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Abstract 

In this work, solar cells were simulated single, mechanically and monolithically stacked 

based on the CZTS (Se) 4 absorption layer, both layers of tandem solar cell were simulated 

using by AFORS-HET software (one-dimensional ). Electrical properties of the monolithical 

tandem cell, it's determined after the current matching to the top and bottom sub-cell. The 

short circuit current density Jsc is about 23.9 mA. cm
-2

 when the top cell thickness is  384 nm 

in conjunction with the 1000 nm bottom cell thickness. The maximum efficiency obtained is 

approximately 23.1% with an open circuit voltage Voc ~ 1146.9 mv. The efficiency of the 

mechanical tandem cell with series connection was 23.76 % at open circuit voltage Voc ~ 

1166.9 mv and the efficiency about 26.62 %  at open circuit voltage Voc ~ 475.2 mv for 

mechanical tandem cell with parallel connection when the both cells had the same 

thickness(1000nm). 
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 ألملّخص

بالتعاقب والمنضدة ميكانيكيا على  المتعددة المنضدة والخلايا ،محاكاة الخلايا الشمسية المنفردة، تم في هذا العمل

الخلية الشمسية المتعددة المنضدة بالتعاقب باستخدام  ، تم محاكاة كلتا طبقتيCZTS(Se)4أساس طبقة الامتصاص 

. حيث يتم تحديد أدائها بعد مطابقة التيار AFORS-HETالخواص الكهربائية للمواد أحادية الأبعاد بواسطة برنامج 

عندما يبلغ سمك الخلية  2-. سم ملّي أمبير 23.9حوالي  Jscليا والسفلى. تبلغ كثافة تيار قصر الدائرة للخلايا الفرعية الع

٪ مع 23.1نانومتر. بلغت أقصى كفاءة تم الحصول عليها حوالي  1000نانومتر و سمك الخلية السفلية  384العليا 

٪ و جهد  23.76فاءة الخلية المنضدة ميكانيكيا بلغت . أما كملي فولت تقريبا Voc ~ 1146.9فولطية الدائرة المفتوحة 

عندما تكون الخليتان العليا والسفلى متصلتين على التوالي بينما بلغت  ملّي فولت VOC ~ 1166.9الدائرة المفتوحة 

المتصلتين  للخليتين العليا والسفلى املّي فولت تقريب   VOC ~ 475.2٪ عند جهد الدائرة المفتوحة  26.62الكفاءة حوالي 

 ( نانو متر.1000على التوازي عندما تكون كلتا الخليتين بنفس السمك )

 .AFORS-HET،  برنامج المحاكاة CZTS (Se)4، المتعددة: الخلايا الشمسية الرقيقة الكلمات الدالة

DOI: http://doi.org/10.32894/kujss.2019.14.4.2 
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1. Introduction: 

Many specialists in recent years have been interested in tandem solar cells, because they 

have big efficiency and reduced production costs (very high efficiency can indirectly reduce 

the cost of solar ). The high efficiency of these photovoltaic PV cells semiconductor materials 

that absorb diverse parts of the spectrum of solar order to attain  the technological benefit 

required for these cells, it is necessary to develop inexpensive materials that can be stacked in 

a certain way [1,2]. The tandem cell contains several different models, including a 

homogeneous stacked cell with two terminal (2T) and a mechanically stacked cell with two or 

four terminal (2T, 4T) as shown in Fig 1. The 2T design involves connecting the cells ( Top 

and Bottom sub cells) stacked in tandem electrically together through a tunnel junction or 

joint connection , resulting in a serial electrical connection, which means that only two 

external electrical contacts are required [3]. In mechanical design, cells are stacked (Top and 

Bottom) on separate substrates, working independently, where the two cells are connected 

separately to an outer circle in a seriese or parallel and must be  the window layer  semi-

transparent to allow light to pass [4] . 

 

 

Fig.  1: a) Monolithically, b) and c ) Mechanically (2T, 4T) stacked  tandem solar cells [5]. 

2. Simulation Approach By AFORS-HET: 

AFORS-HET (Automat FOR Simulation of Heterostructures) is a one dimensional 

numerical computer program for simulation multi-layer homo- or Heterojuction solar cells as 

well as some usual solar cell characterization methods. like current-voltage (I-V), internal 

quantum efficiency (IQE), capacitance voltage, spectral response, etc, The software solves 

Poisson’s equation and the continuity equations, based on Maxwell Boltzmann statistics, in 

the whole structure  and simulate electrical properties of solar cell, by using different numeral 
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models. has been developed at HZB since the year 2000, and is free-on-demand. For more 

details, can be found in the developer’s guide provided with the software [6]. 

