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Thermoelectric materials have been heavily investigated over
the past several decades for environment-friendly applications
of solid-state energy conversion: heat to electricity and vice
versa.?l The figure of merit (ZT) of thermoelectric materials
is given by 0?0T/k, in which o is the Seebeck coefficient (ther-
mopower), o is the electrical conductivity, T is absolute tem-
perature, and x is the thermal conductivity. Since o and o are
anticorrelated through the free carrier concentration (n), recent
successes to enhance ZT have mostly relied on reduction of lat-
tice thermal conductivity (k) without significantly affecting the
power factor (¢20).13! This approach has achieved ZT of PbTe~
SrTe compounds exceeding 2 at temperatures above 900 K by
effectively scattering acoustic phonons with all-length-scale
mean free paths.[]

On the contrary, the best
(i.e., excluding superlattices)P

single-phase  materials
I available today for near-room-
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temperature thermoelectrics are Bi,Te;-based bulk alloys, and
their best ZT is still around 1, e.g., n-type Bi,Te;;Seq3 with
ZTmax =0.9% and p-type BigsSbysTe; with ZT,,, =1.2."] The
approach of phonon engineering has limited potential for
these materials as their thermal conductivity is already low and
does not have much room for further reduction.>®! Hence, it
is ultimately necessary to seek a breakthrough in materials
engineering that would improve ZT beyond what is limited by
the trade-off between o and o, preferably with a single meth-
odology. Though various experimental (e.g., energy filtering
in Bi,Tes;/Bi,Se; superlattices)?®! and theoretical (e.g., hybridi-
zation by topological surface states)!'% approaches have been
attempted or proposed, only o or o, but not both, is effectively
improved in these cases. The trade-off between o and o origi-
nates fundamentally from the fact that a high o prefers a large
asymmetry in electron population above and below the Fermi
level, thus a rapid variation in the material density of states;
this is opposite to the direction of increasing ¢ and n, which
occurs typically as the Fermi level is displaced deep into the
band where the density of states is relatively constant.

Here, we demonstrate a new way to drastically enhance
thermoelectric properties of Bi,Te; by utilizing native defects
(NDs). We present a new, atomic-scale mechanism to break
the trade-off between o and o, simultaneously improving both
for enhanced ZT. Such a unique combination of electrical and
thermoelectric benefits originates from the multifunction-
ality of native point defects in Bi,Te; acting as electron donors
and electron energy filters. The presented results establish the
importance of understanding and controlling point defects in
thermoelectric materials as a venue to much improve their
device performance.

Bi,Te; thin films with a wide range of thicknesses (11 nm to
1 pm) were grown by molecular beam epitaxy (MBE) on semi-
insulating GaAs (001) substrates. In Figure 1a, the cross-section
high-resolution transmission electron microscopy (HRTEM)
image shows clean interfaces without amorphous phases, and
shows highly parallel quintuple layers (QLs). The crystallinity of
the MBE films was further evaluated by X-ray diffraction (XRD)
using the Cu Kol radiation line (Figure 1b). The XRD pattern
clearly shows strong reflections from {003}-type lattice planes.
This is a strong indication of the highly c-axis directional
growth of the MBE films. The QL thickness was calculated
from the XRD data, giving dq; = 1.014 £ 0.005 nm for Bi,Tes
that is consistent with the value of 1.016 nm for bulk Bi,Te;.l'!
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T T ] non-stoichiometry, or amorphization is
2 13]

e observed.¥! We also note that the substrate

= (semi-insulating GaAs) does not contribute

. 3 to the electrical conductivity measured from

the film. It is theoretically expected!™ and

3 experimentally confirmed that the substrate

0,0,6) ]

(0,0,3)

