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Thermoelectric properties of InGaAs/GaAs quantum dots
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The paper presents studies of thermoelectric characteristics of structures representing an array of InAs quantum

dots formed on a semi-insulating GaAs substrate by the MOCVD epitaxy method. The theoretical foundations of

increasing the thermoelectric efficiency in low-dimensional systems in relation to bulk analogs are described.

By comparing the results of measuring the temperature dependences of thermoelectric characteristics and

photoluminescence (to estimate the thermal emission of charge carriers), the effect of the quantum dot array

on the value of the Seebeck coefficient and specific resistance is demonstrated. It is found that the introduction

of a quantum dot array with a sufficiently large nanocluster size into the structure provides an increase in the

thermoelectric effect and, accordingly, an increase in the power factor.
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Introduction

Thermoelectrics are materials that convert thermal energy

into electric one. Efficiency of energy conversion is

described by thermoelectric Q factor ZT [1,2]:

ZT =
α2T

ρλ
=

PF · T

λ
, (1)

where α is a Seebeck coefficient, T is an average tempera-

ture of hot and cold sides, ρ = 1/σ is resistivity, σ is specific

conductivity, λ = λe + λph is a thermal conductivity coeffi-

cient, λe and λph electron and phonon components of the

thermal conductivity coefficient, respectively, PF = α2/ρ is

a power factor.

According to the formula (1), achievement of high

thermoelectric efficiency (it is assumed that the values

ZT ≥ 1.0 are high) requires a high value of α and low

values of ρ and λ, simultaneously. The main difficulty is

that it is impossible to independently control the coefficients

α, ρ and λ in bulk solid bodies — an increase of the

Seebeck coefficient results in an increase of resistivity. In

turn, reduction of ρ according to the Wiedemann–Franz
law results in a comparable increase of a contribution by

the electron component of thermal conductivity λe and, as

a result, an increase of λ [1–3].
Today, among the existing low-temperature thermoelec-

tric generators, the record values of ZT belong to semi-

conductor compounds based on Bi2Te3, which was noted

already in the studies in the early 90s [1–6]. And, despite the
fact that publications that report achievement of ne record

values of ZT in these materials still appear up to day, for

example [7–10], no substantial progress has been achieved in

the increase of ZT for the last 20 years, at least in materials

used in the real thermoelectric generators. Primarily, it

is due to a weak correlation between demonstrating high

efficiency of the material in laboratory conditions and in

practice in the real device.

In view of the foregoing, a large practical and fun-

damental interest has arisen to studying a thermoelectric

effect of thin films. The fundamental interest is caused by

investigating specific features of thermoelectric phenomena

in low-size systems — quantum wells, quantum threads and

quantum dots (QD). The practical interest lies in solving

a wide spectrum of tasks of powering low-power devices,

for which purpose low power of nanostructure generators

is enough. As compared to bulk analogues, this type of

the generators is advantageous in higher efficiency [1–3].
The recent years have seen more and more studies, which

demonstrate applicability of thin thermoelectric films for

integration into clothes [11–14], fitness bracelets [15],
application of the films to various functional surfaces [16],
etc.The thin-film thermoelectrics are actively studied due to

an additional degree of freedom that has appeared in them

for controlling the magnitude ZT (by varying thicknesses

of nanoscale layers). According to a pioneering study [3],
selection of the thicknesses in the multi-layer structure

allows increasing the value of ZT in up to ten times by

independently varying the magnitudes ρ and α (which could

increase the conversion efficiency to a level of 60%).

It is important to note that since for the thin-film samples

the heat-transfer processes are decisively contributed by a

substrate due to its thickness that is larger relative to the

film materials, it is more correct to use the power factor

PF instead of ZT for quantitative comparative estimation
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of the thermoelectric thin films. It makes possible to

evaluate the effective thermoelectric power of the thin-film

element, whereas the thermal conductivity characteristics

are of secondary importance, since they are determined by

a substrate material. We note that the literature deals with

usability of the film in isolation from the substrate, which

will provide an extremely low thermal flux even when a

specific value of λ will be high.

1. Theoretical description of the
thermoelectric phenomena in the
low-dimensional systems in the 3D-,
2D-, 1D- and 0D-structures

There is a large number of scientific studies, for

example, [1–6,17–20], which report observation of the

increased thermoelectric effect in the low-dimensional sys-

tems. Causes of an increase of the thermoelectric effect are

hidden in specific features of description of kinetics of free

charge carriers. According to the study [21], the Seebeck

coefficient is determined by a Mott expression:

α =
π2k2

bT

3e

dln[σ (E)]

/dE

∣

∣

∣

∣

E=EF

=
π2k2

bT

3e

(

1

n

dn(E)

dE
+

1

µ

dµ(E)

dE

)∣

∣

∣

∣

E=EF

, (2)

where kb is the Boltzmann constant; e is the elementary

charge; σ (E), n(E), µ(E) are specific conductivity, a

concentration and mobility of free charge carriers having

energy of E , respectively; EF is a Fermi energy (level). The
equation (2) has used a relationship between the coefficients

σ (E), n(E), µ(E), wherein a case of unidirectional n-type

conductivity is considered for simplification.