3. Theoretical Analysis: 

J-V properties in solar cells are the standard method for calculating cell output and 

evaluating its performance under illumination. Using the diode equation, which is given as 

follows: [7,8] 

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽0 (𝑒
𝑞𝑉

𝑛𝑘𝑇 − 1)                                                                                                                   (1) 

JSC is the short circuit current density due to the falling light, the current source in the 

circuit equivalent to a luminous solar cell, J0 is the saturation current (or dark current) due to 

the recombination processes occurring inside the cell. V applied voltage, q charge, k 

Boltzmann’s constant and T the temperature in Kelvins   and  n The ideal factor is between 1 

and 2 according to the basic method of recombination. The most important factors to study 

photovoltaic cells are the voltage of the open circuit, VOC, known as the voltage required to 

balance the intensity of the JSC at the light and dark current intensity can be determined 

analytically by rearranging equation (1) 

𝑉𝑂𝐶 =
𝑛𝐾𝐵𝑇

𝑞
[ 𝑙𝑛 (

𝐽𝑆𝐶

𝐽0
+ 1) + 1]                                                                                                         (2) 

For Tandem cell ,The currents of the Top cell (JT) and the current density of the Bottom 

cell (JB) are mathematically give to the following: 

 𝐽𝑇 = 𝑞 ∫ 𝐼(ג) {1 𝑒−𝛼𝑇(ג)𝑡𝑇}
𝑇ג

0

 𝑑(3)                                                                                                      ג 

𝐽𝐵 = 𝑞  ∫ 𝐼(ג)𝑒−𝛼𝑇(ג)𝑡𝑇  [1 − 𝑒−𝛼𝐵(ג)𝑡𝐵}
𝑇ג

0

   𝑑ג +  𝑞 ∫ 𝐼(ג) {1 − 𝑒−𝛼𝐵(ג)𝑡𝐵]} 𝑑ג 
𝑇ג

𝐵ג

               (4) 

Where I (ג) is the intensity, (tT, tB) the thickness of the Top  and Bottom cells and (𝞪T, 𝞪B) 

are the absorption coefficients of the Top and Bottom cells, The גT and גB values are given as  

 B=hc/EgB, where h  Planck’s constant, c are the velocity of light, EgT and EgBג ,T=hc/EgTג

represent the band gap energies of the Top and Bottom subcell. If the two-link solar cells are 

connected to a series, the current of the photovoltaic current is limited to the smallest optical 

stream produced by the sub-cells. Therefore, the currents of the photoelectric current must 

mailto:uokirkuk.edu.iq/kujss
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have the same value and this is called the current matching condition [9]. The open circuit 

voltage of the Tandem cell (VOC) is the sum of the open circuit voltage of the Top cell 

(𝑉𝑂𝐶𝑇)and the Bottom cell 𝑉𝑂𝐶𝐵 ,expressed in [10]: 

𝑉𝑂𝐶 = 𝑉𝑂𝐶𝑇 + 𝑉𝑂𝐶𝐵 =
𝐾𝐵𝑇

𝑞
[ 𝑙𝑛 (

𝐽𝑆𝐶𝑇

𝐽0,𝑇
+ 1) + ln (

𝐽𝑆𝐶𝐵

𝐽0,𝐵
+ 1)]                                                     (5) 

The saturation current density is given, taking into account the speed of surface 

recombination: 

𝐽0 = 𝑞𝑛𝑖
2 𝐿𝑛

𝜏𝑛𝑁𝐴
(

(
𝑆𝑛𝜏𝑛

𝐿𝑁
) 𝑐𝑜𝑠ℎ (

𝑥𝑗

𝐿𝑛
) + 𝑠𝑖𝑛ℎ (

𝑥𝑗

𝐿𝑛
)

(
𝑆𝑛𝜏𝑛

𝐿𝑁
) 𝑠𝑖𝑛ℎ (

𝑥𝑗

𝐿𝑛
) + 𝑐𝑜𝑠ℎ (

𝑥𝑗

𝐿𝑛
)

) + 𝑞𝑛𝑖
2

𝐿𝑝

𝜏𝑝𝑁𝐷
(

(
𝑆𝑃𝜏𝑃

𝐿𝑃
) 𝑐𝑜𝑠ℎ (

𝐻

𝐿𝑃
) + 𝑠𝑖𝑛ℎ (

𝐻

𝐿𝑃
)

(
𝑆𝑃𝜏𝑃

𝐿𝑃
) 𝑠𝑖𝑛ℎ (

𝐻

𝐿𝑃
) + 𝑐𝑜𝑠ℎ (

𝐻

𝐿𝑃
)

)       (6) 

Where Ln and Lp represent the length of the diffusion of the minority carriers, Sn Sp 

surface recombination, 𝜏𝑛 ,𝜏𝑝 life time of the minority carriers. NA, ND the concentration of 

acceptor and donor doping, xj and H are the neutral region thicknesses  for  p and n, 

respectively. 