(002) GaAs

] remains electrically extremely insulating
3 after the irradiation, with a sheet resistance
orders of magnitude higher than that of the
e film.
(c) I 0 10 20 30 40 &0 80 After the irradiation, o of the Bi,Te;
] 20 (degree) increases for films with thickness between
47 and 740 nm, and this trend is more sig-
nificant for thicker films (Figure 2a). Con-
sidering the multiple conduction chan-
Tenacancy 1 nels (e.g., surface and bulk) in Bi,Te;, this
A AAN M ' effect suggests that bulk transport, which is
Bivacancy ] affected by the NDs, plays an important role
] in the electrical conductance in this thick-
L " L . ) . ness range. In contrast, very thin films are
10 100 1000 200 400 600 insensitive to irradiation, because surface
Thickness (nm) Depth (nm) conduction dominates and remains robust
to irradiation. Hall effect measurements
Figure 1. Characterization of pristine Bi,Te; films. a) Cross-sectional HRTEM image and  reveal that the enhanced o is a combined
b) XRD data of Bi,Te; films grown by MBE on a GaAs (001) substrate. c) Hall effect determined  effect of a monotonic increase in n and a
carrier density and mobility as a function of thickness at room temperature. d) The concentra-
tion of vacancies was calculated using SRIM for 740 nm thick Bi,Te; film under 3 MeV alpha The increase in n indicates that the irra-
particles irradiation. SRIM predicts that the concentration of irradiation-induced defects is very o . X X
uniform along the depth of films. As indicated by the units (cm=/cm™2), the real vacancy con- diation predominantly introduces donor-like
centration is given by this value multiplied with the irradiation dose (in units cm™?), implying ~ NDs, which are also considered as the pri-
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non-monotonic change of p (Figure 2b,c).

a linear dependence between them. mary reason for the unintentional n-type
behavior of as-prepared Bi,Te;.['>16]
Hall effect measurements were performed in the van der Pauw As shown in Figure 2c, the mobility of thick films

configuration using an Ecopia HMS-3000 system. As presented  increases remarkably (by up to 50%) upon irradiation until an
in Figure 1c, n decreases and carrier mobility (u) increases  intermediate dose (=2 X 10** cm™2), then steadily decreases. For
monotonically with film thickness, and tends

to saturate in thicker films, akin to those 1200
observed in Bi,Se; MBE thin films.' In @

order to generate NDs, the samples were irra-

diated with 3 MeV alpha particles (He?*) with 1000
doses ranging from 2 x 10" to 3 x 10" cm™.

The projected range of these particles

exceeds 8 pm in Bi,Te;, as calculated by 800
Monte Carlo simulation using the stopping <
and range of ions in matter (SRIM) program €
(Figure S1, Supporting Information, inset). ©

e (b} by

() 250 vy

Therefore, the He?" ions completely pass ‘TC} I —~ 200 740
through the entire film thickness, leaving  ~—~ 116 nm 0 Y !
behind NDs that are uniformly distributed © 400t S 150 F /‘\\\'
in both lateral and depth directions. As pre- ._2 40 nm < 100 | 240
dicted by SRIM, the primary NDs induced P E “W”‘_“’**\“‘.
by irradiation are Bi (Vg;) and Te (Vo) vacan- 200 [5- 740 nm Z S0 1
cies and corresponding interstitials with T BT 0 T._/’:..l W L
average densities of 1.2 x 10* (for Bi) and 0"1013 10™ 10" 010" 10™ 10"

1.8 x 10* cm3fion cm™ (for Te), respec-
tively, that scale linearly with the irradiation

dose (Figure 1d). We Tlote that within the Figure 2. Electrical transport of ND-engineered Bi,Te; thin films. a) Electrical conductivity
doses used, the materials are gently dam- ,5540n upon irradiation of films with different thicknesses. b) Electron concentration and
aged with only point defects generated; () electron mobility of representative Bi,Te; films as a function of irradiation dose, determined
no extended defects, surface sputtering, by Hall effect measurement at room temperature.

