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ABSTRACT 

 

We have studied charging effect in a lateral split gate quantum dot defined by metal gates in the two dimensional electron 

gas of a GaAs structure. The gate structures allows an independent control of conductance’s of the two tunnel barriers 

separating the quantum dot from the two dimensional leads, and enable us to vary number of m[ that are located in the 

dot. We have measured coulomb blockade oscillations in the conductance as the function of gate voltage. Figures 1 – 3 

are the results of the study. The conductance at high temperature is constant and at low temperature show oscillation both 

in positive and negative gate voltage. The current is carried by successive discrete charging and discharging of the dot, 

form single charge tunnelling.  
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1. Introduction 

The conductance of single electron charging effects have mostly studied in granular films, metal tunnel junctions, and 

scanning tunnelling microscopy  grain junctions. More recently, it has become apparent that charging effects can strongly 

affect conductance properties of metallic submicron structures weakly coupled to contact leads by tunnel barriers. The 

conductance in the charging effect start to transport properties when both barriers conductance value of a point contact at 

2𝑒2/h. The study of quantum dots [1] continues to enjoy a high popularity. The conductance properties of nanostructures 

consisting of quantum dots [2]. The properties and functionalities of such structures strongly depend on the state of the 

leads, their coupling to the central region [3], the interactions of the electrons on the central region, and on external 

conditions like temperature. The experimental control of the relevant parameters and the theoretical understanding of 

their effect on measurable characteristics of devices are at the heart of their application potential. 

 

Single electron charging belongings have mostly been studied in granular films, metal tunnel junctions [4]. More recently, 

it has become seeming that charging effects can strongly affect the transportation properties of metal submicron structures 

weakly coupled to the contact leads by tunnel barriers [5]. The study of charging effects in metal devices started with the 

observation of conductance oscillations in the quantum dots indicates that a lateral quantum dot with controllable potential 

barriers was used [6]. Their device could change the number of electrons in the dot one-by-one, which was seen in the 

conductance by the appearance of oscillations, and they confirmed the explanation in terms of charging effects [7]. In the 

quantum dots defined by split-gates in a two dimensional electron gas which shows geometry allows a detailed study of 

the conditions for observing charging effects, because of the ability to control the coupling of the quantum dot to the 

environment [8]. 

 

The name dot proposes an exceedingly small region of space. A metal quantum dot, however, is made out of roughly a 

million atoms with an equivalent number of electrons. Nearly all electrons are tightly bound to the nuclei of the material, 

though, and the number of free electrons in the dot can be very small [9]. The de Broglie wavelength of these electrons is 

comparable to the size of the dot, and the electrons occupy discrete quantum levels and have a discrete excitation spectrum 

[10]. The charging energy in the quantum dot is analogous to the ionization energy of an atom.  This is the energy required 

to add or remove a single electron from the dot [11].  Because of the analogies to real atoms, quantum dots are sometimes 

referred to as artificial atoms [12].  The atom like physics of dots is studied not via their interaction with light, however, 

but instead by measuring their transport properties, that is, by their ability to carry an electric current [13]. Quantum dots 

are therefore artificial atoms with the intriguing possibility of attaching current and voltage leads to probe their atomic 



JOURNAL OF ALGEBRAIC STATISTICS 

Volume 13, No. 2, 2022, p. 2060 - 2067 

https://publishoa.com  

ISSN: 1309-3452 

2061 
 

states. Single molecules as an active electronic unit have attracted huge attention both from the research community and 

industry [14].  Single molecules can offer several unique properties as an electronic unit.  The size is within several 

nanometres for most simple molecules and hence the electronic spectrum is quantized with the typical energy scale of ~ 

eV [15]. They also allow self-assembly, which is very useful in fabricating electronic devices at such a small length scale 

[16].  Another huge advantage is their tremendous diversity and functionality.  There exist an incredibly large number of 

chemicals and their different chemical and electrical functions can open up many new possibilities that have never been 

available [17].  

 

We assume that the barrier at either contact is opaque enough that it serves as a tunnel barrier.  Then an electron can be 

considered located either on the molecule or one of the electrodes.  Electric current will flow when an electron can tunnel 

onto the molecule and subsequently off from it to the other electrode [18].  When a state is available between 𝑆𝜇and 𝐷𝜇 , 

the sequential tunnelling process can occur via this state while changing the number of electrons on the molecule between 

N and N+1.  A large current will flow occur on state.  In another way when there are no available states between 𝑆𝜇and 𝐷𝜇, 

the current will be blocked and the number of electrons N on the molecule is fixed [19].  Only a small current will flow 

by a direct tunnelling between the two electrodes off” state.  The on and off behaviour is caused by the quantized electronic 

structure of a molecule.  This quantized structure can be attributed to the charge addition energy and the electronic 

excitation spectrum [20].  The model presented here assumes that the contacts are behaving as tunnel barriers.  Even 

though some molecules can be connected to the leads without forming a tunnel barrier at the contacts [21], the single 

molecule devices described in this thesis forms tunnel contacts and their electrical conductance can be explained based 

on the sequential tunnelling process [22].    

