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ABSTRACT

Doping concentration of the absorber layer plays a vital role in the performance of per-

ovskite solar cells, because not only it has a direct impact on the collection efficiency

of the photo generated carriers, but it can also be considered as an indicator of the film

quality and aging process for so-called self-doped (unintentionally doped) perovskite

absorbers, where the carriers are induced from structural imperfections. To observe its

influence on the efficiency of perovskite solar cell, a two-junction solar cell structure

MAPbBr3/MAPbI3 is analyzed in this study, employing a novel optoelectrical sim-

ulation approach with finite-difference time-domain (FDTD) analysis and solar cell

capacitance simulation (SCAPS) program. It is found that, the efficiency of the tan-

dem cell falls from ∼22% to ∼12% as front-cell absorber film degrades from single-

crystal quality with low self-doped carrier concentration of the order of 1010cm-3, to

degraded film quality with very high carrier concentration of the order of 1018cm-3. In

contrast, the self-doped carrier concentration of the back-cell absorber illustrates less

impact on the efficiency of the cell, especially for thicker front-cell absorber. Thus,

this case study gives a simpler but novel insight into the long-term stability of the effi-

ciency of high-performance perovskite solar cells establishing a link between the solar

cell performance and the self-doped carrier concentration (doping concentration) of

the absorber film.
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1. INTRODUCTION

The tunable bandgap, excellent electrical and optical properties, as well as, low-cost solution pro-

cessed fabrication have placed metal halide perovskites a perfect contender for the future generation high

performance photovoltaic devices, both in single junction and tandem junction structures. Hence, the photo-

voltaic researchers have been putting their rigorous efforts to produce highly efficient perovskite cells and been

successful to achieve 25%-30% power conversion efficiency recorded till to-date in various single and tandem

junction configurations [1]-[4]. One of the main struggles for perovskite solar cells for commercialization is its

long-term stability [5], [6]. To address this issue, various types of studies are in current focus. Some of these

include modifications in carrier transportation layers [7] and improving the diffusion length of the carriers for

tandem junction cells [8] and most importantly, defect engineering [9]. In terms of defects, general emphasis

Journal homepage: http://ijeecs.iaescore.com



82 ❒ ISSN: 2502-4752

is put on the carrier recombination mechanisms resulting in reduced diffusion lengths, which consequently

reduces the carrier collection efficiency of the cell. However, the carrier collection efficiency also depends on

the carrier concentration (doping concentration) of the absorber film and for perovskite absorbers the doping

(carrier) concentration are closely linked with the defect status of the absorber film. Because, perovskite films

are unintentionally or self-doped materials, where free carriers result from the crystal imperfections and defect

sites [10], [11]. The concentration of such self-doped carriers are dependent not only on the fabrication envi-

ronment [12], but should also vary with the aging of the films [13], as the pristine film gets degraded by the

atmosphere with time. Although the self-doped carrier concentration of the absorber layer plays an important

role in the performance of perovskite based solar cells, their effect on the overall performance of the perovskite

solar cell structures are found in few studies as prime focus [14]. So far, no studies have been observed to

analyze the effects of self-doped carrier on the performance of tandem junction cells.

Our study shifts the attention towards the self-doped carrier of absorber layers as the performance

limiting factor of a perovskite solar cells. Instead of choosing a single junction cell, we choose an elementary

tandem junction structure to make it more comprehensive. A basic all-perovskite two junction (2J) tandem solar

cell, with higher bandgap CH3NH3PbBr3 (MAPbBr3) as front cell and relatively lower bandgap CH3NH3PbI3
(MAPbI3) as back cell, is studied numerically by finite-difference time-domain (FDTD) analysis followed by

classical drift-diffusion model at current matched condition. Solar cell capacitance simulation (SCAPS) [15]

program is utilized for electrical analysis. The way we proposed the use of SCAPS program for studying a

tandem junction cell is not only novel but also have more accuracy than the available methodologies [16], due

to the proper optical analysis prior to electrical analysis. Such structure is quite basic and have already been

studied to obtain higher open circuit voltage [17]. However, instead proposing a new combination of absorbers

for tandem junction structures which has become ubiquitous in the tandem-junction solar cell research field,

this case study puts its focus on obtaining an insight to the performance dependencies of the cells on the self-

doped carrier concentration of the front and back cells. Such study has the potential to provide linkage with

several mechanisms related to self-doped carrier concentration, like aging of absorber films leading to stability

of the performance of the single and multi-junction perovskite solar cells.