Irradiation dose (cm2)
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Figure 3. Bilayer Hall effect modeling of Bi,Te; films. Comparison of a) electron concentration and b) electron mobility between experimental data with
bilayer modeled data for 240 nm film. Inset shows schematics of the two conduction channels of surface and bulk. Surface properties are assumed
to be constant for all the films within the ranges of thickness and irradiation dose. Also, its thickness (d,) is assumed to be =3 nm, considering other
contributions such as grain boundaries in the bulk as well as the surface roughness.

conventional semiconductors, it is believed that NDs produced
by irradiation are charged Coulomb scattering centers, low-
ering the carrier relaxation time and thus the carrier mobility.
Recent theoretical and experimental studies have shown that
in addition to the bulk transport, Bi,Te; exhibits significant
surface or grain boundary transport, which are attributed to
the topological insulator statel!”] or to a surface accumulation
layer.'8191 We propose that the irradiation-induced NDs cause
the unusual mobility behavior of Figure 2c¢ by modifying the
relative contribution of conduction electrons between the bulk
and the surface (including grain boundaries and specimen sur-
face). Simplifying the system into two electrically conduction
channels, surface and bulk, we modeled the dependence of
carrier concentration and mobility on irradiation dose.2%2l As
illustrated in the inset of Figure 3a, parallel electron transport
was considered in the surface and bulk layers. With the relative
contribution from each layer, effective (modeled) electron con-
centration (n*) and mobility (4*) were determined using:

oLl 1+ o (0 1))
no 2 (dg [d) + i (dy /d)

(1)

gt )+ g )
nply (ds /d) + 1,y (dy, /)

(2)

where ny(ny) and pg(p,) are the electron concentration and
mobility of surface (bulk) layer, respectively, and dy(d,) is the
thickness of surface (bulk) layer, and the total thickness, d, is
given by d=d, +d,.?% The surface properties (1, and p,) are
inferred from Hall effect data of very thin films (11-22 nm)
where surface contribution is dominant. Note that in this model
ng and g are assumed to be not strongly affected by irradiation,
i.e., the irradiation generates more free electrons only in the
bulk (increasing net ny), as opposed to redistributing existing
surface ng to the bulk ny. Indeed, in very thin films where the
bulk conduction is insignificant, the measured n* (Hall p¥)
is always dominated by ng (i), staying high (low) and nearly
intact upon irradiation (Figure 2b,c). Given that p is insensi-
tive to the irradiation and pg « pp,'>?2 n* and p* were fitted to
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the experimental Hall effect data at various irradiation doses.
Such a bilayer model is in good agreement with the experi-
mental data for films with various thicknesses, explaining both
the monotonically increasing n* and, in particular, non-mono-
tonic variation of p* upon irradiation (see representative fitting
in Figure 3). The irradiation-induced, drastic net increase in
bulk electron density would shift the weight more toward bulk
conduction, compared to the case in pristine films where sur-
face conduction weighs more. Therefore, although p, slightly
decreases upon irradiation, the measured p* shows an increase
at intermediate irradiation doses, because after irradiation the
higher-mobility bulk conduction plays a much more significant
role than the surface conduction.

More importantly, while steadily increasing o, the NDs at
intermediate irradiation doses also improve the thermopower
(0) of the thick Bi,Te; films as seen in Figure 4a. This simulta-
neous enhancement of o and o is unusual, since in most cases
o decreases and o increases with increasing n. Normally, as n
increases, the Fermi level ex moves deeper into the band where
the density of states is flatter, hence reducing the entropy car-
ried by charges around &% The simultaneous enhancement
of o and o is observed only in relatively thicker films (>47 nm),
which suggests that the measured thermopower is dominated
by the bulk contribution that can be tailored by the NDs.

In the relaxation time model, the thermopower in the degen-
erate doping limit is given by:

|a|~k_B.ﬂ:_z.kB_T.(§+r) 3
e 3 & \2 ()

where r is the index of the electron relaxation time related to
kinetic energy, 7(€) < &', and & is measured from the con-
duction band edge. Equation (3) not only predicts the ordinary
decrease in o as n increases (through &), but also an increase
in o when r increases. The former leads to the conventional
wisdom of the inverse coupling between ¢ and o, while the
latter allows it to be broken, as in our case. It is known that r
varies from —1/2 for acoustic phonon scattering to 3/2 for ion-
ized impurity scattering.?*! As shown in Figure 4b, in pristine
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Figure 4. Enhancement of Seebeck coefficient and power factor by the NDs. a) Variation of o upon irradiation. b) oc enhancement of irradiated Bi,Te;
films in the thick film regime (Pisarenko plot). The dotted lines show the results of calculated Seebeck coefficient with different scattering time index
r ranging from phonon-scattering (—1/2) to ionized impurity scattering (3/2). Here, the rigorous Fermi-Dirac carrier statistics are used such that the
calculation is valid across all concentrations ranging from non-degenerate to degenerate. The arrow indicates simultaneous increase of o and carrier
concentration (n) of the films. c) Thermoelectric power factor enhancement in the ND-engineered Bi,Te; films.

