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Precise control of carrier concentration in both bulk and thin-film materials is crucial for many solid-
state devices, including photovoltaic cells, superconductors, and high mobility transistors. For
applications that span a wide temperature range (thermoelectric power generation being a prime
W optimal carrier concentration varies as a function of temperature. In this work, we present
a modified modulation doping method to engineer the temperature dependence of the carrier
by incorporating a nano-sized secondary phase that controls the temperature-dependent
¢ bulk matrix. We demonstrate this technique by de-doping the heavily defect-doped
degenerate semiconductor GeTe, thereby enhancing its average power factor by 100% at low
, and with no deterioration at high temperatures. This can be a general method to improve
theN@verage thermoelectric performance of many other materials.

CIH

1. Introducm

The perfor;etrics of many electronic device technologies depend on a carefully controlled

charge car centration.” ™ However, the concentration that is optimal may be a strong

function oigmperature.m] For example, the carrier concentration that maximizes the dimensionless

thermoeleme of merit ZT (and thus the energy conversion efficiency) of a thermoelectric (TE)
ries

material va ending upon the temperature, as illustrated in Figure 1a and 1b and detailed
Section 10 porting Information. ZT is defined as ZT = S%6T/k, where S is the Seebeck
coeffici i trical conductivity, T is temperature, and « is thermal conductivity. This poses a

challenge s!'nce TE devices are typically operated over a wide range of temperatures and, with a fixed

carrier concentration, the performance obviously cannot be optimized at all temperatures. The

problem isd by the fact that the figure of merit is strongly temperature dependent and is

typically o y adjusting the carrier concentration near its peak value. Conventional doping

strategies based op,adding impurity atoms do not offer a means of controlling the temperature

dependen arrier concentration because the ionization energy of the dopants is usually

quite low s essentially all are ionized at relatively low temperatures.”>** Moreover, limiting

<
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the solubility and low doping efficiency of elements in a given matrix may also limit the

concentration range that can be achieved.™

{

Various ap have been proposed to enhance the average performance of thermoelectric
materials. ge thermoelectric figure of merit over a wide range of temperature has
H I

recently b realized in K-doped PbTeq ;S5 composites originating from a low thermal conductivity

combined Wfith a Band-gap opening at elevated temperatures.!*® Another example is heavily doped

C

p-type single crystals of SnSe that benefit from the increased number of band pockets near the

7.

S

Fermi level® pts to achieve temperature-dependent doping have also been made, such as

exploring the temPerature-dependent solubility of Ag in the PbTe matrix'*? and studying the

Ul

[18]

temperatur, dent dopant migration in multiphase (PbTe)o65(PbS)o.25(PbSe) 1 composites.

N

However, xamples critically depend on a specific material property (e.g., temperature-

dependentibafidgap opening, multi-carrier pocket band structure, and temperature-dependent

a

solubili rely constraining their application to a wide range of materials. While highly

desirable, a neral temperature-dependent doping method has, to our knowledge, not yet

M

been propose

[

A unique d thod is modulation doping,”g] first demonstrated in GaAs-Al,Ga;_As

heterojung pérlattices by Dingle et al. By intentionally separating doped regions from

transport p charge carrier mobilities in modulated structures can attain exceptionally high

N

values. jemdoping has been used in achieving a very high mobility of two-dimensional

t

electron ga8 (2DEG) by inserting a single-unit-cell insulating layer,*” in photoinduced modulation

[21]

doping in graphengy/boron nitride heterojunctions,™ in quasi-one-dimensional Ge-Si,Ge;_, core-shell

U

[22]

nanowire e systems with enhanced mobility,” and in p-type CdS nanowires with high hole

A
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mobility for photovoltaic applications.'”® In addition to the low dimensional structures and devices,
modulation doping has recently been demonstrated as an effective method for enhancing the carrier

mobility in!-' ensional bulk materials, especially those intended for thermoelectric

pite of these successes, to the best of our knowledge no temperature-

dependgntEngscheme based on modulation doping has been demonstrated.

Inspired byfModul@tion doping which utilizes the Fermi energy offset between two neighboring

C

regions to promgte charge carrier transfer, we examine the prospect of temperature tuning such

S

offsetstor e@temperature-dependent carrier concentration. This is achieved by creating

nanoscale inclusiofis of a secondary phase that has a temperature dependent Fermi energy which is

Ul

significantl t from that of the bulk, offering a means for tuning the bulk carrier

1

concentrati is work, we demonstrate the technique in a GeTe-CulnTe, composite structure.