σ (E) = e · n(E) · µ(E). (3)

It follows from the equation (2) that there are two

mechanisms of increasing α. The first one is an increased

energy dependence µ(E), for example, due to a scattering

mechanism, which heavily depends on the energy of free

charge carriers. And the second one is an increased energy

dependence n(E), for example, due to a local increase

of a density-of-state function g(E), since the concentration

expression is written as:

n = 2

∞
∫

Ec

n(E)dE = 2

∞
∫

Ec

f (E, T ) · g(E)dE, (4)

where f (E, T ) = 1/
(

1 + exp((E − Ec)/(kb · T ))
)

is a

Fermi-Dirac distribution function, Ec is a conduction band

bottom. In case of the weak energy dependence of mobility

of free charge carriers dµ(E)/dE ∼ 0 as well as taking into

account (4), the equation (2) will be written as

α =
π2k2

bT

3en

(

1

g(E)

dg(E)

dE
+

1

f (E, T )

d f (E, T )

dE

)∣

∣

∣

∣

E=EF

.

(5)
It follows from the expression (5) that the Seebeck

coefficient is determined by a rate of variation of the density

of state dg(E)/dE near the Fermi level. Variation of the

density of state results in disbalance of the concentration of

electrons above and below the level EF . For example, in

metals the density-of-state function weakly depends on the

energy, thereby resulting in low disbalance of the concen-

trations of free charge carriers and, consequently, the low

Seebeck coefficient. We note that a sign of dg(E)/dE

∣

∣

∣

E=EF

determines the sign of the Seebeck coefficient. It is for this

reason some metals have a positive coefficient α in the same

way as a p-type conductivity semiconductor. We note that

the formula (5) is universal in a certain sense — a difference

of the bulk structures from the low-dimensional structures

lies in a fundamentally different kind of the function g(E).
Further consideration requires to specify a kind of the

density-of-state function.

Dispersion laws for the bulk semiconductor

(3D) − ε3D(k), the quantum well (2D) − ε2D(k), the

quantum thread (1D) − ε1D(k) and KT (0D) − ε0D(k) are

written as follows:

ε3D(kx , ky , kz ) =
~
2k2

x

2mx

+
~
2k2

y

2my

+
~
2k2

z

2mz

,

ε2D(kx , ky) =
~
2k2

x

2mx

+
~
2k2

y

2my

+
~
2π2

2mz L2
z

i2, i = 1, 2, . . . (6)

ε1D(kx ) =
~
2k2

x

2mx

+
~
2π2

2my L2
y

j2 +
~
2π2

2mz L2
z

i2, i, j = 1, 2, . . .

ε0D =
~
2π2

2mx L2
x

γ2+
~
2π2

2my L2
y

j2+
~
2π2

2mz L2
z

i2, i, j, γ = 1, 2, . . . ,

where kx , ky , kz are components of a wave vector; ~ is

a Dirac constant; mx , my and mz are components of an

effective-mass tensor; Lx , Ly and Lz are typical sizes of a

quantum object. In case of dimensionality reduction, the

energy is quantized. The dispersion laws (6) result in the

following expression of the density-of-states functions [18]:

g3D(E) =
1

2π2~3
(2m∗

n )3/2(E − Ec)
1/2,

g2D(E) =
m∗

n

π~2Lz

∑

i

θ(E − Ei), (7)

g1D(E) =

√

2m∗

n

π~Ly Lz

∑

i, j

θ(E − Ei j)
√

E − Ei j

,

g0D(E) =
2

Lx Ly Lz

∑

i, j,γ

δ(E − Ei jγ),
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where m∗

n = 3
√

mx my mz is an effective mass of the density of

states (for electrons); Ei , Ei j , Ei jγ are quantization levels in

the quantum well, the quantum thread and the quantum dot,

respectively; θ(x) is a Heaviside function; δ(x) is a Dirac

function.