films, the measured o as a function of n follows the trend
with calculation using r = —1/2, indicating that electrons are
mostly scattered by phonons in these films. This is consistent
with theoretical prediction that electrical transport in Bi,Te; at
similar carrier concentrations (=1 x 10" ¢cm™) is limited by
phonon scattering,!*”! and is indeed reasonable considering
its very large dielectric constant (g, = 290).2°! However, the
high density and multiple charge states of NDs introduced by
irradiation as ionized impurities cause a transition of the scat-
tering mechanism from phonon-dominated (r = —1/2) toward
more impurity-dominated (r = 3/2); as a result, the thermo-
power is drastically enhanced, as indicated by the arrows in
Figure 4b. For the irradiated films, o starts to follow the cal-
culated trend with r = 3/2. This transition is also confirmed
by the fact that the mobility p of the pristine film becomes
much higher when measured at low temperatures, while y is
less temperature-sensitive for irradiated films (Figure S1, Sup-
porting Information).

The ND-enabled decoupling of o and o naturally leads
to a significant increase in the thermoelectric power factor,
0?0, as shown in Figure 4c. It reaches a peak value of
3.4 £ 0.3 mW m™ K2 for the 740 nm film at an irradiation
dose of 4 x 10'* cm™2, representing an eightfold enhancement
from its pristine value. This peak power factor is a factor of
1.5-3 higher compared to recently reported values in binary
Bi,Te;.>%]

In addition, the effect of the NDs on the cross-plane
(c-axis) thermal conductivity (x,), particularly in the thick Bi,Te,
films, was investigated using the differential 3w technique.l®l
We found that x; decreases by up to 35% upon the irradia-
tion as shown in Figure 5. It is noteworthy that the reduction
in k, is substantially stronger than the case if the NDs were
replaced by conventional donor ions at the same concentra-
tions (=3 x 10¥ cm™, or =0.1% of the atomic sites). This is
because a point defect’s ability to scatter acoustic phonons
goes as the square of the defect’s relative deviation in mass,
radius, and/or bonding strength.?”) These relative deviations
are much stronger for the irradiation-introduced NDs (vacan-
cies, antisites, and missing bonds) as compared to simple

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

substitutional dopants.’% As our measured K is cross-plane (L),
while the measured o and o are in-plane (//), a rigorous evalua-
tion of ZT is not within the scope of this work due to the aniso-
tropic transport. However, given the eightfold enhancement in
0?0, it is safe to conclude that ZT is expected to be significantly
enhanced accordingly, because x is expected to only decrease
upon the irradiation.

To summarize, irradiation-induced NDs drastically enhance
thermoelectric properties in Bi,Te; by decoupling the three
key thermoelectric parameters and simultaneously modi-
fying all of them toward the desired direction. This is ena-
bled by the multiple functionality of the NDs acting benefi-
cially as electron donors, energy-dependent charge scattering
centers, and phonon blockers. Our results suggest that a sig-
nificant improvement of the thermoelectric performance can
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Irradiation dose (cm'z)

Figure 5. Cross-plane thermal conductivity of the 740 nm Bi,Te; film
upon irradiation. Inset illustrates the in-plane and cross-plane configura-
tion of the textured film.
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be achieved through a judicious control of the ND species
and their density by post-growth processing with high-energy
beams. As the NDs are expected to be generated and behave
in the similar way in a wide range of narrow-bandgap semi-
conductors (e.g., observed in InN and InAs)B3132 it is possible
to extend this method to improve the figure of merit of other
materials in conjunction with other widely utilized techniques
such as alloying and nano- and hetero-structuring. Although
irradiation cannot be directly applied to bulk materials due
to limitation in irradiation projection range (=10 pm), our
approach is of practical importance because thin film thermo-
electrics could play an important role in on-chip cooling;3’]
in addition, our approach can be used in complementary to
existing nanotechnology to scale up in bulk thermoelectrics.
For instance, nano-objects (such as Bi,Te; nanowires, particles,
and nanoplates) can be irradiated, and then pressed into bulk
or assembled into bulk using a polymer matrix, as demon-
strated by Coates et al.}