Since incorgor a secondary phase in the matrix is not restricted by a solubility limit or doping

d

efficien e of the compounds (secondary phase materials) is much larger than that of

conventional ts, and thus this method potentially encompasses a large pool of candidate

materials to which it can be applied.

Details conhhe synthesis of our composite materials, their structural characterization and

techniques bort property measurements are given in Section 4. Here we note that the

composrs were of the form (Ge,Te;),(CulnTe,);.,, where x = 100, 98, 95, 90, 87.5, 85, 70,
30, and ctures are designated as GT-x. For instance, GT-90 stands for

(GezTeZ)go ul nTeZ)lo.

t

AU
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2. Results and Discussion

While num|rous wterial aspects can contribute to a temperature-dependent carrier concentration

(e.g., phamr a temperature-dependent band structure), charge transfer at interfaces

proceeds mperature tunable Fermi energies. The resulting band bending and charge
I

transfer, in@luding their dependence on the Fermi energy, can be quantitatively described by self-

consistent @ of the drift-diffusion and Poisson equations.

We have nwy solved a 3-dimensional spherically symmetric interface charge transfer
s

problem using a fourth-order Runge-Kutta algorithm with the shooting method.”® Details of the

model are ection 2 of the Supporting Information.

The band bgdin; and charge distribution profiles, together with the average carrier concentration
change in , depend on many parameters, including the Fermi level offset, band structure,
dielectric constaht of each phase, electrostatic potential drop across the interface, original carrier
concentratioEch phase, size of the secondary phase inclusions, and secondary phase volume
fractio have been taken into account. Other parameters not included in the model,
such as surgce states, charge accumulation, and the non-spherical shape of inclusions may also

influence tﬁs. Here, we focus on the parameters that significantly change in the GeTe-

CulnTe; sy h as the Fermi level offset, secondary inclusion size, secondary phase volume

fraction, a! mc!usmn shape. The average bulk matrix carrier concentration change, which depends
on the shape, size,gand molar concentration of the secondary phases is shown in Figure 2a and 2b. It
is worth n forming nano-size instead of micro-size secondary phases is crucial to altering

the carrier ration in heavily doped materials, since the depletion width decreases as the

<
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carrier concentration increases. Moreover, the surface-to-volume ratio of the secondary phase

inclusions can have a significant influence.

{

As an exa w charge transfer at interfaces can induce a temperature-dependent carrier
concentration, ider a typical heterojunction shown in the inset of Figure 2c. The secondary
H I

phase mate&gial has a much weaker temperature-dependent Fermi energy due to a temperature-

independefitbandistructure, and the matrix material has a temperature-dependent band

C

convergence, such as found in group IV-VI compounds.**? As temperature increases, the Fermi

level offse es. The convergence of the Fermi energies significantly alters the charge transfer

S

across the interfacg and thus the average bulk matrix carrier concentration, shown in Figure 2c and

b

) C

The GeTe matrix is.a degenerately self-doped semiconductor with carrier concentration ~8x10*° cm’
*lthasar dral structure at room temperature.?® GeTe is characterized by a relatively high
power Igh temperatures due to the convergence of the two valence bands, but also a

relative performance at lower temperatures due to its high carrier concentration.'?>*% On the

M

other hand, the ternary chalcopyrite with a tetragonal structure, CulnTe,, with a low carrier

[

concentrati 0'® cm?, has drawn attention for its potential thermoelectric applications due to

its low the Juctivity.*? Density functional theory (DFT) calculations were performed to

obtain the cture of CulnTe, at T=0.?*** Based on the calculated band structure, high-

n

temper ort properties were calculated by solving the Boltzmann transport equation and

|

assuming tRat the band structure is temperature-independent. The calculated transport properties

9

agree with the exp@rimental results, supporting the assumption of a temperature-independent band

A
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structure for CulnTe,.2*** We selected this compound as the secondary phase de-dopant because of

its more rigid band structure with respect to temperature, compared to that of GeTe.