2. METHODOLOGY

The schematic diagram of the 2J cell used for simulation, is shown in Figure 1. It consists of three

parts: the front cell–ZnO(ETM-30nm)/MAPbBr3(Absorber: Eg=2.3eV)/NiOx(HTM-30nm), the back cell-

ZnO(ETM-30nm)/MAPbI3(Absorber: Eg=1.56eV)/NiOx/(HTM-30nm), the interconnection layers–PEDOT:

PSS(50nm)/ITO(50nm). So, the perovskite cells are in n-i-p (planar) configuration. The structure is considered

on the ITO-coated glass substrate. Apart from the absorber layer, the thicknesses of charge transport and inter-

connection layers are closely chosen from the work of Heo and Im [17]. The optical and electrical properties

of the materials used for simulation are taken from referred research works (Table 1).

Figure 1. Schematic diagram of 2J tandem solar cell on ITO-coated glass substrate

2.1. Optical simulation

The optical simulation is performed by FDTD analysis using Lumerical FDTD package [18]. As input,

the complex refractive index (refractive index, n and extinction coefficient, k) of every material, collected from

referred works, are utilized after proper curve-fitting technique. AM 1.5 solar spectrum is regarded as solar

input. With a finer mesh size of 2nm, Maxwell’s equations (homogeneous wave equations for electric and

magnetic fields) are solved using FDTD analysis. From that, a 3D generation profile, G(x,y,z) is obtained

integrating the optical absorption, A(x,y,z,λ) over the wavelength (λ) range specified by the solar spectrum. As
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the simulated structure has no spatial variation on x-y plane (Figure 1), only one dimensional (1D) generation

profile, G(z) is taken as the output of FDTD analysis and carried over to electrical simulation. The process of

FDTD analysis to obtain generation profile is already utilized and explained in our previous work [19], [20].

2.2. Electrical simulation

The classical 1D drift–diffusion approach is applied to simulate the electrical characteristic of the

2J solar cell using SCAPS-1D program [21]. The limitation of SCAPS-1D program for simulating a tandem

junction cell is that, it can’t include all the layers (Figure 1) at the same time, as the program can simulate cells

with seven layers at best. To resolve the issue, front and back cells are separately simulated using generation

profiles obtained from FDTD analysis, considering only the respective portion (either front or back cell) of

the generation profile. The current-voltage characteristic of the individual cell, thus obtained are then further

merged together using MATLAB coding to have the characteristic curve of the 2J solar cell, with the principle of

two current sources in series, i.e., minimum of the currents between two cells, flows through the entire structure

in the tandem junction configuration. Similar approach is found in the work of Kim et al. [16]. However,

the optical simulation using FDTD analysis in our work provides a better accuracy (due to the inclusion of

reflection) as well as more reliability in the overall simulation process. The effects of interconnection layers

on the electrical properties of the cells are ignored, although optical losses in those layers are taken under

consideration.

Table 1. Electrical and optical properties of solar cell layers
Property NiOx [21] ZnO [21] Perovskite (MAPbI3) [21] Perovskite (MAPbBr3)

Thickness (nm) 30 30 Variable Variable

Bandgap (eV) 3.7 3.2 1.56 2.3 [22]

Affinity (eV) 2.1 4.1 3.9 3.7 [22]

DOSCB (cm-3) 2.8×1019 4.5×1018 2×1018 2.77×1018 [23]

DOSVB (cm-3) 1.8×1019 1×1018 1×1018 3.44×1018 [23]

µe(cm2/Vs) 12 300 Variable Variable

µh(cm
2/Vs) 25 1 Variable Variable

Accep. Con. (cm-3) 1×1015 0 0 0

Donor Con. (cm-3) 0 1×1019 Variable Variable

Complex Refractive Index [24] [25] [26] [19]

2.3. Selection of absorber thickness

The thicknesses of both absorber layers, MAPbBr3 (front cell) and MAPbI3 (bottom cell) are iter-

ated and settled at a point where the short circuit current density, JSC of the individual cell matches with each

other. This ‘current matching’ condition ensures the maximum efficiency of the 2J solar cell, for a given set of

conditions.

