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ABSTRACT

In this article, we simulate thermal effects on the electron transfer rate from three quantum dots

CdSe, CdS and CdTe to three metal oxides TiO2, SnO2 and ZnO2 in the presence of four

blocking layers ZnS, ZnO, TiO2 and Al2O3, in a porous quantum dot sensitized solar cell

(QDSSC) structure, using Marcus theory. We considered blocking layer as being on quantum

dots and metal oxide, and we approximated quantum dots-blocking layer in the form of a sphere

with new epsilon and radius. We import blocking layer effect in the Coulomb energies, which

leads to the correct conduction band edges of the quantum dots and free energy of system and

finally the Marcus equation. We obtained the results for the temperature range 400-250 ° K

which show that, increasing temperature for different combinations and blocking layers can give

decreasing, increasing or decreasing-increasing trends. For ZnO-CdTe combination, blocking

layers ZnO, ZnS, TiO2, Al2O3 respectively, and for the other combinations, ZnO, TiO2, Al2O3,

ZnS respectively, have owned the highest rate. For verifying the simulation method, one of the

experimental works performed by other researchers in the field of blocking layer was

regenerated, that was in good agreement with our method with 3 percent error.
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The results obtained in this study can be better interpreted for empirical observations and also in

the design and selection of MO-QD appropriate combinations in the presence of blocking layer

in QDSSCs by considering the applied thermal effects.

Keywords: electron transfer rate; temperature; quantum dot; metal oxide.

1. INTRODUCTION

Quantum dot solar cells have emerged as Durable alternative to other third generation solar cells

and solar cells organic pigments such as organic solar cells and large multi-layered pigments

[Kamat, 2013, Kamat, 2012, Ruhle et al., 2010, Karmer and Sargent, 2011, Nozik, 2010, Hod and

Zaban, 2013]. Quantum dots (QDs) in this structure are nanoscale semiconductor particle which

their physical and chemical properties dependent upon the size [Jun et al., 2013, Choi et al., 2011,

Jabbour and Doderer, 2010]. Nanocrystals or QDs such as CdS ،CdSe ،PbS ،PbSe ،PbSSe ،

CuInS2 ،CuInSe2 ،CdSSe and CuInSexS2-x are selected rather for use in quantum dot solar cells

because of regulation of their energy gap in the visible and near-infrared regions [Baker and

Kamat, 2009, Robel et al., 2006,Wang et al., 2011, Choi et al., 2009, Ma et al., 2009, Santra et

al., 2013, Panthani et al., 2013,Santra and Kamat, 2013, MC Daniel et al., 2013]. In addition,

some of these QDs have the ability to create multiple electron-hole pairs that this phenomenon

causes the ability to increase the efficiency of the Shockley Kvayzr [Semonim et al., 2011, Stolle

et al., 2014]. These cells rapid progress in recent years in increasing the efficiency have been

reported yield less than 1% in 2005, 3% in 2010, 5 percent in 2011, more than 7 percent in 2013

and now also more than 8 percent[Choi et al., 2011, Lan et al., 2014, Zhao et al., 2015, Mc

Daniel et al., 2013]. In order to reduce the amount of electron-hole recombination in the quantum

dot sensitized solar cells (QDSSC) , a blocking layer is used in two modes: 1) blocking layer on

the electrode to prevent electrons from returning the electrolyte to the electrode [Lan et al. , 2014,

Seo et al. , 2011, Abbas et al. , 2015, Kin et al. , 2011, Meng et al. , 2014, Du et al. , 2014], 2)

blocking layer on QDs (as a light-absorbing material) is used to reduce the returned electron from

the QD to electrolyte or on the semi-conductor with large energy gap (as the electron collector) to

prevent from returning electron to QDs valence band. Blocking layer also has a protective role

inorder to prevention from corrosion QDs, metal oxides (MOs) and electrode against electrolyte

[Zhao et al., 2015, Shen et al., 2008, Kang et al., 2015, Mora-Sero et al., 2009, Choi et al. , 2013,

Yang et al., 2015, Zheng et al. , 2014, Jiao et al. , 2015, Bora et al. , 2012, Gonzalez-Pedro et al. ,
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2010, Chang et al. , 2012, Chen et al. , 2011]. This layer plays an important role in enhancing the

overall efficiency of the cell, so that in the year 2008, Shen et al. were able to use blocking layer

