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Abstract 
     In this work, it was examined mechanisms that control internal cooling device 
(nano-homo junction diode) depending on thermoelectric Peltier effect, resulting in 
structures that are optimized thermal management. Peltier coefficient for short-length 
diode is theoretically investigated. It is found that the cooling power is governed by 
the carrier concentration, current density and the ratio of n-type region width to p-
type region width. It has been determined the optimum value of the cooling power at 
the junction of ZnO in the optimum density at doping symmetrically on a certain 
value. The cooling power, temperature difference (temperature between the contact 
and the junction) and dimensionless figure of merit are found in this material for 
different thicknesses, then comparing between them. It has been simulated the homo 
junction diode using a MATLAB software with numerically calculated the Peltier 
coefficient for each layer in these diodes. It has been found that nano-homojunction 
introduce a significant improvement in the internal cooling performance. 
Keywords: ZnO, Peltier effect, heat exchange, thermoelectric cooler, homojunction, 
quantum well 
 

 أشباه الموصالت ذات الوصلة المتجانسة النانویة تكثیف التبادل الحراري في مواد
 

 الخالصة:
المتجانس الوصلة  التبرید الداخلي (الصمام الثنائي نبیطةفي ھذا العمل، تم اختبار اآللیات التي تتحكم في     

لطول لمعامل بلتییر  حققناتراكیب األمثل للتحكم الحراري. ال) اعتمادا على تأثیر بلتییر، التي تؤدى إلى النانوي
عرض  نسبة بیناللصمام الثنائي نظریا. تبین أن قوة التبرید تحكمھا تركیز الناقل، وكثافة التیار ولالقصیر 

 لمادة الوصلةقوة التبرید عند لالقیمة المثلى  حدیدتم ت. pنوع  المنطقة ذاتعرض الى  n النوع المنطقة ذات
والفرق في درجة  من قدرة التبرید التحقققیمة معینة. تم  عندمتناظر ال تطعیمال عندفي الكثافة المثلى أكسید الزنك 

السماك مختلفة ة في ھذه الماد ستحقاقمعامل اال) ودرجة الحرارة بین نقطة االتصال والوصلةحرارة التبرید (
مع  ماتالب باستخدام برنامج المتجانس الوصلة النانوي مقارنة بینھما. تم محاكاة الصمام الثنائيالثم  ومن

 اكبیر ادخل تحسنی المتجانس الوصلة النانويالثنائي. وقد وجد أن  الكل طبقة في ھذ عددیا احتساب معامل بلتییر
 في أداء التبرید الداخلي

 اكسید الزنك, تأثیر بلتیر, تبادل حراري, مبرد كھروحراري, ثنائي متجانس الوصلة, بئر كميالكلمات المرشدة: 
 

INTRODUCTION 
ne of the most significant problems that affect the performance and operating 
lifetime of semiconductor devices is the height of degree excessive heat. 
Excessive heat can cause rapid or gradual change occurs to the device 