2.4. Selection of absorber carrier concentration

The effect of carrier density (doping concentration) of the absorber layers on the 2J cell’s performance

is the focal point of this simulation. Both MAPbBr3 and MAPbI3 absorber layers are considered self-doped

and p-type with holes as majority carriers [21]. The typical carrier densities of the both absorber materials are

studied from the referred works [10], [11], [27]-[29] to keep the carrier concentration levels in the simulation

within the practically-feasible range. From that study we have found that, the carrier concentration of the single

crystal film for both perovskite material studied here, lies in the range of 109-1010cm-3, and as the film quality

degrades, more defects or structural imperfections are introduced resulting higher carrier concentration. Al-

though a couple of other material parameters like mobility, bandgap, carrier diffusion length, etc. are dependent

on the self-doped carrier concentration of a film, the variability of these properties with carrier concentration

is ignored, except for hole mobility. This is done to keep the primary focus on the self-doped carrier limited

performance.

3. RESULTS & DISCUSSIONS

3.1. Model verification

To validate our simulation process, we compared our model with the experimental work of Heo and Im

[17], which has close resemblance to our structure. It is done by utilizing same thicknesses for both absorbers,

tuning the bulk and interface defect levels for various layers and interfaces, as well as, incorporating additional
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series and shunt resistances to imitate the losses in the interconnection layer. The current voltage characteristics

thus obtained from our simulation model is compared with Heo and Im work in Figure 2(a) along with the

photovoltaic performance parameters as inset, which provides close match between the two results. However,

for the rest of work additional resistances are ignored, i.e., ideal interconnection layer is considered.

(a) (b)

Figure 2. Comparison of: (a) J-V characteristic of MAPbBr3/MAPbI3 tandem junction cell from the

experimental data of Heo and Im [17] and from our simulation model, and (b) J-V characteristic curves for the

best performance 2J cell in comparison with the single junction cells at the current matched thicknesses

3.2. Current-voltage characteristic and performance parameters for a sample current matched 2J cell

As the validation of our work is established, now we will discuss, in more details about the character-

istic features of a sample 2J cell we obtain from the simulation process discussed in the ‘Methodology’ section.

This will provide a good insight of our simulation process. As a sample we consider the best performing cell

we obtained from our case study. The best performance is found when the carrier concentration of both ab-

sorber layers (both MAPbBr3 and MAPbI3) are kept at the single crystal level, which remain at the range of

∼109cm-3 [28], [29]. The thicknesses of the absorber layers are optimized in such a way that the short circuit

current density of MAPbBr3 cell (higher bandgap Eg = 2.3 eV) remains at the higher level (as MAPbBr3 has

current constraints due to its bandgap) and at the same time, the thickness of the overall tandem junction device

does not get too high after current matching. Adopting this strategy, the current matching is established at

352 nm and 200 nm thickness for MAPbBr3 and MAPbI3 films respectively at 109cm-3 doping concentration.

The current-voltage characteristic of this cell is presented Figure 2(b), along with that of equivalent individual

single junction cell at this matched thickness. The performance parameters are given as inset. It is found that

at 352nm/200nm thicknesses the current matching is established for JSC = 9.61 mA/cm2 with a high open

circuit voltage, VOC = 2.68V, which resulted 21.78% power conversion efficiency (η %) at maximum power

point. Although the current level is quite reduced in the tandem cell, there is a remarkable improvement in

the open circuit voltage, VOC which resulted improved efficiency, in contrast to the efficiency of 15.81% and

16.56% from the 1J MAPbBr3 and 1J MAPbI3 cells respectively (Inset of Figure 2(b)).

3.3. Effect of self-doped carrier concentration of absorbers on tandem cell performance

In this study, we consider the self-doped carrier concentration as an indicator of the defect status of

the absorber film. So, the high carrier concentration basically reflects to a very poor-quality absorber film. The

wide-range variation in carrier concentrations mentioned in Subsection 2.4, shows the effect of different quality

of the absorber film on the tandem solar cell performance. Another motivation to include such a wide variation

is to simulate the effect of aging of the films which may lead to a higher level of crystal imperfections resulting

more self-induced carrier. In the next two parts, we will discuss the effects of carrier concentration of front and

back cell absorber (one at a time) on the 2J cell performance.