ZnS  deposited on CdSe quantum dots and TiO2 metal oxide increase their efficiency from  12.1

percent to 2/04 percent [Shen et al., 2008]. In 2009, Mora-Sero et al. were able to obtain

officiency several times more than in absence of ZnS by using a ZnS blocking layer deposited on

QDs and MOs [Mora-Sero et al. , 2009]. In 2011, Seo et al. could increase cell efficiency by

nearly three times by using blocking layer TIP. [Seo et al., 2011]. Chang et al. in 2012 were able

to use different combinations of blocking layers ZnS, ZnSe and Cu2S to increase the efficiency

from 0.53 to 2.52 percent [Chang et al. , 2012]. Santra et al. in 2013 could increase their

efficiency from 1.14 to 3.91 percent by using CdS blocking layer [Santra et al., 2013].

In 2015, Zhao et al. by using separated ZnS and SiO2 blocking layers could extend efficiency

from 2/53 percent to 6/37 percent and finally they were able to use a ZnS/SiO2 combinational

blocking layer to gain 21/8 percent of efficiency [Zhao et al., 2015]. It should be considered that

in addition to the effect of blocking layer, various methods of depositing QD can also affect the

efficiency of cells, so recently, Zhou et al. comparison and implementation of two methods of

and CBD (Chemical Bath Deposition) and SILAR (Successive Ionic Layer Adsorption and

Reaction)  to depositing CdSe quantum dot on a layer of CdS (that plays the  role of surface

modification and pass electrons ), they could gain the 4/85 percent efficiency with the use of

CBD that was much more than 3/89 percent efficiency by using SILAR [Zhou et al., 2015].

Kamat et al. have reported electron transfer rate between the QD and the TiO2 in the range of10 ~10 1/s [Tvrdy et al., 2011, Chakrapani et al., 2011].

Since the electron transport process inside the porous layer of TiO2 is slower than the mechanism

of electron transfer takes place, so losses due to recombination can be considered as an important

factor in limiting the overall efficiency of cells [Tian and Cao, 2013], thus, using the blocking

layer can play an important role in reducing the recombination and thus increase cell efficiency.

By the investigations here, a new model for blocking layers is considered that the analysis of the

effect of temperature parameter for various blocking layers is important.

In this study, we will simulate the effect of temperature in the presence of four commonly used

blocking layer below, the electron transfer rate of three quantum dots CdSe, CdS, CdTe to three

metal oxide TiO2, ZnO, SnO2 based on Marcus theory.

1- [Choi et al., 2011, Sung et al., 2013] Al2O3,
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2- [Choi et al., 2013, Rao et al., 2015] ZnO,

3- [Kamat, 2008, Rao et al., 2015, Tachibana et al., 2008, Meng et al., 2015] TiO2

4- [Zhao et al., 2015, Shen et al., 2008, Mora-Sero et al., 2009, Chang et al., 2012, Lee et al.,

2008] ZnS . It should be considered that there is an obstacle with blocking layer for injecting

electron from the transferor atom (QD) to the conduction band of acceptor electron (MO), and

thus we will have a reduced rate of electron transmission blocking layer in comparison with the

situation of without blocking layer. But due to reduced recombination (non-return of electron to

the valence band QD) and an increase in the density of acceptor electron (due to placing  the

blocking layer on MO) [Rao et al., 2015], as shown in past work that mentioned above, blocking

layer can ultimately increase the overall efficiency of the cell. To ensure accuracy of results, the

electron transfer rate for a QDSSC sample construction work in the presence of a blocking layer

reported in reference [Santra et al., 2013] were calculated by using our simulations, that with 3%

error corresponded with the reported result.

2. STRUCTURE, THEORY AND MODELING

The considered structure is a QDSSC with porous structure that is shown in Figure 1 is along

with transmission electron display, conduction band edge and the used semiconductor capacity in

comparison of the vacuum.