2. Methods and Materials 

To discuss charging effects in quantum dots, we follow the recent works [23] in which the charging theory for metal 

systems [24] is generalized to include discrete energy states. At sufficiently large negative voltage applied to the quantum 

point contact, the induced potential barriers will strongly localize the electrons in the dot [25]. The number of electrons 

in the dot is therefore determined being an integer and can only be changed by an integer. The charging energy of the dot 

can be written as: 

 

                                              𝐸𝑐 = 
(−𝑒𝑛 + 𝑄0)2

2𝐶
                                                                       Eq(1) 

 

Where n = N - 𝑁0, 𝑄0  = 𝐶𝑠𝑉𝑠 + 𝐶𝑑𝑉𝑑 + 𝐶𝑔𝑉𝑔 and C is the total capacitance of the quantum dots C = 𝐶𝑠 + 𝐶𝑑 + 𝐶𝑔. The 

integer part of the additional charge in the dot is en = e (N —𝑁0), where N is the number of electrons in the dot, and the 

basic charge e is taken positive. 𝑁0 is the number of electrons at zero gate voltage and zero bias voltage (𝑁0 > 𝑁), which 

pays the positive background charge originating from the donors [26]. 𝑄0, represents the continuous part of the excess 

charge, which is induced by voltage differences 𝑉𝑠  and 𝑉𝑑between the dot and the leads (e𝑉𝑙 = 𝜇𝑙 - 𝜇𝑑(𝑁), 𝑒𝑉𝑟 =  𝜇𝑑(𝑁) −

𝜇𝑟 where 𝜇𝑑(𝑁) 𝑖𝑠 the electrochemical potential of the dot. If n = 1 and 𝑄0 = 0, gives the charging energy 
𝑒2

𝐶
 for a single 

electron. For our description, we take 𝐸𝑐= 
𝑒2

𝐶
 as the unit for charging energy. Moreover, at zero bias voltage and at fixed 

gate voltage, the induced charge 𝑄0 can be rewarded by tunnelling of as many electrons into or out of the dot as required 

to decrease the total charge to a value smaller than the elementary charge e, so the electrostatic energy is reduced to a 

value below 
𝑒2

𝐶
 [27].  In the experiment, we degree the conductance with a small bias voltage V = 

𝜇𝑙− 𝜇𝑟 

𝑒
 across the sample 

as the gate voltage are varied. Then, simplify 𝑄0 =  𝐶𝑔𝑉𝑔 where 𝑉𝑔 denotes the gate voltage, which is varied, and 𝐶𝑔 the 

capacitance between this gate and the dot [28]. The ground state energy for N electrons in the dots at zero temperature is 

the sum over the single particle energies 𝐸𝑝 relative to the bottom of the conduction band, and the electrostatic energy:  

               U(N) = ∑ 𝐸𝑝
𝑁
𝑝=1 + 

(−𝑒𝑛+ 𝐶𝑔𝑉𝑔)2

2𝐶
                                                                                 (2) 
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From the above equation, the electrochemical potential which by definition is the minimum energy necessary to add the 

Nth electron to the dot:  

                𝜇𝑑(N) = U(N) – U(N-1)                                                                                           (3) 

We can rearrange Eq(3)  to get: 

      𝜇𝑑(N) = 𝐸𝑁 + 
(𝑛−1/2)𝑒2

𝐶
 – e

𝐶𝑔

𝐶
𝑉𝑔                                                                                          (4) 

 

When 𝜇𝑑(N) = 𝜇𝑐ℎ(N) + e𝜑𝑁, the electrochemical potential is the sum of the chemical potential 𝜇𝑑(N) = 𝐸𝑁 and the 

electrostatic potential e𝜑𝑁. When the number of electrons is changed by one, so that the resulting change in 

electrochemical potential at fixed voltage is: 

   𝜇𝑑(N + 1) - 𝜇𝑑(N) =  𝐸𝑁+1 - 𝐸𝑁   + 𝑒2/C                                                                               (5) 

 

Eq(5) implies that the electrochemical potential changes by a finite energy when an electron is added to the dot. 𝜇𝑑(N + 

1) - 𝜇𝑑(N) is large for large energy splitting between consecutive 0D state and for small capacitance. This energy gap 

container leads to a blockade for tunnelling of electron into and out of the do. 𝐸𝑁+1 electron cannot tunnel into the dot 

because the resulting electrochemical potential 𝜇𝑑(N + 1) is higher than the electrochemical potentials of the reservoirs.  

