependence of k from 200 K to 300 K is similar among the samples,
and it is associated to Umklapp phonon scattering. At the low temperature regime, the thermal
conductivities for samples 1 and 2 are substantially larger compared to that of sample 3, which
indicates that the phonon mean-free-path (MFP) is much shorter for sample 3. However, sample
3 cross-section dimensions are larger than those of samples 1 and 2. This observation implies the
presence of internal boundaries for phonon scattering, presumably due to a larger density of van
der Waals gaps across the longitudinal growth direction of sample 3. The calculated boundary
scattering length of sample 3 is close to 76 nm based on the Callaway model fitting. The higher
thermal conductivities and different temperature dependence of samples 1 and 2 suggest that
their crystal orientations are different to the one of sample 3. After porphyrin coating, the
electrical conductivity of sample 3 remains the same between 120 K and 310 K, while for lower

temperatures a change is observed.



We observed an increase of k after porphyrin coating on sample 3 from 180 K to 300 K. The
most trivial hypothesis is to assume that the porphyrin shell has a larger k. Based on this
assumption, the thermal conductivity of the porphyrin shell (k;) can be calculated by k; =
[k.r? + ks (r, — r)?]/r5 , where k, and k. are the total and core thermal conductivities; r; and
r, are core and entire NW (including the shell) radii, respectively. For k.= 0.98 Wm'K™!, k. =
0.79 Wm'K! (x for bare BiTe; NW), assuming r; equal to 350 nm, and the thickness of the
shell equals to 1.2 nm, K turns out to be close to 1.6 x 10* Wm'K"!, which is only 3 times
smaller than that reported for graphene.”> However, there is no evidence that porphyrins can
form structures similar to graphene. Thus, we conclude that the observed increase of k after
porphyrin coating cannot be attributed to the thermal conductivity of the porphyrin shell.
Furthermore, k only increased for T > 100 K indicating a shell contribution that is also function
of the temperature.

FIG. 2(b) inset shows k vs T plots for sample 3 before and after porphyrin coating. Since the
low temperature thermal conductivity remains essentially the same after porphyrin coating, the
increased thermal conductivity is the result of a change in the nature of phonon scattering and/or
increase of the electronic thermal conductivity. However, the increase of phonon thermal
conductivity is not reasonable, because the influence on phonon conduction by surface coating
should result in decrease of i), due to the increase of phonon scattering (SM).>*** The porphyrin
coating has negligible o, but significant electronic interactions of the porphyrin deposited on the
surface may influence the Bi;Tes NW.?%3!

The temperature dependence of the Seebeck coefficient for sample 3 is shown in FIG. 2(d).
The room temperature Seebeck coefficient is comparable to data reported elsewhere. 3> However,
the Seebeck coefficient at low temperatures is larger than reported values, which are close to

zero. After porphyrin coating, the Seebeck coefficients increased by about 20 % on average over



the entire temperature range. The negative Seebeck coefficient of sample 2 and the relatively
small Seebeck coefficient of sample 1 are associated to n-type surface conduction. The surface

states contribute to the n-type surface conduction, which is the largest for sample 2 (discussed

further below).
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FIG. 3. The electronic densities of states (DOS) calculated for (a) bulk and (b) 2D Bi>Tes compound. The crystal structure of (c)
bulk Bi>Tes and (d) a (110) BizTes 5-layer slab model. The Bi-, Tel-, and Te2- atoms are marked by blue, green, and red spheres,
respectively.

Since Bi»Tes compounds are known topological insulators, ** surface transport should result
in drastic contributions to the overall electronic properties. We hypothesize that coating p-type
Bi;Tes NWs with porphyrin shells leads to a transition of surface electrons from metallic to

semiconducting states. The electronic transport properties of p-doped nanostructured materials



can be influenced by a high-electron density surface layer.** 4b-initio density functional theory
(DFT) calculations 3% are particularly important for such investigations since they provide an
effective method to distinguish between the partial contributions of bulk and surface states. To
this end, two sets of calculations have been carried out: for rhombohedral crystal structure with
the space group D3;(R3m) with five atoms per unit cell, and for a 2D slab model formed by
slicing a bulk lattice across the (110) direction containing 20 atoms per unit cell (see FIG. 3). We
postulate that the total electrical transport coefficients of Bi;Tes NWs can be described as the
relative contributions of bulk and surface states.

We employ DFT using a plane-wave basis set, and the projector-augmented wave (PAW)
method (DFT parameters that are detailed in SM).> The electrical transport coefficients were
calculated in the framework of the semi-classical Boltzmann transport equation (BTE) applying
the BoltzTrap code.** The calculated electronic densities of states (DOS) for bulk and surface
states are displayed in FIG. 3. The DOS curve obtained for bulk BixTe; compound is typical for

semiconductors (FIG. 3(a)).* ° The band gap (Eg) is evaluated to be about 0.4 eV, which is
higher than the room temperature experimental value E; = 0.13 eV.*' In turn, calculations made

for the 2D BixTes quintuple layer reveal the appearance of additional electronic states inside the
band gap (FIG. 3(b)). Herein, we estimated a constant relaxation time of 7, = 10 fs for both
bulk and surface states by adjusting the calculated 6(T) dependences to the experimental data
(FIG. 2(a)), which is comparable to electron relaxation times for telluride compounds.** **
Additionally, the Fermi level was shifted by -0.08 eV with respect to its calculated value. The
shift of Er is also used as a fitting parameter representing the difference between experimentally
studied Bi;Tes NWs and model structures used during calculations.

