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Abstract  

Formamidinium lead triiodide (FAPbI3) currently holds the record conversion 

efficiency in the single-junction perovskite solar cell. Iodine management is known to 

be essential to suppress defect-induced nonradiative losses in FAPbI3 active layers. 

However, the origin of nonradiative losses and the underlying mechanism of 

suppressing such losses by iodine-concentration management remain unknown. Here, 

through first-principles simulation, we demonstrate that native point defects are not 

responsible for the nonradiative losses in FAPbI3. Instead, hydrogen ions, which can be 

abundant under both iodine-rich and iodine-poor conditions in FAPbI3, act as efficient 

nonradiative recombination centers and are proposed to be responsible for the device 

nonradiative losses and suppressed power conversion efficiency. Moreover, iodine-

moderate synthesis conditions can favor the formation of electrically inactive molecular 

hydrogen, which can dramatically suppress the detrimental hydrogen ions. This work 

identifies the dominant nonradiative recombination centers in the widely used FAPbI3 

layers and rationalizes how the prevailing iodine management reduces the nonradiative 

losses. Minimizing the unintentional hydrogen incorporation in the perovskite is 

proposed to be critical for achieving high device performance. 
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Introduction 

Metal halide perovskite semiconductors have emerged as front runners for next-

generation photovoltaic cells with high power conversion efficiency (PCE) and low 

manufacturing cost. Compared to the prototypical MAPbI3 (MA = Methylammonium, 

CH!NH!), FAPbI3 (FA = Formamidinium, NH"CHNH") films possess the improved 

thermal stability and the suitable bandgap (~1.48 eV) closer to the optimal value (1.34 

eV) of the Shockley-Queisser (S-Q) limit, and thus have been the most attractive 

candidate in perovskite solar cells1–7. So far, the record PCE has catapulted to over 25.8% 

in FAPbI3-based single-junction solar cells1, comparable or even exceeding other 

single-junction solar cells8.  

It is well acknowledged that iodine management by optimizing the concentration of 

iodine during the growth and processing of the perovskite layers is crucial for achieving 

high PCE values in FAPbI3-based solar cells5,9–12. In particular, synthesizing FAPbI3 

films with either scarce or excess iodide ions could result in inferior solar cell 

performance, which is closely associated with deep-level defects and their induced 

nonradiative recombination losses5,9–12. Specifically, the experimentally observed 

nonradiative recombination rates in FAPbI3 active layers are typically 10#𝑠$%3,10,13,14, 

serving as a major loss mechanism and restraining the PCE from approaching the 

theoretical maximum efficiency (~32%)15. The open-circuit voltage (𝑉&' ), typically 

around 1.1 V for the state-of-the-art FAPbI3-based solar cells2,4,6, still lags behind the 

radiative limit (1.255 V from Ref.4). This is regarded as a direct consequence of the 

energy losses induced by nonradiative recombination of photogenerated charge 

carriers2,4,6. On the other hand, it has been experimentally shown that tuning the iodine 

content can effectively shift the electrical conductivity of halide perovskite materials, 

which could play an important role in the defect engineering in halide perovskites16.  

Notably, fewer first-principles defect investigations have been carried out on the 

FAPbI3 perovskites17 as compared with its predecessor MAPbI318–26, whereas highly 

efficient perovskite solar cells are predominantly fabricated with FAPbI3 active layers. 

This is significant because of the distinctively different defect-induced nonradiative 



recombination mechanisms between FAPbI3 and MAPbI3. Previous reports have shown 

that hydrogen vacancies (V( )18 and iodine interstitials ( I) )19,26 are the dominant 

nonradiative recombination centers in MAPbI3. In contrast, in FAPbI3, iodine 

interstitials (I)) are actually shallow defects27, and hydrogen vacancies of FA cations 

could not cause significant nonradiative loss either18. The origin of defect-induced 

nonradiative losses in FAPbI3 remains unknown. Identifying and then effectively 

suppressing such efficiency-killing defects would further improve the performance of 

FAPbI3-based devices. This imperatively calls for an in-depth understanding of the 

underlying atomistic mechanism of the nonradiative recombination in FAPbI3.  