characteristics [1, 2]. Therefore, in many applications especially nano-electronics and 
optoelectronics, the issue of the control and the stabilization of temperature makes it 
source of the prime interest for improves the performance of devices. Thermal 
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management and access to temperature stabilization is accomplished using 
thermoelectric (TE) coolers [3, 4]. The basic concept behind of all thermoelectric 
cooling devices is called the Peltier effect. TE cooling effect of a material can 
be gauged by the Peltier coefficient Π, that relates the heat carried (Q) by the charges 
to the electrical current through Q = Π × I [5, 6]. Physical origin of the traditional 
Peltier cooler is based on Bulk properties of materials. A typical TE cooler device is 
composed of many individual thermocouples. Each of these thermocouples is made 
of two dissimilar electrically semiconductor materials, one an n-type and the other a 
p-type semiconductor as form two legs connected electrically in series and thermally 
in parallel [7, 8]. If the electrons flowing due to an applied voltage from a material in 
which have average transport energy smaller than the Fermi energy (the holes in the 
p-type material) to another material in which their average transport energy is higher 
(the electrons in the n-type material), they absorb thermal energy from the lattice and 
this cools down the junction between the two materials. This results in a “cold side” 
because the electrons in the n-type material and the holes in the p-type material are 
carrying heat from the cold side, which means a cooling at the junctions [8, 9, 10, 11]. 
The most important parameter is dimensionless quantity called figure-of-merit 
(FOM= ZT) where T is the absolute temperature and Z is defined as: Z ≡ S2σ κ⁄ , 
where S is the thermoelectric power or see beck coefficient (Π ≡ S × T), σ is the 
electrical conductivity can be expressed as σ = |q|µqnq  (q is the carrier charge, µq is 
carrier mobility and nq is the carrier concentration), and κ is the total thermal 
conductivity [12, 13]. Further, κ is the sum of the electronic part κe and of the lattice 
part κph [14]. Clearly, high ZT requires high S, high σ , and low κ for maximum 
conversion of electrical power to cooling [15]. A thermoelectric micro- and nano-
cooler is a potential candidate for decreasing the operating temperature locally as well 
as absorbing the heat generated by these devices. The efficiency of a thermoelectric 
(TE) device is determined by the materials used in making the device. Thin-film 
thermoelectric devices have potentially higher efficiency than bulk ones due to 
quantum and classical size effects of electrons and phonons [16]. However, additional 
joule heating is generated at junctions because of the electric contact resistance, 
which could reduce the performance of the device [17-19]. When materials size 
approaches the de Broglie wavelength, their carriers become quantum confined and 
their energy bands then split into sub-bands characteristic of dimensional material.[1, 
20]. The nanostructure materials can be considered as new materials, despite the fact 
that they are made of the same atomic structures as their parent materials. We 
considered the effect on FOM by using a single- or two-band thermoelectric material 
approximation such as Zinc Oxide0T 0T(ZnO) [21- 25]. The low-dimensional systems 
provide desirable thermoelectric material properties to increase FOM [26]. Therefore, 
this system has been considered as one approach for increasing FOM as compared to 
the bulk values [26, 27]. The performance of such regime can be significantly 
improved where this regime make it possible to vary Peltier coefficient, electrical and 
thermal conductivities somewhat independently [26]. Thus, the improvements in the 
FOM of two-dimension quantum well are possible.  

In the present work, an investigation of increase Peltier coefficient and improve 
heat exchange in the low dimension junction in the quantum well of ZnO using 
Boltzmann transport equation. ZnO has attracted a great deal of interest lately owing 
to the wide uses in many applications such as UV light emitters, transparent high 
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power electronics, surface acoustic wave devices, piezoelectric, transducers and solar 
cells [28]. 

 
Theoretical Considerations 
Thermoelectric figure-of-merit 
    Most generic models of transport in solids for evaluation of the thermoelectric 
figure-of-merit are based on the solution of Boltzmann Transport Equation (BTE) [5, 
12]. An efficient approximation for solving BTE can be attained by its linearization 
and through introduction of a relaxation time τ, the time period within which the 
system gains its equilibrium after removal of the external stimulus. Consequently, the 
components of the transport tensors of the system can be obtained through the 
relation [5, 28]:   

𝐿(𝑙) =
𝑣𝑞2−𝑙

2𝜋
��−

𝜕𝑓𝑜
𝜕𝐸

� 𝜏(𝐤)(𝐸(𝐤) − 𝜉)𝑙v(𝐤)v(𝐤) dk                                              … (1) 

Where, 
 q is the electrical carrier charge, 𝐸(𝐤) is the energy-wave vector dispersion relation, 
ћv(𝐤) ≡ ∇k𝐸(k) defines the velocity operator (ћ is the reduced Planck constant), and 
ν is the valley degeneracy. Correspondingly, the measurable transport quantities are 
defined by the following expressions [28]:  𝜎 ≡ 𝐿(0) designates the electrical 
conductivity,  𝑆 ≡ 1

𝑇
𝐿(1)�𝐿(0)�

−1
 and Π ≡ 𝐿(1)�𝐿(0)�

−1
 is the seebeck coefficient 

(since, Π = 𝑆 × 𝑇) and 𝐾𝑒 ≡
1
𝑇
�𝐿(2) − 𝐿(1)�𝐿(0)�

−1
𝐿(1)�  is the electronic 

contribution to the thermal conductivity. Above, q is the electrical carrier charge, 
𝐸(𝑘) is the energy-wave vector dispersion relation, ћ𝑣(𝑘) ≡ 𝛻𝑘𝐸(𝑘) defines the 
velocity operator (ћ is the reduced Planck constant), and 𝜈𝜈 is the valley degeneracy. 
The equilibrium Fermi-Dirac distribution function is given by 𝑓0(𝐸) ≡ [1 +
𝑒𝑥𝑝(𝜘 − 𝜉∗)]−1 , where 𝜘 ≡ 𝐸 𝑘𝐵𝑇⁄   (𝑘𝐵 is the Boltzmann constant) and denotes 
𝜉∗ ≡ 𝜉 kB𝑇⁄  the reduced chemical potential (relative to the edge of the conduction 
band) [5, 28].  