The Extemal Quantum efficiency (EQE) is closely related to the design of each cell as 

well as the band gap of the materials from which the solar cell is made, Jsc can be expressed 

using the flux intensity and the external quantum efficiency, which represents the probability 

of a photon with enough energy to induce electron-hole pairs that is collected at the contacts. 

This relationship is explained below [9]: 

𝐽𝑆𝐶 = 𝑞 ∫ 𝑏𝑠(𝐸)𝐸𝑄𝐸(𝐸) 𝑑𝐸                                                                                                                 (7) 

Where bs (E) is the density of the flux of photons, per unit of time in the energy range 

from E to E + dE, and EQE (E) is the efficiency of the external quantum, wich measures the 

probability of producing a pair of electron-hole when the  photons fall into the active region. 

According to the quantum efficiency definition, EQE can be calculated: the ratio of the 

number of carriers collected at the electrodes for one particular wave length with the total 

number of incident photon of that wavelengths. They represent all photons of light (total 

power), whether reflected, absorbed or transferred: 

mailto:uokirkuk.edu.iq/kujss


             Kirkuk University Journal /Scientific Studies (KUJSS)   

Volume 14, Issue 4, December 2019, pp. (8-26) 

ISSN: 1992-0849 (Print), 2616-6801 (Online)

 

 
Web Site: www.uokirkuk.edu.iq/kujss   E-mail: kujss@uokirkuk.edu.iq, 

kujss.journal@gmail.com

 
13 

EQE(ג) =

(
𝐽𝑆𝐶

𝑞⁄ )

𝐼
𝐸𝑝ℎ

⁄
                                                                                                                                 (8) 

Therefore the ratio gives the number of carriers at the electrodes per unit area, I - the 

intensity of light falling in Wm
-2

 and Eph is photon energy Equation (8) can be written as 

follows: [9]: 

𝐸𝑄𝐸 = ℎ𝑐

𝐽𝑆𝐶
𝑞⁄

𝐼. ג
                                                                                                                                      (9) 

Where 𝐸𝑝ℎ =
ℎ𝑐

ʎ
 . 

AFORS-HET used Shockley-Read-Hall model to describe the recombination currents in 

bulk levels  and the absorption method is carried out according to Lambert Berr model [6,11]: 

𝐼 = 𝐼0 𝑒
−𝛼𝑥                                                                     (10) 

where I and I0 are the current flux and initial flux  at a penetration depth x. According of 

this theory, creates electron-hole in active layer of a solar cell, wich that should be  separated 

before recombination. The absorption coefficent α(λ) is calculated from the spectral 

absorption of each semiconductor layer within the stack [12,13]: 

α(λ) =
4𝜋𝑘(ג)

ג
                                                                                                                                      (11) 

Finally, the Fill factor (FF) and  efficiency (η) of the solar cell is calculated by the 

following equations [7,8]: 

𝐹𝐹 =
𝐽𝑚𝑃𝑉𝑚𝑃

𝐽𝑠𝑐𝑉𝑜𝑐
                                                                                                                                        (12) 

η =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
= FF  

JSC × VOC

𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟
                                                                                              (13) 

Where the η is described as the ratio between the maximum power generated by the cell 

and the power incident on it. 
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4. Mechanically Stacked Tandem Solar Cells: 

The first concept of Tandem solar cells was already mentioned in 1955 and the concept 

was first piloted in 1978 [14]. The mechanically stacked solar cells are designed easily by 

integrating the bandgap subunits into any contact arrangement, and neglecting the splicing 

factor. The manufacturing of the cells was mechanically limited and limited due to: a- the cost 

of merging cells on multiple substrates; b- The assembly of parts of the devices off-site, 

which increases the difficulty of processing and cost, and lead to loss of performance due to 

joint delivery. c-Excessive weight also limits the practicality of these devices for space 

applications because of fixturing hardware used to stack the sub cells together and use the 

multiple substrates [15]. The CZTS(Se)4 Direct bandgap compound semiconductor materials 

provide significant advantages, due better optical property and high electron mobility .It's  

having high absorption co-efficient thus with a very thin thickness (1 to 2μm), these material 

group can absorb appreciable amount of solar light due to their high absorption co-efficient 

(>10
-4

cm
-1

). Theoretically, Band gap of CZTSSe alloy varies in between 1.5 and 1.0 eV 

depending upon S/Se ratios. Suitable and tunable optical properties make kesterite as ideal 

solar absorber layers [16,17]. 

The structure of the studied cell, shown in Fig 2, contains ZnO as a window layer n-type, 

is transparent and conductive and which is responsible transmit the light to the absorber layer 

and extract photogenerated electrons, CdS as n-type a wide band gap thin buffer layer, allows 

more light to reach the junction and increases the EQE at the short wavelength region [18,19], 

CZTS and CZTSe as a absorption layer of  type p, where the conversion of photons into 

electron-hole pairs takes place, CZTS top cell and CZTSe the bottom cell. 
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Fig. 2: The  structure of Mechanical  tandem cell.a) series and b) parallel configuration. 