{

The dissimi | structures of GeTe and CulnTe; result in both micro- and nano-scale
segregatio 2, as corroborated by energy dispersive X-ray spectroscopy (EDS) mapping and
H I

transmissiafy electron microscopy (TEM) shown in Figure 3a and 3b (Details regarding the density, X-

[

ray diffrac ( , and scanning electron microscopy (SEM) provided in Section 3 of the

5G

Supporting Information). It is worth noting that the XRD, EDS mapping, and SEM results all indicate
thatonly G CulnTe, form as the major phases. EDS mapping and SEM also confirm the

distribution of micfipn-size inclusions is homogeneous. Observations of nanoscale CulnTe; inclusions

Ul

in multiple y selected regions confirm the existence, size, and shape of the CulnTe,

I

secondary hown as Figure 3b, 3c, and 3d.

d

We also pe EDS 2D mapping and a line scan that corroborate the nanoscale size and

distribu e CulnTe, inclusions in the matrix, as shown in Figure 3e. The room temperature

Fermi | et between GeTe and CulnTe; bulk is 0.3 + 0.2 eV as determined from the onset of

%

the ultraviolet photoemission spectroscopy (UPS) in the low kinetic energy range, Figure 4a. The

I

onset ener UPS spectrum of the composite with 5% CulnTe; shifts by 0.2 eV from GeTe to
CulnTe,, sband bending caused by the high interface density.?* Here the interface density
is defined a al area of the interface per unit volume. This shift is also observed in the X-ray
photoe mi troscopy (XPS) core levels, shown as Figure 4b.

{

The transp rties of GeTe-CulnTe, composites from room temperature to 800 K are

U

consistent carrier concentration depletion model, as shown in Figure 5a-c. The transport

A
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properties of pure GeTe are similar to those measured previously.m] Temperature-dependent Fermi
energies in pure GeTe and CulnTe, were derived by fitting their temperature-dependent transport
coefﬁcientaan in the inset of Figure 5a, with details found in Section 1 of the Supporting
Informatio rature dependence of the Fermi energy in GeTe is stronger than in CulnTe,.
This is aﬂe@nd convergence of the GeTe light valence L band and heavy 2 band. Indeed, the
large Fermi legvel,offset of approximately 0.3 eV at room temperature shrinks to nearly zero at 600 K,

resulting in ntly weakened band bending near the interface, which follows the mechanism in

Figures 2c whe disappearance of the Fermi energy offset between the GeTe and CulnTe,

phases at gses an anomalous decrease of the Seebeck coefficient, an increase in the
C

electrical ity, and an increase of the carrier concentration. The Fermi energy offset at
temperatugs below 600 K depletes the carriers in the GeTe matrix, which results in the reduced
carrier conmn, electrical conductivity, and an enhanced Seebeck coefficient. The carrier

depletion a emperatures pushes the carrier concentration in the GeTe matrix closer to the

optimal va carrier concentration value that maximizes the power factor) for that
temper us enhances the power factor. As the Fermi energy offset collapses at higher
temperatures, the doping effect ceases to influence the high temperature transport properties. An

L

enhanced average power factor is achieved in both GT-95 and GT-90 samples, shown in Figure 5d,

consistent g@prediction shown as the blue dots in Figure 1b.

Itis necess‘y to exclude several possible artifacts that influence the transport properties in the

same m“ doping effects near room temperature. Possible scenarios include: 1. Cu and In

in the GeTe matriXfills the defect sites and thus reduces the carrier concentration; 2. energy filtering

caused by the mitn—size and nano-size CulnTe; inclusions can enhance the Seebeck coefficient

This article is protected by copyright. All rights reserved.
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while decreasing the electrical conductivity and carrier concentration; 3. strain caused by the

CulnTe,; precipitates affects the transport properties of the GeTe matrix; and 4. interface states can

reduce thelar ier concentration in the GeTe matrix.

Segregatiog in GT-98 as observed in the backscattered electron (BSE) image and a 15 K

I
decrease ofgthe phase transition temperature in all composites compared to pure GeTe, as

determine@ capacity measurements, confirm that the solubility of Cu and In in the GeTe

matrix is below 2%, shown in Figure 6a and Figure S2a. Moreover, the room temperature mobility of
e

the GeTe- mposites can be described by scattering from 1% impurities and nano-scale

segregates (see Se@tion 4 of the Supporting Information). The mobility of the composites studied
here is signifi larger than for impurity-doped GeTe alloys, such as GeTe-In,Tes alloys.?!