Assuming that the current flows in the x-direction and the carrier mobility 
coincides with the bulk value, the electronic (vs. holes) contribution to the transport 
coefficients for bulk and quantum well σ (electrical conductivity), S (the Seebeck 
coefficient), and 𝜅𝑒 (the electronic thermal conductivity) are given by the following 
expressions [10, 11, 12]. 

𝜎3𝐷=
𝑒

2π2 �
2kBT

ћ2 �
3 2⁄

(𝑚∗)3 2⁄ μ F1 2⁄                                                                               … (2) 

where 𝑚∗ = �𝑚𝑥
∗𝑚𝑦

∗𝑚𝑧
∗�1/3 is the density of state effective mass for electrons [13], 𝑒 

is the electron charge, kB is the Boltzmann’s constant, ћ is the Plank constant divided 
by 2π,  μ  is the carrier mobility ( ≡ 〈𝜏〉𝑒/𝑚∗ hear on assuming relaxation-time 
approximation 〈𝜏〉 is the constant) and Fi is the Fermi–Dirac integral defined as 
[13,14] 

F𝑖≡𝐹𝑖(𝜉∗)=�  𝑓0ℵ𝑖𝑑ℵ
∞

0
                                                                                         … (3) 

𝑛𝑒,ℎ =
1

2𝜋2 �
2kB𝑇
ћ2 �

3 2⁄

�𝑚𝑒,ℎ
∗ �3 2⁄ �𝐹1 2⁄ �                                                                      … (4) 

𝑆3𝐷=−
kB

𝑒 �
5F3 2⁄ 3F1 2⁄⁄ − ξ*�                                                                             …(5) 



Eng. &Tech.Journal, Vol.33, Part (B), No.5, 2015   The heat exchange Intensification in Nano-homo  
                                                                                         junction semiconductor materials 

 

822 
 

𝜅𝑒3𝐷=
〈𝜏〉𝑘𝐵

2 T
3π2 �

2kBT
ћ2 �

3 2⁄

�𝑚𝑦𝑚𝑧 𝑚𝑥⁄ �1 2⁄ �7F5 2⁄ 2⁄ − 25F3 2⁄
2 6F1 2⁄� �       …(6) 

In low-dimensional structures, these expressions must be reformulated. Thermo-
electricity in 2-D quantum well  

σ2D=
〈τ〉e2

2πw
�

2kBT
ћ2 � �my

∗ mx
∗⁄ �1 2⁄ Fo                                                                     …  (7) 

𝑆2𝐷=−
kB

𝑒
(2F1 Fo⁄ −  𝜉2𝐷∗ )                                                                                … (8) 

𝜅𝑒2𝐷=
〈𝜏〉kBћ2

2πw
�

2kB𝑇
ћ2 �

2

�𝑚𝑦
∗ 𝑚𝑥

∗⁄ �1 2⁄ �3F2 − 4F1
2/Fo�                                      …  (9) 

Where 
 w is the width of the quantum well (layer thickness). Noticeably, 𝜅𝑒 ≫ 𝜅𝑝ℎ the 
phonon confinement to move in two-dimension may be neglected therefore can be 
considered 𝜅𝑝ℎ is constant and do not differ significantly from the bulk [5, 16, 17]. 
This approach can be useful to determine effects of the low dimensions on the other 
transport properties. More details for the thermoelectric parameters for confined 
electrons in low dimensions structures are given in Refs. [11, 14, 20-23]. 
 
Cooling at the Junction 

Now, the relevant parameters through analytic means for ideal short base homo-
junction p-n diodes; in comparison with conventional Peltier coolers, we then 
optimize cooling with respect to region width, current density and doping for ZnO 
material. Defining the Peltier coefficient in terms of carrier concentration, then, is 
exact in the Boltzmann limit and also good approximations in the Fermi-Dirac limit 
[4, 29]:  

𝚷𝐞 ≈ −
𝒌𝑩𝑻
𝒒

�𝒍𝒏
𝑵𝑪

𝒏
+
𝟓
𝟐
�                                                                                              … (10) 

𝚷𝐞 ≈
𝒌𝑩𝑻
𝒒

�𝒍𝒏
𝑵𝑽

𝑷
+
𝟓
𝟐
�                                                                                                  … (11) 

where n and p are the electron and hole concentrations and NC,V is the effective 
density of states given by 

