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Fig. 1. Equivalent circuit model of perovskite solar cells.
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Fig. 2. The J-V curves of perovskite solar cells with different non-radiative recombination types and different transport layers:

(a) Only bulk recombination is considered; (b) surface recombination is the dominant non-radiative recombination mechanism;

(c) without non-radiative recombination and the mobility of transport layers is changed. The red-dot lines represent J-V curves

that are simulated by drift-diffusion model, and the curves fitted by equivalent circuit model are shown in the dark solid lines.

F 1 AFEER TR J- VIR R RISk

Table 1. Parameters retrieved from the J-V curves of different cases.
Cases Youlk /st Your/s 1 R./(Q-cm?) Ry /(@ -em?) Jso/(mA-cm™2) Voo /V  FF/% PCE/[%
Bulk 2.07 x 109 3.48 x 10° 3.34 x 1073 1.46 x 106 24.28 1.13 82.33 22.58
Surface 1.30 x 107 1.95 x 109 3.84 x 1071 9.24 x 106 24.30 0.96 84.32 19.74
CTL 8.75 x 10* 0.86 7.03 x 10~1 7.00 x 102 24.32 1.28 73.15 22.85
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Table 2.  Nonradiative recombination parameters retrieved from different cases by equivalent circuit model and drift-diffu-

sion model.

Cases Thulk/$ Touk /5" Youle /s Tourf/$ Tout /57 Yourt/s
Bulk 1.00 x 1077 1.00 x 107 2.07 x 108 Inf Inf small 3.48 x 10°

Surface Inf Inf small 1.30 x 107 1.00 x 10~9 1.00 x 10° 1.95 x 10°
CTL Inf Inf small 8.75 x 10* Inf Inf small 0.86
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Fig. 3. Decompositions of the total current density of perovskite solar cells according to Eq. (1): (a), (d) Only bulk recombination is
considered; (b), (e) only surface recombination is considered; (c), (f) without non-radiative recombination and with different trans-

port layers. J represents the total current, .J,; represents the bulk recombination current and J,, represents the surface recombin-

ation current. Jg, represents the resistance current.
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Fig. 4. Efficiency loss of perovskite solar cells in different
cases.
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Table 3. Parameters retrieved from the J-V curves of different cases.
Cases /s~ Uggr/(im-em®-s71) R /(Q-em?) Ry /(Q-em?)  Jo/(mA-em™2) Voe/V FF/% PCE /%
Control 7.43 x 108 9.65 x 10~7 2.10 1.73 x 103 21.29 1.06 76.03 17.24
DTS 1.89 x 106 8.61 x 10~7 3.71 1.83 x 103 22.50 1.11  77.16  19.34
DR3T 7.17 x 10° 1.96 x 106 4.20 1.63 x 103 22.95 1.12  77.05  19.77
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Fig. 5. Decompositions of the total current density of perovskite solar cells according to Eq. (1): (a) Devices based on the control
MAPbDI 3 films; (b) devices based on the DTS passivated MAPbI 3 films; (c) devices based on the DR3T passivated MAPbI 3 films.

J; ical T€Presents the total theoretical current, J, . represents the bulk recombination current, J,,; represents the surface recom-
theoretical P » “bulk P s Jsurf

bination current and Joyperimental T€Presents the experimental current. The insets show the bias voltage dependence of Jg, .
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Fig. 6. Efficiency loss of perovskite solar cells with diffe-

rent grain boundaries.
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Fig. B1. The method of quantifying efficiency loss of per-

ovskite solar cells.
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Abstract

Perovskite solar cells have been attracting more and more attentions due to their extraordinary
performances in the photovoltaic field. In view of the highest certified power conversion efficiency of 25.5% that
is much lower than the corresponding Shockley-Queisser limit, understanding and quantifying the main loss
factors affecting the power conversion efficiency of perovskite solar cells are urgently needed. At present, the
three loss mechanisms generally recognized are optical loss, ohmic loss, and non-radiative recombination loss.
Including the trap-assisted bulk recombination and surface recombination, the non-radiative recombination is
proved to be the dominant recombination mechanism prohibiting the increase of efficiency. In this work, based
on semiconductor physics, the expressions of bulk and surface recombination currents are analytically derived.
Then taking the optical loss, series and shunt resistance losses, and bulk and surface recombination losses into
considerations, an equivalent circuit model is proposed to describe the current density-voltage characteristics of
practical perovskite solar cells. Furthermore, by comparing to the drift-diffusion model, the pre-defined physical
parameters of the drift-diffusion model well agree with the fitting parameters retrieved by the equivalent circuit
model, which verifies the reliability of the proposed model. For example, the carrier lifetimes in the drift-
diffusion model are consistent with the recombination factors in the equivalent circuit model. Moreover, when
the circuit model is applied to analyze experimental results, the fitting outcomes show favorable consistency to
the physical investigations offered by the experiments. And the relative fitting errors of the above cases are all
less than 2%. Through employing the model, the dominant recombination type is clearly identified and split
current density-voltage curves characterizing different loss mechanisms are offered, which intuitively reveals the
physical principles of efficiency loss. Additionally, through calculating the efficiency loss ratios under the open-
circuit voltage condition, quantifying the above-mentioned loss mechanisms becomes simple and compelling.
The prediction capability of the model is expected to be enhanced if a series of light intensity dependent current
density-voltage curves are fitted simultaneously. Consequently, this model offers a guideline to approach the
efficiency limit from a circuit-level perspective. And the model is a comprehensive simulation and analysis tool

for understanding the device physics of perovskite solar cells.
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