Substitution of the expressions (7) into the formula (4),
and then into (3) makes it possible to obtain analytical

expressions of specific conductivity of variously-dimensional

semiconductors:

σ 3D =
eν

2π2

(

2kbT

~2

)
3
2

(mx my mz )
1/2F1/2(δ),

σ 2D =
eµ

2πLz

(

2kbT

~2

)

(mx my )
1/2F0(ξ), (8)

σ 1D =
eµ

π
√

L2
y + L2

z

(

2kbT

~2

2)

m1/2
x F−1/2(η),

where δ = EF−Ec

kbT
, ξ = δ + ~

2π2

2mz L2
z kbT

,

η = δ + ~
2π2

2my L2
y kbT

+ ~
2π2

2mz L2
z kbT

is a reduced chemical potential

(relative to the conduction band bottom) in the 3D-, 2D-

and 1D-semiconductor, respectively, Fi(E) is a Fermi

integral determined by the expression:

Fi(E) =

∞
∫

0

x i dx

e

(

x− E
kb T

)

+ 1

. (9)

Substitution of the expressions (7) into the formula (5)
makes it possible to obtain analytical expressions of the

Seebeck coefficients of the variously-dimensional semicon-

ductors:

α3D = −kb

e

(

5F3/2(δ)

3F1/2(δ)
− δ

)

,

α2D = −kb

e

(

2F1(ξ)

F0(ξ)
− ξ

)

, (10)

α1D = −kb

e

(

3F1/2(η)

F−1/2(η)
− η

)

.

Using the formulas (8) and (10), one can obtain analytical

expressions of the power factors PF3D , PF2D and PF1D .

It is not obvious to conclude from an explicit kind of

the functions (10) that the Seebeck coefficient increases in

the semiconductor due to creation of low dimensionality

(formation of the quantum well or the quantum thread).
Numerical estimation and comparison of α3D , α2D and α1D

requires to consider a specific semiconductor, which is a

subject of a separate study and laborious mathematical

calculation. For example, the studies [3–6] provide a

mathematical calculation based on the formulas (10), which

demonstrates the increase of the thermoelectric effect in the

materials based on Bi2Te3 when reducing dimensionality.

Here let us describe general qualitative patterns, which

make a fundamental base for demonstrating a principal

amplifiability of the thermoelectric effect in the low-

dimensional structures as compared to the bulk materials.

This qualitative consideration is based on a general kind of

the energy dependence of the density-of-states function. The

density of states functions are qualitatively shown for all the

four cases in Fig. 1.

Thus, in the low-dimensional semiconductor, with a

certain value of the Fermi energy E f the magnitude

dg(E)/dE |E=EF
can significantly increase, which will result

in a significant increase of the Seebeck coefficient according

to (5). It is fundamental in this case to technologically

select the concentrations of free charge carriers resulting

in a required location of the Fermi level as well as to

calculate temperature conditions, in which this sample will

be operated. Besides, the density of states in a quantum-

dimensional layer shall be quite high. Otherwise, variation

of the density of states in nanostructured materials will

be negligible. Therefore, in practice, amplification of the

thermoelectric effect can be reliably recorded only in arrays

that include a large number of nanoscale objects within a

unit volume (for example, in multi-layer QD arrays).
When analyzing data shown in Fig. 1, d, it can be falsely

assumed that in terms of achieving extremely high values of

the Seebeck coefficient quantum dots are ideal. Indeed,

the density-of-states function is a set of delta functions,

which will result in huge disbalance of the concentration

of electrons above and below the Fermi level when certain

conditions are fulfilled. It is worth noting some essential

practical limitations. First of all, for the dispersion law

shown in Fig. 1, d, the large thermoelectric effect is observed

in a very narrow temperature range, which is seldom

realized in practice. On the other hand, in order to

obtain such a dispersion law, the QD array shall have a

high degree of homogeneity in sizes. In practice, for the

QD arrays obtained by a self-organization method, there

is always a Gaussian size distribution, whose width can

be quite large. It results in
”
smearing“ of the density-of-

states function due to mismatch of dimensional quantization

levels in each quantum dot separately. On the one hand,

it thus extends a range of temperatures, in which the high

thermoelectric effect can be observed. But at the same

time, an effect amplitude significantly decreases relative to

a maximum value in the homogeneous QD array. Secondly,

there is practical uncertainty about an issue of measuring the

Seebeck coefficient of a separate quantum dot in isolation

from a certain conducting layer, which is necessary to

provide the quantum dot with new carriers instead of those

that left the quantum dot area due to thermal interaction.

It is for this reason the formulas (8) and (10) there are

not expressions for the QD case. Thus, an increasability

of a final value of ZT is not obvious a priori, but shall be

experimentally confirmed for each specific system.

2. Sample manufacturing technology

According to the foregoing, the present study was

aimed at experimentally checking amplifiability of the

thermoelectric effect by introducing the arrays of the

Technical Physics, 2026, Vol. 71, No. 1
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Figure 1. Density-of-states function in case of the: a — 3D, b — 2D, c — 1D, d — 0D semiconductor.

self-organized quantum dots into a semiconductor matrix.