𝑁𝐶,𝑉 = 2 �
𝑚𝑒,ℎ𝑘𝐵𝑇

2𝜋ћ2
�
3
2

                                                                                                     … (12) 
The injected minority carriers are assumed to recombine at the ohmic contacts at the 
boundaries. The injected carrier concentration gradient is assumed to vary linearly 
between the edge of the depletion region and the ohmic contact, and the Peltier 
coefficient for injected electrons in the p-type region between the contact and the 
edge of the depletion region 𝑤𝑝 < 𝑥 < −𝑥𝑝 is given by applying Equation 10 with a 
spatially-varying concentration: 

𝚷𝐩,𝐞(𝒙) =
𝒌𝑩𝑻
𝒒

�𝒍𝒏 �
𝒏𝒑𝒐

𝑵𝑪�𝑾𝒑 − 𝒙𝒑�
× ��𝒙 + 𝑾𝒑�𝒆

𝒒𝑽𝒋
𝒌𝑩𝑻 − �𝒙 + 𝒙𝒑��

−
𝟓
𝟐
��                    … (𝟏𝟑) 
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where 𝑽𝒋 is the junction voltage. The 𝚷𝐩,𝐞 = 𝚷𝐧,𝐞 − �𝐕𝐛𝐢 − 𝐕𝐣�, therefore the 
equation 13 can be write as 

𝚷𝐩,𝐞 = −
𝒌𝑩𝑻
𝒒 �𝒍𝒏

𝑵𝑪𝑱𝒐
𝒏𝒑𝒐(𝑱𝒐 + 𝑱)

+
𝟓
𝟐�

                                                                    … . (𝟏𝟒) 

Where 
 Vbi is the built-in voltage given by Vbi ≈ 𝑘𝐵𝑇 𝑞⁄ 𝑙𝑛�𝑁𝑎𝑁𝑑 𝑛𝑖2⁄ � and  𝐽𝑜 is the diode 
saturation current density given in terms of the electron and hole mobilities  µe,h by 
𝐽𝑜 = 𝑛𝑖2𝑘𝐵𝑇�𝜇𝑒𝑎 𝑊𝑝𝑁𝑎⁄ + 𝜇ℎ𝑑 𝑊𝑛𝑁𝑑⁄ � where 𝜇𝑒𝑎  is the electron mobility in a region of 
doping concentration 𝑁𝑎, 𝜇𝑒𝑎  is the hole mobility in a region of doping concentration 
𝑁𝑑, 𝑊𝑝is the p-type region width, and 𝑊𝑛is the n-type region width,  𝐽 is the diode 
current density is related to the applied voltage by 𝐽 = 𝐽𝑜�𝑒𝑥𝑝 𝑞𝑉𝑗 𝑘𝐵𝑇⁄ − 1� . The 
heat exchange at the junction is given by 
𝐐𝐣 = 𝐉𝐞� 𝚷𝐩,𝐞 −  𝚷𝐧,𝐞� − 𝐉𝐡� 𝚷𝐧,𝐡 −  𝚷𝐩,𝐡�

≈ −𝐉�𝐕𝐛𝐢 − 𝐕𝐣�                                ….  (𝟏𝟓) 
 
Results and discussion 
   The reduced chemical potential versus carrier concentration is illustrated in figure 
1. The two- and three-dimension (Bulk) reduced chemical potential (𝜉∗3D and 𝜉∗2D ), 
are compared in this figure for bulk, 20 nm, 40 nm, 60 nm, 80 nm  and 100 nm 
thicknesses of quantum wells ZnO samples. The parameters which used in this paper 
to zinc oxide are shown in Table (1). The curves in these shows the carrier 
concentration is increased with the reduced chemical potential, moves upward in 
energy. The quantum confinement associated with a quantum well system causing the 
shifting of the band edge energy, which is one of the most interesting phenomena that 
occur in low dimensional system. Therefore, more asymmetry of the DOS above and 
below the Fermi level expected.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (1) Carrier concentration versus reduced chemical potential (Fermi level) 

for 2D Quantum well and Bulk for ZnO. 
 
From equations (5) and (8) and relationship between seebeck and peltier coefficients 
we found the highest value of peltier coefficient which is reached at small (w=20 nm) 
about (0.09 W/m-k) at the carrier concentration 1018cm-3 as shown in figure 2. When 
w is increased, peltier coefficient decreases, due to lowering of density of states.  
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Figure (2) Peltier coefficient as a function of carrier concentration for ZnO bulk 

and well material. 
 
 
    The quantum well negatively impacts the electronic thermal conductivity of the 
material as a reduction can also be seen in figure 3. That means, the impact of the 
quantum well is to increase the peltier coefficient with only a slight increase in 
electronic thermal conductivity resulting in an improved power factor which is 
increased by a factor of (6) as shown in figure 4. This behavior is in a very good 
agreement with the experimentally measured power factor [30].  
 