FIG. 4 presents the calculated and experimental data comparison plots. The calculated and

experimental o(T) dependences are depicted in FIG. 4(a), and they are found to be in good



agreement. The bulk Bi>Te; compound possesses clear semiconducting-type conductivity close
to experimental behavior of 6(T) for NWs below 120 K. Both red and black curves in FIG. 4(a)
represent results calculated using BTE for the same aforementioned relaxation time. The subtle
difference between the theoretical and experimental results is associated to simplifications made
by our computational procedure, mainly the constant relaxation time approximation. It should be
noted that the o(T) dependence of sample 2 is closely represented by the calculated 2D layer
(FIG. 4(a)). It seems that electronic transport properties of this particular NW are dominated by
surface states in contrast to other samples in the series. We assume that NWs possessing such
electronic transport should be especially sensitive to the porphyrin coating resulting in sharp
decrease of electrical conductivity.

This result provides us with the possibility to evaluate the partial contribution of k. (T) from
bulk and surface states and compare them with available experimental data. The x.(T)
dependences calculated according to BTE as well as those estimated from experimental and
theoretical o(T) results applying the W-F law, are plotted in FIG 4(b). As one might expect, the
experimental k. (T) dependences for all coated and uncoated NWs are closely spaced throughout
the entire temperature range because their respective o(T) are practically identical. The
experimental data are found to be in a strikingly good agreement with k., of Bi;Tes layer
calculated from BTE for the 2D layer. Simultaneously, k. (T) values calculated from BTE agree
with experimental data only below 120 K for the bulk case. The origin of these opposite trends is
probably due to the different conduction mechanisms for bulk and surface states of BixTe; and,

correspondingly, in coated and uncoated NWs.
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FIG. 4. (a) Calculated electrical conductivity of bulk (black solid line) and 2D (red dashed line) Bi2Tes compound as well as
experimental (round and triangle bullets) results for the coated and uncoated NWs (see FIG. 2 for details). (b) Experimental and
calculated k,, for the bulk and 2D BizTes, as well as for coated and uncoated NWs. (c) Experimental Ak = iuncoated — yccoated (plack
squares) and calculated Ake = Ke*Urface — i bulk (solid line) differences versus temperature.

While the results obtained for the 2D layer are found to be in good agreement over the entire
temperature range (FIG. 4(b) dashed lines), the situation is reversed for bulk Bi;Tes. The
difference between BTE and W-F approaches reaches value of 80 % or 0.3 Wm™'K™! at T=300 K,
which is about the same order of magnitude as the experimentally measured rise of k for BixTes3
uncoated

NW after coating. FIG. 4(c) presents the temperature dependences of experimental (Ax = «

— x*ad) and calculated (Ake = K™ — k™) differences of k. The Ak(T) is found to be in a

11



good agreement with that predicted from DFT for Ak . This results means that the rise of k for
porphyrin coated BiTes NW most likely originates from the change of electronic interaction
between holes and surface electrons due to their transition from metallic to semiconducting
surface states.

Our experimental observations should have led to the conclusion that coating encourages
NW metallic behavior because k increases upon coating. However, this scenario is not the case
since coating encourages semiconducting behavior as implied by o(T) trends depicted in FIG.
4(a), the Seebeck coefficients in FIG. 2(d), and the DOS curves in FIG. 3. Applying the W-F
relation in its classical metallic/heavily-doped limit should be done with care, as demonstrated by
Kim et al.* It is, indeed, shown by us that applying the BTE approach can provide a reasonable
interpretation for the experimental results and elucidate the significance of k.(T). Thus, our
DFT/BTE approach supports the experimental procedures in a way disproving the significance of

Kph, as one might have inferred from FIG. 2(b).

IV. CONCLUSIONS

In conclusion, we studied the TE properties of bismuth telluride NW devices with or without
porphyrin coating, and observed different properties for square and rectangular cross-section
NWs. The TE properties of BixTes NWs can be strongly influenced by the crystal orientation at
different temperature regimes. Additionally, we observed significant increase of k above 100 K
after coating with a thin porphyrin shell (1.2 nm thick). We observed that x, is decoupled from o
by porphyrin adsorption. kp;, was analyzed and modeled to confirm that the change was due to a
change of k.. DFT calculations assisted with BTE reveal change in surface state contribution

after porphyrin coating. We note that o and the thermopower were previously decoupled in

12



BiTes thin films by inducing native defects via irradiation.*> Our work provides a route to

decouple k. from ¢ in this important nanostructured thermoelectric material.

SUPPLEMENTARY MATERIAL

Supplementary material contains nanowire synthesis, device fabrication, electric and

thermoelectric characterization, error propagation, Callaway model fitting, and DFT calculations.
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