In this study, by performing first-principles calculations, we reveal that native point 

defects are not responsible for the nonradiative losses in FAPbI3; instead, electrically 

active hydrogen interstitials, H) , is the dominant nonradiative recombination center 

with a capture coefficient on the order of 10$*cm!s$% at room temperature, consistent 

with the experimental measurements28. We propose that synthesizing the FAPbI3 

perovskite samples under the iodide-moderate and hydrogen-poor conditions can 

effectively suppress the formation of detrimental H) and thus the resultant nonradiative 

efficiency losses.  

 

Results and Discussion 

Figure 1 shows the phase map for the equilibrium growth condition of FAPbI3 as a 

function of the relative chemical potential of Pb (∆𝜇+,) and I (∆𝜇-). The constraints are 

set by three elementary phases (FA, Pb, and I) and two competing secondary phases 

(PbI2 and FAI). Within the chemical potential range that stabilizes FAPbI3 determined, 

i.e., the red region in the figure, three representative points are labeled as points A, B, 

and C, corresponding to iodine-poor (I-poor), moderate, and iodine-rich (I-rich) growth 

conditions, respectively.  

 



 

Figure 1. The phase map for thermal equilibrium growth condition of FAPbI3 as a 

function of the relative chemical potentials ∆𝜇+,  and ∆𝜇- . The red area shows the 

allowed chemical potential region where FAPbI3 is thermodynamically stable. Three 

different growth conditions, i.e., point A, B, and C, corresponding to the I-poor, I-

moderate, and I-rich conditions, respectively, were chosen for defect formation studies. 

 

We first systematically studied the stability of possible native point defects, including 

three vacancies (V./ , V01 , and V2 ), three interstitials (FA) , Pb) , and I) ), and six 

substitutions (FA01 , FA2 , Pb./ , Pb2 , I./ , and I01 ), in FAPbI3 with the high-level 

HSE+SOC+TS method. Figure 2a-c shows the calculated formation energies of seven 

lowest-energy native defects under the three representative iodine growth conditions. 

V./ and V01 acceptors exhibit very low formation energies in FAPbI3, especially under 

I-rich conditions. It can be seen that V./ does not have a transition energy level and V01 

produces a shallow acceptor level slightly (~0.06 eV) above the valence band maximum 

(VBM). Based on the Shockley-Read-Hall theory of recombination29, the existence of 

a deep charge-state transition energy level in the bandgap is a prerequisite for a defect 

that acts as the nonradiative recombination center 30. Hence, V./  and V01  are not 

nonradiative recombination centers. Similarly, V2  and FA)  are also not nonradiative 

recombination centers with only +1 charge state stable in the Fermi level. The low 

formation energies of V01 and V2 are attributed to the strong Pb-p and I-s energetically 

unfavorable antibonding character of the valence band of FAPbI3, resembling the s-p 

antibonding coupling in the prototypical MAPbI325, which makes the Pb-I bonds easy 

to break and to form the defects. The low formation energy of V./ can be attributed to 

the well-known weak van de Waals interaction between the PbI# inorganic framework 



and the organic cations of the hybrid perovskite structure25. While a previous pure-PBE 

study  suggested that I./ is a deep-level defect17, our HSE+SOC+TS calculations show  

that I./ is a shallow defect with a high formation energy, indicating that it can only 

play an insignificant role. Notably, in contrast to the deep-level nature in MAPbI3, I) (I 

interstitials) induce a shallow acceptor level near the VBM (~0.04 eV above the VBM) 

in FAPbI3, consistent with experimental findings27.  

 

 

Figure 2. Formation energies of the seven low-energy intrinsic point defects in FAPbI3 

as a function of the Fermi level under the I-rich (a), moderate (b), and I-poor (c) growth 

conditions, respectively.  