Experimental Section

Thin-Film Growth: The Bi,Te; thin films were grown using a dual
chamber Riber 32 solid-source MBE system. The Bi and Te, fluxes were
generated by standard effusion cells, and the structure and thickness
of the films were monitored in situ by reflection high-energy electron
diffraction. The growth step was initiated by heating an epi-ready semi-
insulating GaAs (001) substrate to 600 °C for de-oxidation in the IlI-V
MBE chamber. This was followed by deposition of a 100 nm GaAs buffer
layer. This modified substrate was then transferred to the chalcogenide
MBE chamber through an ultra-high vacuum connection. The growth of
the MBE film was initiated by the deposition of a series of monolayers
of Te-Bi-Te-Bi-Te (a QL) in atomic layer epitaxy fashion at room
temperature. The substrate was then gradually heated to 300 °C, and
the MBE growth of Bi,Te; was subsequently performed under Te-rich
condition of Ty, (250 °C) < Tgupstrate (300 °C) < Tp; (=500 °C) with a Te:Bi
beam equivalent pressure ratio ranging from 20:1 to 80:1. The films were
grown layer by layer, with typical growth rates of 0.5-2 QL min™". Later, the
compositions and thicknesses of the films were confirmed by Rutherford
backscattering spectroscopy (RBS) before further experiments.

Alpha Particle Irradiation: The pristine samples were irradiated in an
accumulated manner employing a high-energy (3 MeV) He?" beam with
current between 35 and 100 nA generated by an NEC Pelletron tandem
accelerator. The accumulated dose was monitored by measuring the
total charge on the sample in an electrically isolated irradiation chamber.
The ion beam was defocused to an area of 40 mm? maintaining a
homogeneous ion fluence over the entire film, assuring the introduction
of uniformly distributed NDs, both vertically and laterally.

Thermoelectric  Transport  Characterization:  Electrical  transport
was measured by Hall effect using an Ecopia HMS-3000 system at
room temperature. Seebeck coefficient was measured by a home-
built thermopower measurement system. A differential 3w technique
was used to measure the cross-sectional thermal conductivity (i)
of the ND-engineered Bi,Te; thin film with a thickness of 740 nm at
various irradiation doses. Using the plasma-enhanced chemical vapor
deposition (PECVD) technique, a 500 nm SiO, layer was simultaneously
deposited on the top of both a pristine Bi,Te; thin film, for electrical
isolation, and a reference (identical semi-insulating GaAs (001)) bare
substrate at 300 °C. Two identical 20 ym x 1500 pm gold line heaters
were then patterned on the top of PECVD-grown SiO, layers using
conventional photolithography. Since the thicknesses of the dielectric
layer (500 nm) and Bi,Te; film (740 nm) are much thinner than the
width of the patterned gold heater (20 pm), the through-thickness
(along c-axis) heat conduction can be approximated as 1D to better
than 5% accuracy.13’
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1. Low-temperature mobility.

4

1 0 -l 'IIIII I LI IIIlIl Ll LI IIIIII 1 L

- 740 nm

i nm -

i 77?(\0 :

l_A i 0 ;—BizTe-S"' N

'(n - E 2 2 4 {>~<> i
h 3 55 4% GeaAs \

> 1 O - % 6 i & -

NE F © 8l ] \ N

(&) B 10'.._3_..1:4..12 <>-

S’ - 10" 10" 107 10* 10* .