Similarly, t ce of 2% CulnTe, on the room temperature transport properties is less than that
caused by Meb shown in Figure 6¢. These observations address the first potential artifact: Cu

and In he GeTe matrix do not adequately account for the reduced carrier density at

room temper

3/2

Scattering from nano-scale inclusions has an E”* energy dependence, whereas scattering by defects

and acousths follows an E*2 dependence.™™ Changing the energy dependence of mobility

only a rrount to the total charge carrier scattering (Figure 6b), and hence a negligible
amoun ility. Rather than scattering, micron-scale inclusions block low energy carriers,

and the enlancea average energy of the charge carriers increases the Seebeck coefficient. However,

can enhang beck coefficient. In this work, scattering by nano-scale inclusions contributes

the increasin; nu;er and size of CulnTe, micro-grains reduces the electrical conductivity and does

not enh{ebeck coefficient, as shown in Figure 6c. This suggests that CulnTe, inclusions

This article is protected by copyright. All rights reserved.
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block carriers of all energies, consistent with the room temperature band alignment. Thus, we rule
out the possibility that the room temperature transport properties change as a result of energy
ﬁlteringHTEM analysis shows that the strain within the matrix fluctuates by only 1-2%, as
shown in F h small fluctuations are unlikely to cause any dramatic changes in the carrier
concenPat*naly, the estimated matrix carrier concentration reduction caused by the interface
states is ins fICI t to account for the measured matrix carrier concentration reduction. Details are

provided in portmg Information.

3. Conclum:
In summary, we demonstrate a general method whereby the carrier concentration can be adjusted

withinala rature range to enhance the average thermoelectric performance. The

temper -
with ap e

scattering from nano-size precipitates compared to elemental impurities results in a higher mobility

dent doping mechanism is based on incorporating nano-size secondary phases

rmi energy offsets, which can be realized in a diverse class of materials. Reduced

of charge cwan conventional doping. The close relationship between the matrix carrier
density ang @ i level offset facilitates other possible methods (e.g. phase transition, strain,

magnetic fiel to control the carrier density. The extension of this mechanism from bulk

materi structures is straightforward, and could support applications in the field of

photovom; electronics, and even superconductors.

-

<
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4. Experimental Section

Synthesis: Fw ele'rents of germanium, copper, indium, and tellurium were purchased from Alfa

Aesar with wing purities: Ge (pieces, 99.9999+%), Cu (shot, 99.98%), In (ingots, 99.9999+%),
and Te (lu , 99. %). The starting materials were weighed according to the stoichiometric ratio
H I

(Ge,Te,),(ClINTe;)100 With x=100, 98, 95, 90, 87.5, 85, 70, 30, and 10 in the glovebox under an argon

atmospher@Wwith @xygen and water levels below 0.1 ppm and 0.5 ppm, respectively. In this paper,

G

the samples are denoted as GT-x, where x represents the molar concentration of GeTe in the
sample. Th igléd materials were then put in carefully cleaned quartz ampoules and sealed under

a pressure of less than 10™ Torr and placed in a furnace heated according to the following schedule:

LS

slow heatin 000°C at the rate of 1.5°C/min; rest at 1000°C for 12 hours; slow cooling down

N

to 600°C a ; annealing at 600°C for 4 days; and finally slow cooling down to room

temperatuge a min. The as-cast ingots were hand-milled to powders under argon atmosphere

d

and ho temperature of ~500°C under a pressure of ~60 MPa for 30 min.

Powder, Iffraction: GT-x samples were ground to fine powders and placed into aluminum

M

holders for room temperature powder X-ray diffraction (PXRD) measurements using a Rigaku Ultima

[

IV X-Ray Di ter utilizing a 2.2 kW Cu K-a radiation. The diffraction signal was collected from

5°t0 90° a of 2°/min with 0.05° steps. The measured peaks were compared with the peaks

of the kno und from the reference library to identify the phases present.

n

Transport propertygmeasurements: 10 mm x 3 mm x 3 mm bars were cut from the hot pressed

t

pellets for perature Seebeck coefficient and electrical conductivity measurements. Both the

U

high temp rom room temperature to 800 K) and low temperature (from 80 K to room

A
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temperature) transport properties were measured using homemade setups. For high temperature
Hall measurements, bar-shaped samples were cut with dimensions of 8 mm x 3 mm x 1 mm. The

high temp!a e Hall coefficient was measured using homemade equipment with a

supercond et. For high temperature thermal conductivity studies, we used disk-shaped
samples-W| mm diameter and 1 mm thickness. The thermal conductivity was computed from
the equatio x C, x p, where k, A, C,, and p represent the thermal conductivity, thermal

diffusivity, eat capacity, and density, respectively. Measurements of the thermal diffusivity

were mad% Anter Flashline 3000 laser flash system, specific heat capacity was determined

with the ai‘:egasus 404 Differential Scanning Calorimeter (DSC) from Netzsch, and the
t

density of s was established by the Archimedes method.