The properties of the materials are shown in Table 1 ,For CdS and ZnO, as specified in 

AFORS-HET program. As for the CZTS and CZTSe absorption classes taken from the 

indicated sources. 

Table 1: Material parameters. 

CZTSe CZTS CdS i-ZnO Symbol (unit) parameters 

1 1 0.06 0.04 d (µm) Thickness 

13.6 [22] 7[21] 10 [20,21] 9   [20,21] dk Dielectric permittivity 

4.35[22] 4.3[24] 4.2  [22] 4.4 [22,23] chi (eV) Electron Affinity 

1 1.5 2.42 [21] 3.37 [21] Eg (eV) Bandgap 

2.2×1018 [25] 2.2×1018 [23] 1.8×1019 [23] 2.2×1018[22] 
Nc (cm-3) 

 
Density of states in CB 

1.8×1019  [25] 1.8×1019 [23] 2.2×1018[21] 1.8×1019[25] Nv(cm-3) Density of states in VB 

100[23] 100 [21] 100[23] 100[23] µn (cm2.Vs-1) Electron mobility 

25   [23] 25 [21] 25  [23] 25 [23] µp (cm2.Vs-1) Hole mobility 

2×1016 8×1015 0 0 Na (cm-3) 
Acceptor 

concentration 

0 0 1×1017 1×1019 Nd  (cm-3) Donor concentration 

1×107 1×107 1×107 1×107 υ(cm/s) 
Thermal velocity of 

electron and hole 

1×1016 1×1016 1×1015  Nt  (cm-3) Totale trap density 

0.5 0.5 1.2  
Et      ( ev) 

 
Characterisitic Energy 

Single /  D Single /  D Single / A   Type  Charge 

2.45[24] 

0.6  [24] 

2.85[14] 

0.1  [14] 
Fil  AFORS-HET  

n 

k 
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In this research, the mechanical tandem cell is used, because a device has two advantages; 

First, the J-V characteristics of the individual bottom- and top cell as well as the tandem cell 

can be measured. Second, since the subcells are electrically and optically separated, it is easy 

to connect the two cells electrically, seriese or in parallel using external wires. 

 

5.  Results  and Discussion: 

5.1 CZTS and CZTSe Single Solar Cells: 

The CZTS and CZTSe solar cells are first simulated separately using the simulation 

parameters shown in Tables 1.we can see the simulation results of the J–V characteristics as 

shown in Fig. 3a.  Thickness of the absorption layer (1µm) in the studied cells , the simulation 

results show that VOC = 691.7 mv for CZTS is greater than VOC = 475.2 mv for CZTSe, 

because the band gap of the CZTS layer is large compared to the CZTSe band gap. On the 

other hand, Jsc = 24.59 mA / cm
2
 for CZTS is less than Jsc = 45.5 mA / cm

2
 for CZTSe, 

where the difference in the value of Jsc is explained by the QE scheme  for the CZTS layer 

which covers a large area (Due to the smaller gap in the CZTSe layer) as shown in Fig 3b. 

This means allowing low-energy photons to generate photo current, increasing the short-

circuit current of the cell. Thus, efficiency CZTSe (Eff =16.91%) is higher than efficiency 

CZTS (Eff= 11.91%). 

 

Fig. 3: The single CZTS and CZTSe solar cells:a) J–V characteristics b) EQE versus 

wavelength. 

5-2 Parallel Connect: 

When the two sub cells CZTS and CZTSe  are electrically connected in parallel, the J-V 

characteristic are based on the following equations: 

mailto:uokirkuk.edu.iq/kujss
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VTandem=VTop =VBottom                                                                                                             (14) 

JTandem=JTop +JBottom                                                                                                                 (15) 

The complete J-V property can be built into a parallel tandem  as   in the Fig .4a. refer to 

the equations (12,13), the fill factor (FF) and efficiency (η). For the parallel connection equat 

to FF = 79.92 % and   η =26.62 % , respectively. 

The voltage value of the tandem cell (Voc=475.2 mv ) is equal to cell’s voltage that gives 

less voltage, CZTSe the Bottom cell because it have the lowest energy gap. Therefore the Jsc 

of the tandem cell current will be equal 70.09 mA/cm
2
. 