Fig.1. The considered structure without blocking layer with displaying electron transport from

QD to MO (a), displaying position of the conduction energy band edges and the used

semiconductor capacity (b)
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To calculate the electron transfer rate from QD to MO similar to Figure 1 , you can use (Marcus

Equation):

= ħ ∫ ( )| ( )|


( ∆ )
 (1)

where is the electron transfer rate by 1/sec, ℏ is Planck's constant, ρ (E) is density of states

for MO, ( ) is electronic coupling matrix between the acceptor electron and transferor

electron,  is system rearrangement energy in eV, is Boltzmann constant, T is working

temperature in Kelvin and ∆ is system free energy in eV. System free energy can be expressed

as

∆ = ∆ + ∆ + ∆ = − + + 2.2


−
( ) 


(2)

where E is MO energy edge of the conduction band and E is QD energy edge of the

conduction band compared to a vacuum, e is the charge of the electron,  is QD di-electric

constant,  is di-electric constant of MO and h is the distance between the QD and MO.

Density of states for MO  with considering the crystal defect can be expressed as

( ) = ∫ ( ) ∆√ ∆ (3)

where m is the electron effective mass, V is volume of a single cell for MO and ρ(E ) is

without defect MO density of states, Delta parameter (depending on the width of the crystal

defect in MO density states) is considered 50 meV [Tvrdy et al., 2011].

We has discussed the issue of calculating the electron transfer rate from QD to MO, Now to

import the effect of blocking layer on the QD and MO (Figure 2), we act like this, that we

propose the approximate model for the equivalent of a sphere / shell with a sphere with new

radius and epsilon.
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Fig.2. Displaying of the considered blocking layer on the QD and MO

In 2012, Mr. Chtyar and Anqta, proposed a model for a sphere / shell as a sphere with and new

radial and proposed an equation for calculating the effective epsilon result of the layer on the

sphere. Here we use this idea to approximate the effect of blocking layer in our structure.

schematic of a semiconductor for sphere / shell into a sphere with newEqualization.3.Fig

dielectric coefficient [Chettiar and Engheta, 2012]

New sphere achieved by a radius of “a” (sum of blocking layer thickness and QD radius), and

effective new epsilon due to the blocking layer and the QD can be named dy  .  with respect

to Figure 3 can be calculated as:

 = 
(  ) (  )(  ) (  ) (4)

where  is  blocking layer dielectric constant (in this study, four blocking layer are used, ZnS,

ZnO, TiO2 and Al2O3),  is dielectric constant QD,  is new effective dielectric constant for

sphere, a and b, respectively are radius of the sphere / shell of radius QD [Chettiar and Engheta,

2012]. Table 2 indicates dielectric constant of 4 blocking layers.
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Table 1. Dielectric constant values of 4 blocking layers

EpsilonBlocking layer

8.3[Shevarenkov and Shchurov, 2006]ZnS

9.4[Chin et al., 1999]Al2O3

9.9[Tvrdy et al., 2011]ZnO

10.5[Tvrdy et al., 2011]TiO2

Given the new epsilon for QD and MO we can calculate the rate using Marcus Equation 1, by

modifying the system free energy (entering the new achieved epsilon in the Coulomb energies,

electronic charges according to Eq. (2)). To enter the new epsilon effect in electronic energy, the

Bruce Equation can be [Brus, 1986].

( ) = + ∗ + ∗ − .
 

(5)

where is energy gap for large-scale semiconductors, R is QD radius, and are

effective mass of electrons and holes, respectively,  and  are vacuum permittivity constant

and intended QD, respectively. We know that by increasing the temperature energy gap becomes

small [Jeong et al., 2000, Caglar et al., 2010, Varshni, 1967], the effect of temperature in

changing QDs and MO energy gap from testing charts can be approximated as Eq. 6. Here, the

effect of this relationship is considered to see of temperature changes, in the atom conduction

band edges changing and the acceptor electron [Singh and Ravindra, 2012, Donnel and Chen,

1991, Fahimi et al., 2015].

( ) = ( ° ) − (6)

α and β coefficients in relation 6 can be achieved by matching the experimental plots. For CdSe

and CdS, these coefficients along with the energy gap for three QD and three MO, is given in

Table 2, for other 4 semiconductor, is obtained from the test charts that displaying temperature

dependence to the energy gap.
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As the free energy of the system implies, it shows new epsilon obtained in the Coulomb energy,

and electronic charges (energy difference between conduction band edges of the two electron

transferor atom and electron acceptor atom). Since the dimensions of MO compared to QD is

much larger (20 nm), no noticeable change on conduction edge will be made. As a result, of the

effect of blocking layer on it can be ignored and only its effect on the QD can be examine.