Therefore, 𝜇𝑑(N) < 𝜇𝑙 <  𝜇𝑑(N + 1) the electron transport is blocked, which is known as the Coulomb blockade. Transport 

is only possible by thermal activation or tunneling via virtual states [28]. Note that the energy gap of (5) takes place at 

the Fermi energy, which determines the transport properties and the activation energy. Below 𝜇𝑑(N) the energy states are 

separated by 𝐸𝑁+1 − 𝐸𝑁 which in our case, are much smaller energy differences. The Coulomb blockade can be 

eliminated by changing the gate voltage 𝑄0, so that 𝜇𝑑(N + 1) is lined up between 𝜇𝑙  𝑎𝑛𝑑 𝜇𝑟, 𝜇𝑙 > 𝜇𝑑(N + 1) >  𝜇𝑟 . 

Therefore, an electron can tunnel from the left two dimensional electron gas reservoir into the dot 𝜇𝑙 > 𝜇𝑑(N + 1). The 

electrochemical potential in the dot increases by the amount given in (5), which in our structure is dominated by the 

increase in electrostatic energy 𝑒𝜑𝑁+1 − 𝑒𝜑𝑁 =
𝑒2

𝐶
. Because 𝜇𝑑(N + 1) > 𝜇𝑟 electron can tunnel out the dot to the right 

two dimensional electron gas reservoir causing the  electrochemical potential to drop to 𝜇𝑑(N) . Now, a new electron can 

tunnel into the dot and repeat the cycle [29]. This process where current is carried by successive discrete charging and 

discharging of the dot, is known as single charge tunnelling [12]. Then conductance single – electron charging in the dot 

is given by the equation: 

 G = 
𝑒2

𝐾𝑇
∑ ∑

Γ𝑝
𝑙 Γ𝑝

𝑙

Γ𝑝
𝑙 + Γ𝑝

𝑙
∞
𝑝=1

∞
𝑝=1 𝑃𝑒𝑞(N)𝐹𝑒𝑞(𝐸𝑝⎮𝑁)(1 – f(𝐸𝑝 + 𝑈(𝑁) − 𝑈(𝑁 − 1) − 𝐸𝑝)         Eq(6) 

3. Result and Discussion 

We have plotted the conductance versus gate voltage using Eq(6) the result show different characteristics of conductance 

at high and low temperature. In Fig.1.  The conductance of the dot is shown as a function of   gate voltage. The conductance 

does not show oscillation in both positive and negative gate voltage. The conductance’s show depression in in the positive 

gate voltage this is good agreement with the previous report [30].   
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Figure1. The graph of conductance versus gate voltage 𝐾𝐵T ≫ ∆𝐸 

 
 

Figure 2, the graph of normalized conductance shows oscillations in the positive gate voltage. 
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In figure 2. The conductance of the dot smoothly decreases as the gate voltage on the centre gate is decreased. This 

decrease is due to the influence of gate voltage on the conductance of the quantum point contact. Small oscillations appear 

in figure where the conductance of quantum point contact  is quantized value. The amplitude of the oscillations increases 

at low temperature that is the result agreed with the previous report [31]. The oscillations are seen to disappear when the 

average dot conductance becomes too small.  

 

Figure3. The graph of normalized conductance at high and low temperature behaviour. 

Figure 3.  Show the normalized conductance at high and low temperature behaviour. The conductance show oscillations 

at low temperature   and conductance is constant as temperature increased.  Now, the oscillations appear as sharp peaks 

with amplitude up to 
𝑒2

𝐶
 and result is good agreement with the previous report [32]. Importantly, the maximum of the 

oscillations is considerably larger at lower temperature, indicating that the transmission through the dot is of a coherent 

resonant nature. Resonant transmission is a signature of tunnelling through a particular 0D energy state.  Generally we 

have measured the oscillations by varying the voltage on the different gates, while keeping the voltage on the remaining 

gates fixed. 

Conclusions 

The charging effects in quantum dots, the charging theory for metal systems are generalized to discrete energy states. At 

sufficiently large negative voltage applied to the quantum point contact, the induced potential barriers will strongly 

localize the electrons in the dot. The number of electrons in the dot is therefore determined being an integer and can only 

be changed by an integer. The plotted conductance versus gate voltage using Eq(6) the result show different characteristics 

of conductance at high and low temperature. In Fig. 1 – 3 are the results of the study. We conclude that the theory of the 

conductance in single – electron charging effect good agreement with the experimental result of the study. 
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