For this purpose, we have formed and studied the thin

thermoelectric films based on heterostructures containing

the In(Ga)As/GaAs quantum dots. The samples were

formed on the substrate of a semi-insulating GaAs by vapor-

phase epitaxy in an AIX-200RF installation at the reduced

hydrogen pressure. It is obvious that the contribution by

the quantum-dimensional layer to the thermoelectric effect

increases with an increase of their number. Therefore, in

order to obtain a signal exceeding a measurement error

and a value of a technological spread, it is necessary to

form multi-layer structures. For this reason, the studied

structure was 10 thin (3 nm) InxGa1−xAs (x ≈ 0.5) layers

separated by GaAs spacer layers In terms of dimensional

quantization, the layers were a hybrid system, which

included a InxGa1−xAs quantum well (x < 0.5), above

which a high-density array of the InxGa1−xAs quantum

dots (x > 0.5) was formed. Such systems were described

in the study [22]. The multi-layer array was formed

between the heavily-doped-GaAs layers of the thickness of

150 nm (below) and 80 nm (above). In the present study,

a variable parameter was a layer application temperature

(Tg). Besides, we also formed a reference multi-layer

structure, in which instead of the quantum well+QD layers

the homogeneous layers of the In0.3Ga0.7As quantum wells

were formed, while the other parameters (thickness, a

doping level) remained unchanged. A total thickness of the

epitaxial layers in all the samples was 860 nm. The samples

are schematically drawn in Fig. 2, a. The sample list is

given in Table 1. A study of specific features of growth

of such structures as well as description of their transport

and optical properties are provided in more detail in the

studies [23–26].
The GaAs substrates are selected for forming the QD

structures due to their compatibility with the InGaAs system

as well as good electrical insulation properties of gallium

arsenide that has room temperature’s resistivity at the level

of 109 �·cm. Such a high value (which is by several orders

higher than the layer resistance) excludes the influence

of the substrate on measurements of the thermoelectric

characteristics of the films for the operating temperature

up to 300 ◦C (details will be discussed below). The

InGaAs system is selected for studying the QD influence

on the thermoelectric properties due to a high degree of

development of the technology of manufacturing of the QD

arrays, including the multi-layer ones, which are necessary

for reliably recording the thermoelectric effect. The optical,

electrical and structural properties of the In(Ga)As/GaAs

Technical Physics, 2026, Vol. 71, No. 1
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1

undoped GaAs 5 nm

GaAs: Si 80 nm

undoped GaAs 5 nm

QD (QW) 1–3 nm

undoped GaAs 5 nm

undoped GaAs 5 nm

QD (QW) 1–3 nm

GaAs: Si 40 nm

undoped GaAs 5 nm

undoped GaAs 5 nm

QD (QW) 1–3 nm

GaAs: Si 150 nm

Substrate i-GaAs

Sample

part 1

part 2

Hall effect
measurement

1. Seebeck effect
measurement
2. Resistivity
measurement

a

b

Figure 2. a — a schematic image of the samples, the samples 2− 4 had quantum dots (QD) formed, the sample 1 had quantum wells

(QW) formed, b — a scheme for splitting the samples into two parts: the first one was used form measuring the Hall effect, the second

one was used for measuring the Seebeck coefficient and resistivity.

Table 1. List of the studied samples

� nhall , cm
−3 Description Growth temperature

1 6.5 · 1018 Reference sample, 10 quantum well layers For all the layers Tg = 650 ◦C

2 6.5 · 1018 10 QD layers above the InGaAs quantum well The quantum well layer+QD at Tg = 550 ◦C

Layers of GaAs Tg = 650 ◦C

3 6.5 · 1018 10 QD layers above the InGaAs quantum well quantum well layer+QD at Tg = 530 ◦C

Layers of GaAs Tg = 650 ◦C

4 1.3 · 1019 10 QD layers above the InGaAs quantum well quantum well layer+QD at Tg = 520 ◦C

Layers of GaAs Tg = 650 ◦C

quantum dots have been previously investigated by us in

a series of the studies [23,27–29]. We also note the

study [30], which has discussed use of the InGaAs structures

as thermoelectric sensors.

For the tests, the deposited-layer sample was cut to obtain

a piece of sizes 5× 5mm for estimating the concentration

of charge carriers by the Hall effect measurements as well as

a piece of sizes 5× 10mm for measuring the thermoelectric

characteristics (Fig. 2, b): the Seebeck coefficient and

resistivity (these parameters were measured at the same part

of the sample). Table 1 specifies a Hall concentration of

free charge carriers (nhall), which is measured at the room

temperature.