Finally, regarding to the equation between temperature and energy gap in the electronic energy

your and Marcus Equation, we could calculate results from 250 to 400 ° K for 4 blocking layers

on the electron transfer rate from QD to MO. Simulation constant parameters are considered as

shown in Table 3 and the reference [Fahimi et al., 2015].

Table 2. The energy gap values for three QDs and three MOs used in the simulation with

temperature parameters coefficients [Fahimi et al., 2015]

( ° )− ( )( )(° )( /° )( ° )(eV)Semi.

------Eq. (6)2954.77×10-41.74CdSe

------Eq. (6)21563.06×10-32.5825CdS

1.64×10-6 T2------------------1.595CdTe

7×10-4 T2------------------3.4TiO2

5.7×10-6 T2------------------3.37ZnO

8.12×10-6 T2------------------3.8SnO2
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Table 3. Electron-hole effective mass values, epsilon and the used conduction band edges three

MO and three QD [Fahimi et al., 2015]

∗∗(eV)Semi.

0.3 m00.13 m06.23- 4.4CdSe

0.53 m00.18 m05.23- 4.2CdS

0.35 m00.11 m07.1- 4.1CdTe

not requiredm09.9- 4.41TiO2

not required0.2 m010.5- 4.36ZnO

not required0.1 m011.5- 4.88SnO2

3. RESULTS

We plotted the electron transfer rate for temperature ranges of 250 to 400 ° K from QD to the

MO, and for three QD and MO, and four cited blocking layers in 2 angstrom constant thickness

of the blocking layer and 4 nm QD diameter. In general, we can see that the rate value

respectively for blocking layer ZnO, TiO2, Al2O3 and ZnS for all compounds except that the

composition of the ZnO-CdTe, blocking layer of ZnO, ZnS, TiO2, Al2O3 had the highest rate,

respectively (blocking layer ZnS had better behavior in comparison with the blocking layer TiO2

and Al2O3 in the electron transfer rate).

As shown in Figure 4 and 6 to the left, for combinations of TiO2-CdSe and SnO2-CdSe in this

range of temperature changes, we will have a rate increase for a combination of ZnO-CdS and

SnO2-CdSe, according to middle Figures 5 and 6. First, we will have the rate increases by

increasing temperature and then, by further thermal effects, the rate value will be reduced. For

other 5 combinations of Figures 4-6, rate behavior by increasing temperature causes reduced rate.

In fact, if the effects of temperature cause the more difference between the conduction band
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edges QD and MO, we will have a rate increase. Otherwise, by reduction the gap between the

two conduction band edge, the rate will be reduced.

Fig.4. The electron transfer rate versus temperature changes from 250 to 400 ° K for metal oxide

TiO2, with 3 quantum dots CdSe, CdS, and CdTe with 4 blocking layers

Fig.5. The electron transfer rate versus temperature changes from 250 to 400 ° K for metal oxide

ZnO2 with 3 quantum dot CdSe, CdS and CdTe with 4 blocking layers

Fig.6. The electron transfer rate versus temperature changes from 250 to 400 ° K for metal oxide

SnO2 with 3 quantum dot CdSe, CdS and CdTe with 4 blocking layers
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4. CONCLUSION

Given the importance of blocking layer in efficiency, have been forced us in this paper with new

presented model, to get the effect of this layer temperature on the layer by examining the

important parameters in the electron transfer rate from QD to MO to achieve the highest rate in

various combinations, and presented it to experience working. In this study, we have analyzed

temperature changes from 250 to 400 ° K degrees in the presence of 4 commonly used blocking

layer ZnS, ZnO, TiO2 and Al2O3, three quantum dots CdSe, CdS, CdTe and three metal oxide

TiO2, ZnO2, SnO2. Intended blocking layer here, is on MO and QD. Due to the large MO

dimensions, we ignored the effect of blocking layer, just only considered its effect on the QD. We

assumed QD with blocking layer in the form of an effective sphere, and by calculating the new

epsilon and radial and entering this two in Coulomb energy, we modified free energy system by

entering charge and electronic between MO-QD, and finally the rate is calculated. Our results

show that depending on the kinds of MO-QD combination, increased temperature could increase

or decrease the electron transfer rate, and in some cases, an increase after  certain temperature

reduces the rate, and considering this, can halp experience working in the solar cells. To insure

the way of simulation, the rate value for another QDSSC sample construction work in the

presence of the blocking layer, was equal with the used method here with 3 percent error.
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