 

5-3 Series Connect: 

Now we can connected the sub cells CZTS and CZTSe are electrically  in series. The total 

generated photocurrent will be constant throughout the device (conservation of charge) in 

steady state and the voltages generated by the sub cells will add up, where the  J-V 

characteristic depend on the following equations: 

JTandem=JTop =JBottom                                                                                                                 (16) 

VTandem =VTop +VBottom                                                                                                             (17) 

In the tandem cell studied here: The Bottom cell generates a much larger optical current 

than the Top cell. This means that the amount of electrons that reach from the Bottom cell 

does not find enough holes to combine with it. The extra electrons to charge the electrodes 

(attached to the sub-cells) at the negative charge, reducing the voltage through the Bottom cell  

As a result, in steady-state the excess of electrons negatively charges the connected electrodes 

of the sub cells. This charging reduces the effective voltage across the bottom cell, and thus 

also the extracted current from the bottom cell. In addition to, the additional electrons provide 

a stronger voltage-drop across the top cell and therefore a higher current flows through the top 

cell, which achieves an important boundary condition - that the current in both sub-cells must 

remain equal,  the total generated photocurrent (According to Kirchhoff's first law, the current 

flowing through the individual cells must be equal, and its value equals the value of the least 

current produced by the two connected cells in the series ). Jsc = 24.5 mA/cm
2
 is very close to 

the current of  CZTS  top cell wich have higer energy  gap ) High recombination( ,and  

mailto:uokirkuk.edu.iq/kujss
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constant throughout  the device (conservation of charge in steady state ). while, the voltages 

generated Voc =1166.9 mv , is limited by the sum of open circuit voltage of the individual 

sub  cells, The J-V curve of the series tandem cell.as shown in Fig. 4b. ,we can  calculated of 

the fill factor (FF)  and efficiency η by equations(12,13): were   FF=83.10% and η=23.76 %. 

      

Fig. 4 a: The current-voltage characteristic of parallel tandem solar cell. b: The current-

voltage characteristic of bottom and top cells of  series tandem cell. 

6. Monolithically Stacked Tandem Solar Cells: 

The fundamental concept of a monolithical tandem solar cell, is stacking different light 

absorber layers, connected electrically and optically in series, each utilizing a part of the solar 

spectrum and allowing the passage through of the other part, which the highest-energy 

photons are captured by the material with the largest bandgap, this material will be 

transparent for low energy light which can be passed on to the second absorber layer with the 

lower bandgap [26,27]. Because photons must cross the cell to gain access the appropriate 

layer to be absorbed, transparent conductors must be used to collect the electrons that are 

created in each layer, but producing a tandem cell is not an easy task, Because of the 

challenges facing the manufacture of 2T active devices: which are the current match between 

the top and bottom cell, minimizing the loss of recombination between cell layer and greatly 

reducing physical thinness [28]. The monolithic tandem solar cells are designed using the 

structure shown in Fig.5. Top cell is made of larger band gap CZTS absorber layer (Eg = 1.5 

eV) and the bottom cell is made of lower band gap CZTSe bottom cell (Eg = 1 eV). Assuming 

the solar cell combined CZTS (Se) is an ideal cell, where there is no electrical resistance and 

no optical loss. It is also assumed that optical loss and interference in each interface is 

negligible. The concept of a monolithic tandem cell depends on a set of solar cells with the 

same optical objective. Cells are sequentially connected and arranged according to the 
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semiconductor band gap, where each cell absorbs the solar spectrum that complies with band 

gap energy [29]. 

 

Fig. 5:  The  structure of monolithica  tandem  cell, with CZTS top cell and CZTSe bottom 

cell. 

The thin-film CZTS(Se)4 solar cells can be used for low-cost and large-scale photovoltaic 

applications because they have a scalable band gap in a range of 1.0 to 1.5 ev, allowing for 

effective absorption of fallen photons with a small thick of microns [30,31].  The efficiency of 

tandem solar cells is limited by the solar cell that produces the low current. A standard of 

equal current must be achieved, between cells that build side by side, all cells must have the 

same photocurrent (current matching), equivalent optical absorption may not mean an equal 

current produced by the subunits due to loss of recombination for electron hole pairs. Current 

matching is one of the most important factors that determine the important characteristics of a 

cell, such as efficiency. In order to obtain the best results, both cells are simulated 

independently, with the addition of an equivalent imaginary absorption layer, where layer 

CZTSe is taken as a layer (P+) with the same electron affinity  and the thickness of the bottom 

cell to ensure optical and electrical contact. It also has a high density of defects, and the layer 

(CZTS) is taken as a layer (n+) with sufficient electron affinity to avoid any band 

discontinuity for electrically inactiveness of this layer. 

The total density of the current (JSC) of the tandem cell, is determined by the minimum 

current produced by the component solar cells (the sub-cell) and the total open circuit voltage 

(VOC) equals to sum the  open circuit voltage of the single  solar cells. 
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The variation in the short circuit current densities for the (Jsc TOP) and (Jsc bottom) 

subcells, indicates that the current matching can be achieved by the intersection point of the 

top and bottom short circuit currents of the cell as shown in Fig. 6. 