Electron mii measurements: Composition mapping and surface topography of the samples

were char@with the help of energy dispersive spectroscopy (EDS), backscattered electron

micros d secondary electron microscopy implemented within a FEI Helios 650

Dualbeam Fo lon Beam Workstation and Scanning Electron Microscope (SEM) on carefully
polished samples. Transmission electron microscopy (TEM) imaging was carried out on Titan S/TEM

at 300 kv ithe Center of Nanophase Materials Science at Oak Ridge National Laboratory.

Ultraviolet Photoemission Spectroscopy: Photoemission spectroscopy measurements were
carried out j rahigh-vacuum chamber with pressure < 1x10° Torr, using the 21.22 eV Helium-I
(UItravi£6.7 eV Aluminum-K, (X-ray) emissions. The samples were polished and stored
under an eRvironment of Ar to prevent the oxidation of the surface before transferring into the

system throu;h a ;—filled glovebox. The spectra were collected using a hemispherical electron

energy qermo VG). To minimize sample charging, electrical contact was maintained via a

This article is protected by copyright. All rights reserved.
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metal clip attached to a copper puck connected to ground. The sample was biased at -9.00 V to

ensure collection of low kinetic energy electrons.

e
Q.

Supportinginfesmation

[

Supportingation is available from the Wiley Online Library or from the author.
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respectively. b: Temperature-dependent power factor corresponding to the three sets of spheres
shown in a. Numerical results indicate that a varying carrier concentration is desired to enhance the

average power factor over the wide temperature range. The conventional impurity doping method
can only e power factor at one particular temperature.
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interface between GeTe and CulnTe, phases solved by our model. Here, we set the Fermi energy
offset between the matrix and the secondary phase to be 0.5 eV at room temperature and 0.1 eV at
600 K, corresponding to the Fermi energy convergence in the GeTe-CulnTe, system. The material-

Hrs are taken from the literature for the specific two materials we are using in this
bematic for the distribution of secondary phase segregations in the matrix of the
anism. d: Average carrier concentration depletion over the bulk region as a

wise fix
paper. Insef

-

novel dopi

function of temperature assuming the Fermi level offset is a linear function of temperature.

] q . .
Important parameters are set as: a secondary phase segregation surface-to-volume ratio of 10:1 and
Lon of CulnTe; as 5%.

a molar co
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Figure 3. a@ping of Ge, Cu, In, and Te elements in the GT-70 sample, which contains 30% of
CulnTe,. Li ns represent the accumulation of the corresponding element. b: High resolution
TEM image of Il region of the GT-70 sample. The large matrix bears a rhombohedral GeTe
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structure, well fitted with the overlaid GeTe atomic model. In the matrix, the highlighted area shows
an atomic lattice corresponding to the chalcopyrite CulnTe, structure, confirming the existence of
the nano-size CulnTe, secondary phase. The shape of these nano-size segregations is not spherical. c:
High anwdark field (HAADF) STEM Z-contrast image of a CulnTe, region, atomic columns of
entified by the intensity corresponding to the atomic number of each element. d:
d¥e z-contrast and bright field STEM image of GT-95 sample. The CulnTe; inclusion
e yellow box. The bottom 2 images are high resolution TEM images of GT-95.
Small ar-ea mI'ez are highlighted and zoomed-in in the red boxes. e: EDS mapping of the Ge
andInin GL HAADF image is in Grey scale, Ge map is in Green scale, and In map is Red scale.
The red ar@ates EDS line scan position and direction. The local In and Ge variation shows the
fth

Cu, In and
Thetop 2i
is highlighted in

distributio anoscale CulnTe, inclusions.
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samples.
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Temperature-dependent modulation doping is demonstrated in this study in the GeTe-
CulnTe; composite material. Temperature-dependent carrier concentration is achieved by
controlling the tegperature-dependent Fermi level offset between a GeTe matrix and
CuInTeH. An enhanced average power factor over a wide temperature range is

 E—
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