 

 
Figure (3) Electrical conductivity as a function of carrier concentration for 

different thickness of quantum well ZnO. 
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Figure (4) Calculation of power factor as a function of carrier concentration for 

different thickness of quantum well ZnO. 
 
According to equations (4) and (7), there are two parameters effecting on σ, the 
electron mobility and carrier concentration. The present model uses the assumption of 
the carrier mobility unchanged as its bulk value because no interface electrons 
scattering. This is a conservative assumption because the scattering processes 
generally have an impact to decrease of carrier mobility (later we'll use different 
values for the electron mobility with carrier concentrations). In this case the behavior 
of electrical conductivity determined by the decrease of carrier concentration which 
results from a decrease of the sample dimension. That means, the main reason for the 
slight decrease in electrical conductivity of two-dimension compared with electrical 
conductivity of three-dimension is due to the decrease of carriers concentration. The 
maximum value of power factor at a given doping level coincide with the optimum 
reduce chemical potential (or Fermi level). This point is the optimum value between 
the square of the seebeck coefficient and the electrical conductivity. So it will be 
FOM  higher the low sample dimensions and then the possibility of heat exchange 
and cooling thermoelectric higher and this is evident in Figure 5 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure (5) Figure of merit as a function of carrier concentration for different 
thickness of quantum well ZnO. 
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In the case of the ZnO diode, the amount of cooling at the junction, Qj, and bias 
current density, J , were calculated as a function of the forward bias, Vj in a 
symmetrically doped 10 nm at two different doping levels 1016cm−3 and 1018cm−3, 
by using the equation (15) as shown in figure 6. Also the values of Qj and J as a 
function of Vj for 10 nm ZnO diode. It appears that, the amount of cooling at the 
junctions increases with increasing the forward bias, until Vj ≈ Vbi , for Vj > Vbi joule 
heating predominant where the calculated values of Vbi for the two doping levels 
(1016cm−3 and  1018cm−3) are (1.19V and 1.43V) respectively for ZnO doping is 
increased beyond the level approximated by the Boltzmann limit, i.e. E𝑓𝑒 > EC for 
the degenerate limit. The curves in this figure also a show that the maximum values 
of Qj is 17.64 W/cm2 for 1016cm−3  doping and is 6×103 W/cm2 for 1018cm−3 
doping. It clear that is the maximum value of Qj for lower doping occurs at lower 
value of  Vj than that for upper doping.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                            Figure (6) J and  −𝐐𝐣 as a function of 𝐕𝐣 in a symmetrically-doped 20 nm ZnO. 
 

 
Table (1) the list of prameters that used in this paper for ZnO: 

 
parameters value 

Electron effective mass m┴ (a) 0.24mo 
Electron effective mass mII (a) 0.28mo 

Hole effective mass (a) 0.59mo (┴ = II) 
Electron mobility (T = 300 K) (a)] 200cm2/V.s 
Intrinsic carrier concentration (a) < 106 cm-3 
Electron mobility at 10-16 cm-3 (b) 90 cm2/V.s 
Electron mobility at 10-18 cm-3 (b) 260 cm2/V.s 

Hole mobility at 10-16 cm-3 (b) 0.1 cm2/V.s 
Hole mobility at 10-18 cm-3 (b) 50 cm2/V.s 

Thermal conductivity (c) 0.60 W/cm K 
 
                   a, b, and c are refers to references [31], [32], [33] respectively 
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Conclusion  
     In conclusion, we have analyzed the effects of different parameters on the 
thermoelectric FOM using theoretical models based on employing Boltzmann 
transport equation for bulk and quantum well structure of ZnO. The model takes 
mainly into account modification of the PF due to electron confinement and evaluated 
the thermoelectric figure of merit. Our calculation indicates that at room temperature 
and above, unless there is some way to decrease thermal conductivity and increase 
electrical conductivity dramatically, figure of merit will not be large enough for 
application. The computational results show, the impact of the quantum well is to 
increase the peltier coefficient with only a slight increase in electronic thermal 
conductivity resulting in an improved power factor which is increased by a factor of 
(6). Verified carrier transport for internal heat exchange can facilitate the 
optimization of thermoelectric properties. The FOM of ZnO by doping becomes best, 
with an additional benefit of using the same type for legs of thermoelectric device. 
Therefore can be use doped ZnO diode thermoelectric whose performance is strongly 
dependent on the junction temperature cooling with low dimensional structures. It is 
found that the maximum value of the amount of cooling at the junction Qj for lower 
doping occurs at lower value of  Vj than that for upper doping. 
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