 

Fig. 6: Matching current density of CZTS top cell and CZTSe bottom cell. 

The values of the top cell thickness and the thickness of the bottom cell at the 

corresponding short circuit current matching density values of the top cell and bottom cell  

shows in Fig.7a . We observe from Fig .7b,c. A growing density of (Jsc) and (VOC) with 

increase bottom thickness, because of the good absorption of solar energy, which leads to the 

increase of the generated charge carriers. 

 

Fig. 7: a) Thickness of top CZTS and bottom CZTSe cell at current matching condition. b) 

current density (Jsc) and   c) open circuit voltage (VOC) of tandem cell , with CZTSe bottom 

cell at  different thicknesses. 
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As shown in Fig. 8. We observ that tandem cell efficiency increases with  bottom cell 

thickness, also can be observed  the fill factor  decreases and increases as a result of  shift 

from the absorption of  photons with short wavelengths to the absorption of  photons with 

long wavelengths [32] 

       

Fig. 8 : Tandem cell efficiency and the filler factor.   Fig. 9 : Current-voltage characteristics. 

The current match point of Fig. 6. can be selected to study the curve of the current- 

voltage (J -V), as shown in Fig. 9. We can find efficiency and fill factor according to 

equations (12,13), where  FF=87.57  %  and  η=23.1 % , the value of efficiency and fill factor 

is close to the value of efficiency and the fill factor when connecting cells mechanically 

sequentially due the cells are the same without changes in the parameters, they behave the 

same behavior. The value of Jsc=23 mA.cm
-2

 and  Voc =1146.9 mv. The Top and Bottom cell 

current is equal (current matching ) ,when the thickness of the Top cell equals 398 nm and the 

thickness of the Bottom cell equals 1000 nm. On the other hand, the efficiency of the 

monolithically stacked tandem is less than the efficiency of the mechanically tandem but it 

sensitive to wider spectral range because the good absorption of solar energy in the short 

wavelength of the upper cell and in the long wavelength of the bottom cell led to the 

generation of an photo current over a broad spectrum. The Quantitative Efficiency Scheme 

(QE) indicates that the top cell absorbs a wave that reaches a length of more than 800nm, 

becomes a long wavelength invisible and is absorbed heavily in the bottom cell This indicates 

a large absorption process in the bottom cell thus improving the total quantm efficiency (QE) 

of the tandem cell, The external quantum efficiency (EQE) spectra gives an indication about 

the performance of a solar cell at a certain wavelength as shown in QE in Fig. 10. The main 

results obtained from simulating the cells studied for this study were included in Table 2. 
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Table 2: The main results obtained from simulating CZTS and CZTSe  bsorber based  cells 

and performance  parameters for single  and tandem cell. 

Solar cell configuration with 

absorber thickness 
Voc(mv) Jsc  (mA/cm

2
) 

FF 

% 

E ff 

% 

CZTS single cell (1µm) 691.7 24.59 70.02 11.91 

CZTSe single cell (1µm) 475.2 45.5 75.53 16.33 

(Mechanical) Series tandem cell(1µm) 1166.9 24.5 83.10 23.76 

(Mechanical)Parallel tandem cell (1µm) 475.2 70.09 79.92 26.62 

CZTS Top cell in tandem cell 

(monolithical) structure(384.5nm) 
693 24.9 64.34 11.11 

CZTSe Bottom cell in 

tandem cell(monolithical) structure(1µm) 
453.9 22.55 73.97 7.571 

(monolithical) tandem cell 1146.9 23 87.57 23.1 

 

 

Fig. 10: quantum efficiency for CZTS top cell CZTSe bottom cell. 

 

7. Conclusion: 

The different designs of the tandem cell were simulated by using the AFORS-HET 

software. The suggested tandem cell structures (mechanically and monolithically stacked) 

showed the ability to achieve improved efficiency of the solar cells based on the absorption 

(CZTS(Se)4 ) layer. Efficiency ~ 23.1% from monolithically stacked tandem cell and 23.76 %, 

26.62% from Series and Parallel mechanically tandem stacked, respectively. We think the 

thiner thickness cells and the light weight for the monolithically stacked tandem cell, It makes 
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a favorite for space applications, while the mechanical stack tandem cell is better for high 

concentration applications here on Earth. Because the four-terminal (4T) stacked cell can be 

configured to match the voltage or current (equal voltage or equal current) either by carriers 

or parallel by wire (wire can be connected). In addition, the voltage matching in the Parallel 

mechanically tandem cell is easier than matching current in the monolithical tandem cell . 

References: 

[1] R. King, D. Law, K. Edmondson, C. Fetzer, G. Kinsey, H. Yoon, R. Sherif, and N. 

Karam, "40% efficient metamorphic GaInP/GaInAs/Ge  multijunction solar cells", 

Applied Physics Letters, 90(18), 183 (2007). 