3. Experimental procedure

The most important component of analysis of the QD

structures is estimation of energy characteristics: studying

the states localized at the dimensional quantization levels

Technical Physics, 2026, Vol. 71, No. 1
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Figure 3. a — a diagram for measurement of the Seebeck coeffi-

cient: 1, 2 — measurement thermocouples; 3, 4 — thermocouples

designed to control a temperature of heating tables 5; 6 — a

sample; 7 — graphite clamps; b — a diagram of measurement of

resistivity: 1, 2 — measurement wires.

in the quantum dots. For this purpose, photolumines-

cence (PL) spectra of the formed structures have been

measured. The measurements are within the temperature

range 10− 330K using a closed-cycle helium cryostat.

Luminescence was excited by radiation of a He-Ne-laser

with the wavelength of 0.63 µm, power of 15mW and a

beam diameter of 1mm. Radiation was collected at a

front side of the sample, focused to an entrance slit of

an MDR-2 monochromator and recorded by the InGaAs-

detector. Based on the obtained PL spectra, a temperature

dependence of PL integral intensity was constructed.

Procedures of measurements of the thermoelectric prop-

erties (the Seebeck coefficient, resistivity) were realized

based on a VUP-4 installation. The sample was installed

onto graphite furnaces, which were heated by radiation of

KGM-100 halogen lamps. The furnaces are installed in a

vacuum chamber with residual vapor pressure of at most

10−5 Torr. A thermo-EMF was measured by means of K-

type thermocouples and a data collection system L-CARD

E14-140-MD in a differential measurement mode. The

temperatures of the graphite furnaces were pre-defined

independently for creating a temperature difference between

material ends and controlled by additional thermocouples.

Temperature values were maintained by a PID control

algorithm.

For all the studied structures, a created temperature

gradient was directed within a plane of the layers (Fig. 3, a).
Due to an extremely small thickness of the epitaxial layer,

it is impossible to pre-define the temperature gradient in a

perpendicular direction — along the normal to the surface.

The thermo-EMF value was measured by same-name ends

of the thermocouples attached to hot and cold ends of the

sample and values of the temperatures at the sample ends

were measured by the same thermocouples. In order to

improve a thermal contact, the sample was pressed by the

graphite clamps. Dielectric insulation between the sample

and the furnace elements was provided by mica.

Resistivity measurement is realized by a standard four-

contact diagram (Fig. 3, b): two wires (chromel and alumel)
were pressed to contact pads of the sample: a current

was transmitted through the chromel wires and voltage was

recorded from the alumel wires. The wires were connected

to a current/voltage source/meter Keithley240s. Table tem-

peratures were set to be equal and when thermodynamic

equilibrium was obtained, a current-voltage characteristic

was recorded. A distance between the contacts is pre-

defined to be equal to a sample width, thereby making it

possible to calculate resistivity by the formula

ρ = R · d, (11)

where d is a thickness of the conducting layer. Since all

the structures were grown on the non-conducting substrates

of semi-insulating gallium arsenide, the thickness of the

conducting layer will be understood to be a thickness

of the formed film. In order to estimate the influence

of the substrate on the thermoelectric properties of the

film, the above-described procedure was used to study

a temperature dependence of resistivity of the substrate.

The thermoelectric characteristics were measured within

the temperature range 350− 800K. The procedures of

measurement of the Seebeck coefficient and resistivity can

be additionally found in the studies [31–34].

4. Results and their discussion

Fig. 4 and 5 shows the experimental temperature de-

pendences of the Seebeck coefficients and resistivity of

the studies samples, respectively. The numbers of curves

coincide with the numbers of the samples. A negative

value of the Seebeck coefficient is recorded for the studied

samples, which corresponds to donor conductivity of the

epitaxial layers [1,2]. With an increase of the temper-

ature, the value of the Seebeck coefficient increases in

300 400 500 600
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–50

–350

T, K

α
, 
µ

V
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800

–200
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–300

700

1

2

3

4

Figure 4. Experimental temperature dependence of the Seebeck

coefficient of the studied samples.
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Figure 5. a — an experimental temperature dependence of

resistivity of the studied samples, b — correlation of a layer

resistance of the samples and the substrate of semi-insulating

gallium arsenide.

absolute value. At the temperature above 600K, all the

studied structures exhibit an inflection at the temperature

dependence α(T ) and a sharp increase (in modulus) of

the Seebeck coefficient. This special feature is explained

by shunting of the epitaxial layer with the substrate of

semi-insulating gallium arsenide. This fact is additionally

confirmed by a maximum observed on the temperature

dependence of resistivity within this temperature interval

(Fig. 5, a). Presence of the maximum on the dependence

α(T ) usually corresponds to a point of transition to intrinsic

conductivity of the material [1,2]. In the considered case,

reduction of resistance at the temperatures above 600K

is related to a contribution by intrinsic conductivity of the

substrate, whose resistivity exponentially decreases with a

temperature increase.