4. B Hez;(cm *lcm 2) 4

| 300K -
*_"/’_‘\o-‘\

102 [ Y BT R
010" 10" 10"

Dose (He*"/cm®)

Figure S1. Low-temperature mobility of Bi;Te; film. Comparison of carrier mobility determined at
77 K and 300 K for a 740 nm film as a function of irradiation dose. The mobility in the pristine film
(740 nm thick) at 77 K is nearly two orders of magnitude higher than at 300 K. This difference
becomes much smaller upon irradiation, suggesting that electrically active NDs (donors and
compensated acceptors), as opposed to acoustic phonons, become the dominant scattering centers,

which also increases the Seebeck coefficient. This supports the explanation in the main text of the
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simultaneous enhancements in both o and «. Inset shows the depth distribution of the irradiation

He?" ions in the Bi,Te; film and GaAs substrate determined by SRIM simulation.

2. Thermopower calculation.

The definition of Seebeck coefficient (thermopower), &, can be derived from the solution to the

steady-state Boltzmann transport equation under the relaxation time approximation as!'

3 (0)
T dk}f(k)vkvké[—ﬂ) (S1)
o (22) T\ ds

where o = 2ezj 'k r(k)v v [——J and &= E(k)—(é‘p - €¢). Here e is the elementary

charge, v, is the electron group velocity, & is Fermi energy, ? is electric potential and /) is the

Fermi-Dirac carrier distribution function. The dependence of relaxation time 7 on electron energy £
follows t(&(k)) ~ &(k) ", where the exponent » = —1/2 accounts for phonon dominated scattering
mechanism, while » = 3/2 accounts for impurity dominated scattering mechanism. To calculate
Seebeck coefficient as a function of carrier concentration, the Fermi level needs to be determined

first based on the charge neutral condition, i.e.

Nd—n(¢,gF)+p(¢,gF):0, (S2)
where N, is the constant concentration of donors, n and p are the carrier population of the
conduction and valence bands respectively. Setting the conduction band edge as the energy

reference point, 1.e. @ = 0, 7 can be calculated as

(o) = [ 2L

1+exp[(5—gF)/kBTT (53)

where p(¢) is the density of states for the conduction band. Here full Fermi-Dirac carrier statistics

are used such that the calculation is valid across all concentrations ranging from non-degenerate to
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degenerate. Free hole concentration can be calculated in a similar way. In the degenerate doping

limit, Equation (S1) can be simplified to Equation (3) shown in the main text.

3. Characteristics of native defects as charge scattering centers.

Both native defects (NDs) and extrinsic chemical dopants enhance electrical conductivity of Bi,Tes
by donating more charge carriers. While they both behave as charged scattering centers, their
degree of ionized impurity scattering can be significantly different (hence different effects on
Seebeck coefficient).

First, the scattering cross-section is much larger for NDs. For ionized impurity scattering, it is

known that the cross-section is proportional to Z* as below:

a{ ! Zez}, (S4)

1 2
4reg, S mo

where Z is the charge of the ionized defect center. It is widely known that NDs in semiconductors
have multiple charge states depending on their Fermi level, and this also holds true for Bi;Te;
according to a recent computational investigation in Ref [16]. For instance, Te vacancies have the
charge state of 2+. Recalling that high-energy particle irradiation normally generates Frenkel pairs
(vacancy-interstitial), irradiation-induced NDs can have 4 times larger scattering cross-section
compared to that of single charged extrinsic dopants such as iodine (n-type) and antimony (p-type).
Secondly, irradiation-induced NDs provide more charge scattering centers than chemical doping
even when they donate the same number of free carriers. This is based on the fact that irradiation
produces random damage consisting of donors and compensating acceptors. Although donor-like
NDs (e.g., Te vacancies) are dominant, however acceptors (e.g., Bi vacancies) are also
simultaneously generated as shown in Figure 1d. Both types of NDs naturally act as charge
scattering centers. The carrier scattering rate is given by 1/ 7= Nvo where N is the concentration

of ionized scattering centers. In compensated semiconductors,
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where 7 is free carrier concentration and 4 is the effective compensation ratio. For irradiated BiTes,
6 is estimated to be ~ 0.67 from our SRIM simulation, so N will be ~ 2.5 n. On the contrary, the
uncompensated Bi,Tes (e.g., [-doped Bi,Tes) will have N ~ n. Therefore, our finding of

simultaneous enhancements in electrical conductivity and thermopower has never been observed in

chemically doped Bi,Tes, in which the conventional wisdom of thermoelectrics governs.