 

[2] A. De Vos, "Detailed balance limit of the efficiency of tandem solar cells", Applied 

Physics, 13(5), 839, (1980). 

 

[3] H. Neuckermans, R.P. Mertens,, J. Poortmans, M. Baelmans "High Efficiency 

Mechanically Stacked Multi-junction Solar Cells for Concentrator Photovoltaics", 

Departement Elektrotechniek , 7515(29), 8 (2011). 

 

[4] Giles E. Eperon, Maximilian T. Hörantner and Henry J. Snaith, "Metal halide 

perovskite tandem and multiple-junction photovoltaics", Nature Reviews Chemistry, 

1(0095), 17 (2017). 

 

[5] T. Todorov, O. Gunawana and S. Guhab, "A road towards 25% efficiency and beyond: 

perovskite tandem solar cells", Molecular system Design and Engineeing. Issue 4, 371 

(2016). 

 

[6] R. Stangl, A. Froitzheim,  M. Kriegel, L. Elstner and W. Fuhs,  " AFORS-HET, a 

computer Program for the Simulation of Heterojunction Solar Cells to be Distributed 

for Public Use", In: 3
rd

 World Conference on Photovoltaic Energy Conversion, Osaka,  

279 (2003). 

 

 

mailto:uokirkuk.edu.iq/kujss
https://iopscience.iop.org/volume/0022-3727/13


             Kirkuk University Journal /Scientific Studies (KUJSS)   

Volume 14, Issue 4, December 2019, pp. (8-26) 

ISSN: 1992-0849 (Print), 2616-6801 (Online)

 

 
Web Site: www.uokirkuk.edu.iq/kujss   E-mail: kujss@uokirkuk.edu.iq, 

kujss.journal@gmail.com

 
24 

[7] Green MA.  "  Solar Cells, Operating Principles, Technology and System Application". 

Prentice-Hall, ISBN 0 85823 5803 pages 274, (1982). 

 

[8] A. R. Jha.,  " Solar Cells Technology and Applications.  " , CRC Press, Taylor &Francis 

Group (2019). 

 

[9] S. W. Feng, C. M. Lai, C. Y. Tsai and L.W. TU.,  " Numericl simulation of the current 

–matching effect and operation mechanisms on the performance of InGaN/Si tandem 

cell", Res .lett:9,652 (2014). 

 

[10] A. Mesrane, A. Mahrane, F. Rahmoune, and A. Oulebsir, "Theoretical Study and 

Simulations of an InGaN Dual-Junction Solar Cell", Journal of Electronic Materials, 

46(3), 1458 (2017). 

 

[11] R. Stangl, J. Haschke, C. Leendertz,  " Numerical Simulation of Solar Cells and Solar 

Cell Characterization Methods: the open-source on demand program AFORS-HET ", 

version 2.4,in: R.D. Rugescu (Ed.) SolarEnergy, Intech, Croatia,1,191.  (2009). 

 

[12] S. Adachi, "Earth-Abundant Materials for Solar Cells: Cu2-II-IV-VI4 

Semiconductors Earth-Abundant Mater". Solar Cells Cu2-II-IV-VI4 Semicond. ISBN: 

9781119052777, 1 (2015). 

 

[13] M. Courel, F. A. Pulgarn, and O. Vigil-Gal, "Open-circuit voltage enhancement in 

CdS/Cu2ZnSnSe4-based thin film solar cells, A metal-insulator-semiconductor (MIS) 

performance", Solar Cells, 149, 204 (2016). 

 

[14] E. D. Jackson. In Trans. Conf. "On the Use of Solar Energy", 5, U. of Arizona Press 

Tuscon, Arizona, 122. (1955). 

 

[15] L. M. Fraas, W. E. Daniels, H. X. Huang, L. E. Minkin, J. E. Avery, M. J. ONeill, A. J. 

Danal, and M. F. Piszczor, " 34 % efficient InGaP/GaAs/GaSb cell-interconnected-

mailto:uokirkuk.edu.iq/kujss
https://link.springer.com/journal/11664
https://link.springer.com/journal/11664/46/3/page/1


             Kirkuk University Journal /Scientific Studies (KUJSS)   

Volume 14, Issue 4, December 2019, pp. (8-26) 

ISSN: 1992-0849 (Print), 2616-6801 (Online)

 

 
Web Site: www.uokirkuk.edu.iq/kujss   E-mail: kujss@uokirkuk.edu.iq, 

kujss.journal@gmail.com

 
25 

circuits for line-focus concentrator arrays". In Proceedings of the 17
st
 European 

Photovoltaic Solar Energy Conference and Exhibition, pages 2300–2303, Munich, 

(2001). 