Fig. 5, b compares the temperature dependence of layer

resistances of the substrate and the studied samples in

a semi-logarithmic scale. Whence, it is clear that when

reaching the temperature of 600K a difference of layer

resistance of the substrate and resistance of any of the

samples is just an order of the magnitude. With this

difference, the contribution by the Seebeck coefficient of the

substrate to the total value α already exceeds a measurement

error. When the temperature increases to 650K, the

resistance ratio is several units. At 800K, layer resistance of

the substrate is comparable with the value obtained when

measuring the samples, which is distinctly clear in an insert

additionally shown in Fig. 5, b. Due to a significantly large

thickness as compared to the nanoscale epitaxial layer, the

thermoelectric characteristics of the substrate prevail at the

temperatures above 600K.

Based on results of the measurements of the temperature

dependences of the Seebeck coefficient and resistivity of

the samples, further analysis of the thermoelectric charac-

teristics will be considered within the temperature range

350 − 600K.

Within the said range of the temperatures, a kind of

the dependences α(T ) and ρ(T ) similar for all the studied

samples (Fig. 4, 5).At the same time, for each measurement

temperature the values of the Seebeck coefficient and elec-

trical conductance are somewhat different from each taking

into account the error. The recorded differences between

the values of conductivity can be due to a technological

spread of the thicknesses (since during the measurements

the resistance value is related to the thickness of the epitaxial

layer). The value of the technological spread is 10%

from structure to structure. On the contrary, the Seebeck

coefficient values do not depend on the thickness within

10% of the technological spread. Therefore, the recorded

differences of the magnitude α are due to differences in a

structure of the samples and, consequently, in parameters of

the quantum-dimensional layer.

Thus, a difference of the studied structures from the

reference one without QDs is that the latter has no quantum

limitation for electrons along a direction of the created tem-

perature gradient. Therefore, electrons even being localized

in the quantum well can freely move along the direction

of pre-definition of the temperature gradient and participate

in processes of thermal and electrical conductivity. For the

quantum dots, as for objects of a three-dimensional quantum

limitation, motion of QD-localized electrons is limited,

including along the direction of the temperature gradient,

which affects values of the thermoelectric coefficients.

In order to estimate the contribution by localization of

QD charge carriers to the recorded values of the Seebeck

coefficient and electrical conductance, the experimental

results were compared with the results obtained for the

reference structure without a QD layer (the sample 1).
Fig. 6 shows the temperature dependences of the difference

thermo-EMF (α(T ) − αc(T )), where αc(T ) is a value of

the Seebeck coefficient for the reference structure. Fig. 7

shows the temperature dependences of the magnitude

ρc(T )/ρ(T ) = σ (T )/σc(T ), where ρc(T ) is a value of

resistivity for the reference structure, σ (T ) and σc(T ) are

conductivity of the studied structures and the reference

structure, respectively. The numbers of curves coincide with

the numbers of the samples. The difference α(T ) − αc(T )
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Figure 6. Temperature dependence of a modulus of the

difference value of the Seebeck coefficient |α(T ) − αc(T )|, which
is calculated by measurements within the operating range.

is selected for analysis due to the fact that in the first ap-

proximation the quantum dots make an additive contribution

to the value of the Seebeck coefficient. At the same time,

the QD contribution to the measured value of resistivity is

not additive and, moreover, the values of ρ also depend on

the technological spread of the thickness. For this reason,

in order to estimate the QD influence on resistivity, the

magnitude ρc(T )/ρ(T ) was selected.

It is clear from the graphs of α(T ) − αc(T ) that the values
of the Seebeck coefficient for the studied and reference

structures are the same (the difference does not exceed

the measurement error) for all the samples except for

the sample 2. For the said sample, an increase of the

Seebeck coefficient is recorded to be approximately by

4 µV/K, which is about 10% of the value obtained for the

reference structure. The differences between the values of

resistivity (Fig. 5) have a more complicated nature and, as

noted above, can be due to the technological spread of the

thicknesses of the layers.

We not that the difference in the thicknesses of the

layers does not depend on the measurement temperature.

If the technological spread is the only factor inducing

the difference of the resistance values, then the ratio

ρc(T )/ρ(T ) would not depend on the temperature. Pres-

ence of the dependence of the magnitude ρc(T )/ρ(T ) on

the measurement temperature, which is recorded in Fig. 7, is

related by us to properties of the quantum-dimensional layer.