4. Stability of the effects.
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Figure S2. Carrier concentration of irradiated Bi,Tes across a practical temperature range. The
carrier concentration of 740 nm thin-film was measured during heating (red) and cooling (blue)
with a ramping rate of 10 K/min. At each temperature point, the time spent on waiting for
temperature stabilization and the Hall measurement is about 10 minutes, such that the total time of a

full cycle is about 90 minutes.

5. Reduction of cross-plane thermal conductivity in irradiated Bi,Tes.
Figure S3a illustrates these two 3w samples, namely, “sample” (with Bi,Te; film) and “reference”
(without Bi,Tes film). Figure S3b shows the amplitude of the temperature oscillation in the pristine

Bi,Te; sample (AT umpie) and reference substrate (AT eference), calculated using

4
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drv,
AT = 2Rd—R%, (S6)

lo
where R, V4, V3, are the electrical resistance, 1w voltage, and 3w voltage of the gold heater,
respectively, and dR/RdT is the temperature coefficient of resistance of the heater. The average
temperature drop across BiyTes film (A7};,) was determined using ATy, = ATsampie - AT eference, and

the cross-plane thermal conductivity of film (1) wWas calculated as

o Pd
At LwATfim”

(87)

where P is the amplitude of the heater power, d is the thickness of film, and L and w are the length
and width of the heater, respectively. The representative temperature rise to determine xpy,, 1 at
1.5%x10"° em™ irradiation is shown in Figure S3b. Thermal conductivity was monitored by
irradiating both the sample and reference substrate with the same dose. The R(7) curve of every
sample and reference was re-calibrated after every additional dosing step. We also note that due to
the finite projected range of the alpha particles (see inset of Figure 2a in the main text), the damage
profile in the GaAs substrate will be slightly shallower in the “sample” as compared to the
“reference” measurements. However, the following estimate shows that this effect should contribute
only around 1% of additional uncertainty to the thermal conductivity of the film, and thus is simply
neglected. The damaged region of GaAs can be approximated as a layer 1 um thick that is either ~7
pum (sample) or ~8 um (reference) below the top GaAs surface. For a comparable point-defect
concentration of ~10" ¢cm™, the thermal conductivity of the damaged GaAs can be estimated as 40
W/m-K, as compared to 60 W/m-K for pristine GaAs. As a conservative estimate of the additional
difference between these two samples, we estimate the difference between one-dimensional
conduction resistances of 1 um of damaged and undamaged GaAs, and compare it to the thermal

resistance of the 740 nm film at 1 W/m-K. On an area normalized basis this is 8.3x10”° m?> K/W

compared to 7.4x107 m*K/W, or only 1.1%.
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Figure S3. Thermal conductivity of Bi,Tes film. (a) Schematic drawings of two types of specimen
used for the differential 3w measurement: “sample” and “reference”. The only difference is the
additional Bi,Tes layer in the “sample”. Determined temperature rise in the “sample” and
“reference” (b) before and (c) after irradiation at a dose of 1.5 x 10'° cm™. Arrows indicate the

temperature rise across the 740 nm Bi, Tes film (ATFy,).

6. Phonon mean free path of Bi,Tes.
We first consider the range of phonon mean free paths (MFPs) that are important in bulk Bi,Te;

prior to irradiation. The lattice thermal conductivity of a bulk material can be expressed as
Kk = f% CvA, da, (S8)

where @ is the phonon frequency, C is the volumetric specific heat capacity per unit frequency, v is
the group velocity, Ay, 1s the bulk MFP, and each term in the integrand is frequency-dependent.
For simplicity we use a Born-von Karman dispersion relation and average the transverse and
longitudinal polarizations. Due to its low Debye temperature of 165 K,/ at 300 K Bi,Te; is well
into the Dulong-Petit regime of constant heat capacity. In bulk Bi,Te; of comparable doping,**
Apuir at room temperature is dominated by umklapp scattering both in-plane and cross-plane. As a

result, x, , oc T~', consistent with umklapp-limited transport and inconsistent with other scattering