3.3.1. Variation of carrier concentration of the front cell absorber

The self-doped carrier concentration of MAPbBr3 (absorber layer of the front cell) is varied from

∼109cm-3 up to ∼1018cm-3 keeping the carrier concentration of MAPbI3 at a constant level (∼109cm-3). The
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range of carrier concentration is chosen from the various reported research works [11], [27]-[29]. Even it is also

reported that, at certain fabrication condition like Br rich/ Pb poor situation, MAPbBr3 can be degenerately

(self) doped [30]. The thickness of the MAPbI3 layer is kept constant at 200nm, while the thickness MAPbBr3
is tuned for current matching which is achieved at 352nm. The effects of this variation on the VOC , JSC and

η of the tandem junction cell are shown in the Figure 3. The open circuit voltage, VOC of the 2J cell shows

slight variation (Figure 3(a)): VOC remains at nearly 2.68V up to 1014cm-3 self-doped concentration, then it

starts to increase very slightly due to logarithmic relationship with doping concentration and reaches a peak of

∼2.70V at 5×1016cm-3 after which it shows a relatively steeper decrease to 2.63V (∼2% decrease from the

single crystal concentration level) at 1018cm-3. For JSC , more prominent effect is observed as the self-doped

carrier increases (Figure 3(b)). JSC starts from over 9.6mA/cm2 at the single crystal carrier concentration

level and remains same up to 1016cm-3. Then it declines sharply and reaches at 6mA/cm2 at 1018cm-3, 37.5%

decrease from the single crystal level. These two effects cumulatively reflect on the efficiency, η of the 2J

tandem cell (Figure 3(c)). The power conversion efficiency which has a maximum level of 21.8% at the single

crystal carrier concentration level, remains almost stable up to self-doped carrier level of 1015cm-3. After that it

decreases at relatively slower rate until the concentration reaches ∼5×1016cm-3 when the η falls to 20%. Then,

as concentration is further increased a sharper decline in efficiency occurs leading the efficiency to fall at 12%

at 1018cm-3 carrier concentration of MAPbBr3 film (∼45% decrease in overall power conversion efficiency).

(a) (b)

(c)

Figure 3. Variation of: (a) VOC , (b) JSC , and (c) Efficiency of 2J tandem cell for different self-doped carrier

concentrations (p type doping concentrations) of the front cell absorber (MAPbBr3)

To explain such behavior the band-diagrams of the front cell (ZnO/MAPbBr3/NiOx) are investi-

gated at different self-doped carrier concentration levels of the absorber layer. Two sample band diagrams are

shown in the Figure 4, one at 109cm-3 and another is for 1018cm-3 carrier concentration of MAPbBr3 film.

For a simple p-n junction solar cell, the depletion width plays an important role for carrier collection and the

depletion width is dependent on the doping concentrations of p and n regions as shown in (1),

Self-doped carrier as a performance limiting factor of perovskite solar cells ... (Md. Sazzadur Rahman)
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W = xp + xn =

√

2ǫsVbi

q
(
1

NA

+
1

ND

) (1)

where, W = total depletion region width at thermal equilibrium, xp= depletion region extension in p region,

xn= depletion region extension in n region, NA = acceptor (p-type) doping concentration, ND = donor (n-

type) doping concentration,Vbi = built-in potential, ǫs = dielectric permittivity of semiconductor, q = charge of

electron.

(a) (b)

Figure 4. Band diagram of the front cell (ZnO/MAPbBr3/NiOx) with: (a) Low, and (b) High self-doped

carrier concentrations

For the lower self-doped carrier of the absorber film the depletion region extends up to the whole

region of the absorber (Figure 4(a)). As both the ETM and HTM layers are at having higher doping concentra-

tions of 1019cm-3 and 1015cm-3 respective, the depletion layer extends to the almost intrinsic absorber layer.