Comparison of the measured values of ρ for the various

temperatures makes it possible to estimate the contribution

by the quantum-dimensional layer to current flowing and

the value of resistivity.

Thus, for the sample 2 we have recorded a rela-

tive decrease of resistivity with an increase of the tem-

perature as compared to the reference structure. We

explain this effect by localization of charge carriers in

the quantum dots at the low temperature. The QD-

localized carriers are not involved in conductivity, since

their movement is limited in all the three directions.

As the temperature increases, the carriers are thermally

emitted from the quantum dots. These carriers make

an additional contribution to electrical conductance, which

exactly causes reduction of resistivity as well as to the

value of the Seebeck coefficient. The contribution by

the carriers to electrical conductance and the Seebeck

coefficient depends on the properties of the quantum-

dimensional layer: the density of states at the dimensional

quantization levels of the array of the quantum dots (which

is determined by the number) and a value of a limiting

potential.

One to the most common methods of experimental

estimation of the structure of the energy levels and the

value of the limiting potential in the quantum dots based

on direct-band materials is PL spectroscopy [17–28]. The

measurements of the temperature dependence of PL inten-

sity also make it possible to estimate a value of thermal

emission of the charge carriers from the quantum dots [38],
which is the main process contributing to enhancement of

the thermoelectric characteristics. The said measurements

were performed for all the formed thermoelectric structures.

The PL spectra of the sample 3, which are measured

at the various temperatures, are exemplified in Fig. 8, a.

The spectra exhibit peaks related to radiative transitions

with involvement of the states localized in the quantum

dots [27–29]. With the increase of the temperature, we

observe a long-wavelength shift of the spectrum, which is

related to reduction of a band gap of the materials, as well as

reduction of FL integral intensity related to thermal emission

of the charge carriers from the quantum dots.

Efficiency of thermal emission determines a number of

the charge carriers that additionally contributing to the

thermoelectric characteristics during heating. The efficiency

can be estimated by the temperature dependence of PL

intensity. Fig. 8, b shows a dependence of integral intensity

(an area under the graph shown in Fig. 8, a) on a
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Figure 7. Temperature dependence of the ratio of resistivities of

the studied and reference samples ρc (T )/ρ(T ).
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Figure 8. a — the PL spectra of the QD sample 3, which

are measured within the temperature range 30− 250K. The

temperature value for each curve is specified in the graph; b — the

temperature dependences of PL integral intensity of the studied

structures. The number of a curve corresponds to the number

of the sample, the insert shows an enlarged portion of the high

temperatures.

reciprocal temperature. Thermal emission is recorded by

reduction of PL intensity at the temperatures above 80K.

According to the known studies [35–39], PL intensity in

the heterostructures containing the quantum dots can be

described by the formula

I ∼ 1 + 6i exp

(

− Eai

kbT

)

, (12)

where Eai is energy of activation of the i-th mechanism

of thermal emission of the carriers from the quantum dots.

The quantum dots have a system of levels formed, which

includes the 2D-levels in a quantum well, on which the

quantum dots are formed, wherein the very quantum dots

are characterized by a size spread. Therefore, several

mechanisms of thermal emissions can function simulta-

neously [36–39], wherein each of them is characterized

by its own value of energy of activation. The different

mechanisms of emission can be effective at the various

temperatures when a summand exp(−Eai/kT ) is close

Table 2. Calculated estimated values of efficiency energy

� Ea , meV

1 5.5± 1.5

2 13.8± 2.5

3 9.1± 2.0

4 5.6± 1.5

to unit. For the studied structures, the largest interest

is paid to the high-temperature range 300− 600K, for

which the thermoelectric effect is recorded. However,

due to limitations of a measurement system applied by

us PL can be measured only for an initial portion of this

range. Nevertheless, for correlating rates of reduction of

PL intensity with the temperature increase it is possible to

introduce an quantitative decay parameters for this portion

(Ea), which is determined according to the relationship

I = I0 exp

(

Ea

kbT

)

. (13)

Here the parameter Ea is calculated by approximating a

final portion of the temperature dependence of PL integral

intensity by the formula (13). A physical meaning of Ea is

a certain value of energy of activation, which is averaged

for all the processes of thermal emission from the quantum

dots. It is this value that reflects the contribution by the

QD-localized carriers to the thermoelectric effects, since

this contribution provides emission from any localized states

into a continuum. The calculated estimated values are

given in Table 2. Comparison of the value of Ea for the

various structures makes it possible to estimate efficiency of

emission of the carriers from the quantum dots at increased

temperatures.