6
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mechanisms such as boundaries and point defects. Thus, the bulk MFP can be approximated as

A;ilk r B“’TZT ,°1 where the free parameter B is determined by substituting this bulk MFP into
Equation (S8) and fitting the model to experimental data for the in-plane!® and cross-plane!” lattice
thermal conductivities. The resulting values are B, = 4.58x10" s/K (in-plane) and B,=1. 12x107"7
s/K (cross-plane). The other parameters used in the model are the lattice constants™ (¢, = 0.4383
nm, a; = 3.0487 nm) and average sound velocities (vs,,= 2090 m/s, vy =2017 m/s).[6]

The resulting accumulation functions!” for bulk Bi,Te; at 300 K are shown in Figure S4,
along with typical distribution of grain sizes from ~100 nm to 2 pm in the films. The calculation
shows that the additional scattering by 2 um grains would have only a modest impact on thermal
conductivity, since 88% (in-plane) and 92% (cross-plane) of xpyi is carried by phonons with MFPs
shorter than 2 um. However, for 100 nm grains, effect of grain boundary scattering would be
substantial, and would impact &, more than «, since the accumulation function at 100 nm is
smaller in plane (51%) than cross plane (64%). Assuming that the in-plane and cross-plane grain

sizes are similar, this calculation also shows that k', /', should become slightly more isotropic as

grain boundary scattering becomes increasingly important.
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Figure S4. (a) AFM image of Bi,Te; films grown by MBE on a GaAs (001) substrate displaying

grains ranging from 100 nm to 2 um and oriented in the film plane. (b) Calculated thermal

7
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conductivity accumulation function of non-irradiated Bi,Tes. The shaded region represents the
range of grain sizes observed in the films.

7. Estimation of bounds of in-plane ZT.

As our measured x is cross-plane (L) in Figure S3c, while the measured « and o are in-plane (//), a
rigorous evaluation of Z7 is not within the scope of this work due to the anisotropic transport. For

bulk crystalline Bi,Tes at similar carrier concentrations, it is well known that o, /o, 5.0 and

K,k =2.0 ¥1 Using the Wiedemann-Franz law,"”! the corresponding ratio of phonon thermal

conductivities 18 K 1,0, /K ~1.7. As compared to this reference data, the k', /x| ratio of

L phonon
the present film samples will differ due to several effects. First, we note that the range of phonon
mean free paths (MFPs) of the bulk materials is estimated to span from ~10 nm to ~1 um, with the
MFPs longer in-plane than cross-plane by a factor of ~2. Phonon scattering by grain boundaries

affects transport in both directions; but because these grains are textured, «, ,,,,, should be

reduced more than x due to the longer in-plane MFPs, and it is estimated that about 50% of

1 ,phonon
the in-plane-propagating phonons are scattered at MFPs comparable to the grain sizes in the films

(see Figure S4b). Similarly, the strong impurity scattering also tends to reduce «, ,,,,, more than

K as seen in measurements of Bi,Te;'™ and modelling of InsSes.. 'Y At the optimal

1, phonon®
irradiation dose, the NDs distribute over an average distance of ~5 nm, which is much smaller than
the median phonon MFP. Overall the k', /x| ratio of the 740 nm film should be less than that of

single-crystal limit of 2.0."*) The resulting in-plane ZT at room temperature is calculated in Figure

S5 for two limiting cases of k. It can be seen that the ZT of the optimally irradiated films is at least
0.7 (using the most conservative value of x, /x| = 2.0), and potentially reaches 1.4 in the isotropic
limit (x, / x, = 1.0). Both values correspond to an enhancement by a factor of ~ 10 in Z7 compared

to the pristine-film values.
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Figure S5. In-plane ZT of the irradiated film for anisotropy ratios of 1 (anisotropic, or random
polycrystalline limit) and 2 (single-crystal limit), respectively. The real ZT value should be in
between these two scenarios. In both scenarios the maximum Z7 is enhanced approximately by an

order of magnitude compared to the pristine film.
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