 

[16] R. L. Moon, L. W. James, T. O. Yep et al. "Multigap solar cell requirements and the 

performance of AlGaAs and Si cells in concentrated sunlight", In Proc. of the 13
th 

IEEE Photovoltaic Specialists Conference, Washington, DC, (1978). 

 

[17] SeJin Ahn, Sunghun Jung, Jihye Gwak, Ara Cho, Keeshik Shin et al.  " Determination of 

band gap energy (Eg) of Cu2ZnSnSe4 thin films, On the discrepancies of reported 

band gap values", Appl. Phys. Lett. 9 (021905), 1 (2010). 

 

[18] Lin Li. , "Cadmium Zinc Oxide Based Optoelectronics Materials and Devices", PhD 

Thesis, University of California, USA. (2011). 

 

[19] G. Conibeer and A. Willoughby,  " Solar cell materials, developing technologies", 342, 

Wiley, (2014). 

 

[20] D. Y.Lee, B. T. Ahn, K. H. Yoon, J. S. Song, "Effect of first-stage temperature on 

Cu(In.GA) SE2 solar cells using the evaporation of binary selende compounds", Solar 

Cells, 75(1-2),73 (2003). 

 

[21] U. Saha and M. Kawsar, "Proposition and computational analysis of a kesterite / 

kesterite tandem solar cell with enhanced efficiency", RSC  Adv. 7, 4806 (2017). 

 

[22] B. uffi`ere, G. Brammertz,S. Oueslati, H. El. Anzeery et al , "Spectral current–voltage 

analysis of kesterite solar cells", Journal of Physics D:Applied Physics, 47(17) (2014). 

 

[23] R. Mahbub, Md. S. Islam, F. Anwar, S. S. Satter, S. M. Ullah, " Simulation of CZTS 

thin film solar cell for different buffer layers for high efficiency performance", South 

Asian Journal of Engineering and Technology (SAJET),  2(52), 1 (2016). 

mailto:uokirkuk.edu.iq/kujss
https://iopscience.iop.org/volume/0022-3727/13
https://iopscience.iop.org/issue/0022-3727/13/5
https://iopscience.iop.org/journal/0022-3727
https://iopscience.iop.org/volume/0022-3727/47


             Kirkuk University Journal /Scientific Studies (KUJSS)   

Volume 14, Issue 4, December 2019, pp. (8-26) 

ISSN: 1992-0849 (Print), 2616-6801 (Online)

 

 
Web Site: www.uokirkuk.edu.iq/kujss   E-mail: kujss@uokirkuk.edu.iq, 

kujss.journal@gmail.com

 
26 

 

[24] O. K. Simya, A. Mahaboobbatcha, K. Balachande, "A comparative study on the 

performance  of Kesterite based thin film solar cells using SCAPS simulation 

program", Superlattices and Microstructures 82, 248 (2015). 

 

[25] S. G. Lee, K J. Price, " Variation of Quantum Efficiency in CZTSSe Solar Cells with 

Temperature and Bias Dependence by SCAPS Simulation", Journal of Energy and 

Power Engineering 11, 8 (2017). 

 

[26] S. Lansel, "Technology and future of III-V multi-junction solar cells", Iraq Journal of 

Applied Physics, 6(3), 3 (2010). 

 

[27] N. Song, "Epitaxial Growth of Cu2ZnSnS4 Thin Films for Tandem Solar Cells", 

106(25), 1 (2015). 

 

[28] D. A. Jacobs, K. R. Catchpole, F. J. Beck, "Are-evaluation of tansparent conductor 

requirement for thin-film solar cells ", T. A. White ,J . Mater. Chem, 4, 4490 (2016). 

 

[29] S. Chen, X. Gong, A. Walsh and S.-H. Wei, "Deffct physics of the kesterite thin-film 

solar cell absorber Cu2 ZnSnS4 ", Applied Physics, 96(2), 1 (2010). 

 

[30] P. W. Thomas, N. L. Niraj, R. C. Kylie, "Tandem Solar Cells Based on High-

Efficiency c-Si Bottom Cells: Top Cell Requirements for >30% Efficiency", IEEE 

Journal of Photovoltaics, 4(1), 208 (2014). 

 

[31] L. Yin, G. Cheng, Y. Feng, Z. Li, C. Yang and X. Xiao, "Limitation factors for the 

performance of kesterite Cu2ZnSnS4 thin film solar cells studied by defects 

characterization", RSC Adv. 50, 40369 (2015). 

 

[32] R. Adelhelm, G. La Roche,  " Matching of multi junction solar cells for solar array 

production", ISSN: 0160-8371, Munich, Germany,15 (2002). 

 

mailto:uokirkuk.edu.iq/kujss
https://www.semanticscholar.org/author/Seung-Geol-Lee/47089597
https://www.semanticscholar.org/author/Kent-J.-Price/35544353
https://aip.scitation.org/toc/apl/106/25