Such extension of the depletion region throughout the absorber film induces a high and constant electric field all

over the absorber layer resulting higher collection of the photo-generated which consequently provides higher

current, voltage and efficiency. Owing to a having very high doping of ETM layer, such high performance

keeps on going up to 1015cm-3 self-doped carrier concentration of the absorber. At higher self-doped carrier

levels of the absorber layer, the depletion region starts to shift towards the interface regions inducing very low

electric field in the middle of the absorber (Figure 4(b)). The absorber doping concentration of 1018cm-3 pushes

the depletion region very close to the interface regions and the electric field in the rest of the absorber region

remains very low, which results poorer charge collections. Thus, it can be concluded that, although efficiency

has a lesser effect up to typically reported carrier concentrations of MAPbBr3 thin films, the performance of

the tandem junction cell may suffer significantly if the front cell film induces more self-doped carrier due to

film degradation or variability of fabrication environment [11].

3.3.2. Variation of carrier concentration of the back cell absorber

To observe the effect of the back cell carrier concentration we have varied the self-doped carrier

concentration of MAPbI3 layer from 109 to 1020cm-3 while the thickness and the carrier concentration of

the front cell absorber, MAPbBr3 is kept fixed at 700nm and ∼1017cm-3. This range is selected from recent

studies [10], [11], [29]. The variation is summarized in Figure 5. It is observed from the Figure 5(a) that the

VOC followed the same pattern as observed for the previous case, although there is a very slight change in

JSC , even at the higher carrier concentration as shown in the Figure 5(b). In consequence, the variation of

efficiency follows the same pattern as VOC , that means η remains 18.4% up to 1016cm-3 and then increases

up to 19% when the concentration reaches 1018cm-3, after which decreases and falls to ∼16.5% at a very

high concentration level. As the significant portion of the light is absorbed in the front cell due to its larger

thickness and the back cell absorber is current matched at around 140 nm thickness which is very small, the

effect of the depletion layer shift due to absorber carrier concentration is not as pronounced as in the previous
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case described. So, the variation of back cell absorber carrier concentration has a lesser effect on the overall

performance of the tandem cell with a thicker front cell absorber, which is more prevalent to achieve higher

performance at a current matched condition.

(a) (b)

(c)

Figure 5. Variation of: (a) VOC , (b) JSC , and (c) Efficiency of 2J tandem cell for different self-doped carrier

concentration (p type doping concentrations) of the back cell absorber (MAPbI3)

4. CONCLUSION

In this work the effect of self-doped carrier concentration (doping concentration) of the absorber layer

on the performance of a two junction (2J) tandem solar cell (MAPbBr3/MAPbI3) is numerically studied with

SCAPS program at the current-matched condition. Here we considered the self-doped carrier as an indicator to

absorber film condition. The doping concentration of each absorber film is changed from low (single crystal)

to very high level (low quality thin film) with the motivation to observe the effect of film degradation of the

absorber layer, both front and back cell on the overall performance of the 2J perovskite cells. The best perfor-

mance cell is observed with the lower carrier concentration level for both materials when the efficiency of 2J

cell is calculated to be ∼22%. As the self-doped carrier concentration gets changed, it is found that for both of

the cases (front/back cell) the efficiency decreases after crossing a certain level of carrier concentration, above

which the efficiency remains somewhat stable. In the case of the front cell, the efficiency falls significantly

from 21.8% to ∼12% when the carrier concentration of MAPbBr3 increases from 109cm-3 to 1018cm-3, which

is attributed dominantly to the decrease in JSC , a consequence of the poor carrier collection due to the depletion

region shift from the absorber towards the interface layers. In contrast, there occurs a relatively insignificant

change in efficiency as the carrier concentration of the back cell increases and reaches a very high level; the

efficiency of 19% at single crystal level falls to over 16.5% even at 1020cm-3 carrier concentration of MAPbI3
film. Thus, this case study shows the effect of film quality (in terms of carrier concentration only), on the

performance of an all-perovskite 2J tandem solar cell. Moreover, it can be considered to model the influence of

aging process of the absorber film on the performance of perovskite solar cells in quite a different perspective.

Considering externally doped perovskite absorbers, such study should reflect significant importance to achieve
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high performance and stable perovskite solar cells. As for future works, more variables linked to self-doped

carrier like defect energy levels, defect densities, interface states, bandgap narrowing, etc. can be included in

the study to imitate more realistic scenario.
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