It is clear that the value of Ea depends on conditions

of structure manufacturing, i.e. exactly on the growth

temperature. The highest value of Ea was obtained from

the structure 2 formed at the growth temperature of

550 ◦C. The decrease of the temperature for the other

structures results in a monotonic decrease of Ea . The

least value is typical for the sample formed at the lowest

temperature. The obtained value (5.6± 1.5)meV coin-

cides with the value obtained for the reference structure

without QDs. We underline that the largest value of

energy of activation, which is obtained for the sample 2,

well correlates with presence of an additional contribution

to the magnitude α in this sample and with reduction

of ρ. The obtained results agrees well with a suggested

hypothesis on the contribution by thermal emission of

the carriers from the quantum dots to the thermoelec-

tric coefficients. The lower the limiting potential, the

lower the concentration of the carriers localized at the

dimensional quantization levels in the quantum dots at

the increased temperature. In case of the high limiting
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potential, the charge carriers remain localized in the

quantum dots at the increased temperatures. Therefore, due

to heating additional electrons are released, which increase

the Seebeck coefficient and electrical conductance of the

sample.

A lower boundary of the temperatures, at which the

contribution of the localized carriers to the thermoelectric

effects is recorded, is a point of start of thermal emission

(based on the PL temperature dependence, this point is

in the temperature range above 80K). When the tem-

perature gradient is created, a value of the concentration

of conduction electrons at the hot end increases due

to an additional contribution by thermal emission from

the quantum dots — the concentration of the carriers

localized in the quantum dots exponentially decreases with

the temperature increase according to the formula (12).
One shall expect enhancement of the thermoelectric effect

within a temperature range, at which the quantum dots still

have a relatively high concentration of the localized charge

carriers. The upper temperature boundary of the effect

is probably a point, at which there is full PL quenching

in the QD area. It corresponds to a situation of the

low concentration of the charge carriers localized in the

quantum dots. It is obvious that the temperature range

of enhancement 80− 300K depends on the value of the

limiting potential. In all the structures with the low limiting

potential, this range does not coincides with the temperature

range 350 − 600K, in which the thermoelectric effect was

studied. An exception is the sample 2, for which a

deeper limiting potential is obtained: in this case, even

at the increased temperatures the quantum dots still have

electrons that contribution to the thermo-EMF and electrical

conductance.

Formation of the deeper limiting potential for the sam-

ple 2 as compared to the other samples is caused by

selecting process modes of growth. It is known that the

formation temperature affects a QD size and a degree of

mixing of materials of the quantum dots and the matrix

(InAs and GaAs, respectively). According to the study [39],
when the quantum dots are formed by metalorganic vapour-

phase epitaxy at the reduced pressure within the growth

temperature range 520 ◦C− 550 ◦C, the QD size increases

with a decrease of the growth temperature. The quantum

dots formed at the temperature of 550 ◦C (similar to the

sample 2) usually differ by higher sizes of nanoclusters as

compared to the other samples of the series, for which

the growth temperature was lower. In the larger-size

nanoclusters the dimensional quantization level is shifted

downwards by energy, while the value of the limiting

potential increases [39]. Probably, these are the quantum

dots that were formed in the sample 2, which exactly

provided recorded enhancement of the thermoelectric ef-

fect.

An increase of the above-said coefficients in the sample 2

provides an increase of a value of the power factor as

compared to the reference structure. Fig. 9 shows a
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Figure 9. Calculated temperature dependence of the power factor

of the studied samples.

temperature dependence of the power factor, which is

calculated based on the obtained experimental data.

The highest value of the power factor belongs to the

sample 2 within the entire given temperature interval. The

recorded values of the power factor for this sample are about

in 1.5 times higher than the obtained values on the other

samples investigated in the present study. We note that

the achieved values of the power factor on the sample 2

are comparable with the best worldwide values for the thin

films of such a composition, for example, those published

in the study [40].

Conclusions

The study has theoretically analyzed a principal in-

creasability of the thermoelectric characteristics by creating

the semiconductor thin-film systems that contain an array

of the self-organized quantum dots. It includes the studies

of the temperature dependences of the Seebeck coefficient

and electrical conductance of the multi-layer structures

that contain the layers of the quantum dots and the

quantum wells based on the InGaAs solid solution. It

is shown that when the quantum dots are formed with

the quite high limiting potential, the charge carriers can

localize along the direction of the temperature gradient.

Thermal emission of the localized carriers, which is con-

firmed by the PL studies, additionally contributes to the

increase of the Seebeck coefficient and the increase of

electrical conductance. As a result, it is shown that

the thermal effect is enhanced in the QD structures,

which is manifested in the increase of the power factor

in up to 1.5 times as compared to the reference sam-

ples.
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