 

Significantly, both I01 and FA2  induce deep transition levels within the bandgap. The 

𝜀(+2/+1) level of FA2  is located at 0.30 eV below the conduction band minimum 

(CBM). I01 has two transition levels within the bandgap; one is located at 1.10 eV and 

the other at 0.36 eV below the CBM. In principle, effective nonradiative recombination 

centers are often neutral and singly charged defects. The nonradiative recombination 

process of higher charged defects involves the capture of charge carriers by the 

repulsive defect, namely, hole capture by a positively charged defect or electron capture 

by a negatively charged center, which results in a much slower nonradiative 

recombination compared with that for neutral or attractive centers29. Similarly, a defect 

with multiple levels in the bandgap tends to be an inefficient nonradiative 

recombination center, because usually one of the levels involves a higher charged level 



that has a very low capture rate, e.g., 𝜀(−1/−2) of I01, which limits the overall capture 

process31. Indeed, our explicit calculations confirm that FA2 and I01 are not efficient 

nonradiative recombination centers with the very low carrier capture coefficients of 

2.3 × 10$"3cm!s$% and 6.6 × 10$%4cm!s$%, respectively, at room temperature (see 

Figure S1). Notably the carrier capture coefficient of I01 in CsPbI3 is also on the order 

of 10$%4cm!s$% at room temperature32, which could not cause significant nonradiative 

recombination.  

Alternatively, unintentionally incorporated impurities may play an important role. It is 

well established that hydrogen is a common impurity in traditional semiconductors33 

and notably, our previous studies demonstrate that it can be abundant in the lattice of 

hybrid Methylammonium perovskites34. Motivated by this, we systematically studied 

the energetics and nonradiative recombination properties of interstitial hydrogen 

defects in FAPbI3. Figure 3a shows the formation energies of atomic H) and molecular 

H" in FAPbI3. For each species, several structural configurations in different charged 

states were considered. It can be seen that H"  is electrically inactive with a 

thermodynamically stable neutral-charged state in FAPbI3. For molecular H", the H-H 

bond length is 0.77 Å, close to 0.75 Å for free hydrogen molecules. In contrast, atomic 

H) behaves as an electric-active negative-U center in FAPbI3. The neutral state H)3 is 

energetically unstable compared with the positively charged H)5 and negatively charged 

H)$ over the whole range of the Fermi level. This leads to a deep 𝜀(+/−) transition 

energy level, i.e., the intersection of the formation energies of H)5 and H)$, at 0.73 eV 

above the VBM. In a p-type or n-type FAPbI3, i.e., when the Fermi level is located at 

the proximity of the VBM or the CBM, respectively, H"  is unstable and tends to 

dissociate into hydrogen ions. In an intrinsic (low-conductivity) FAPbI3, H"  is 

energetically more favourable.  

 



 

Figure 3. (a) The formation energies of hydrogen interstitials in FAPbI3 as a function 

of the Fermi level under the H-rich conditions. The vertical dashed lines correspond to 

the pinned Fermi levels for the p-type, intrinsic, and n-type conductivities, respectively. 

(b) Local atomic configurations of H) in the three charge states, where the notations of 

atoms are as those in Figure 1 and the hydrogen interstitials are highlighted in red. The 

arrows and labels show the relevant carrier capture processes during the charge-state 

transitions. Configuration coordinate diagram for the transition of H)5 ↔ H)3 (c) and 

H)3 ↔ H)$ (d), respectively, as a function of a generalized configuration coordinate (Q). 

(e) Nonradiative capture coefficients of H) as a function of temperature.  

 

For such a negative-U defect, the 𝜀(+/−)  transition level does not govern the 

nonradiative recombination even though it is deep in the bandgap, as found in the case 

of I) in MAPbI319,26, because the defect cannot capture two charge carriers of the same 

type, e.g., two electrons or two holes, at once. Instead, the relevant transition levels are 

𝜀(+/0) (1.06 eV below the CBM) and 𝜀(0/−) (0.34 eV below the CBM), and  four 

capture processes (two electron captures and two hole captures) are involved during the 

nonradiative recombination via the center19,26.  

As shown in Figure 3b, H) exhibits distinctly different local atomic structures in three 

charge states (+, 0, and -) in FAPbI3, which could be partially attributed to the ionic 



character of the perovskite. During the transition between different charged states of H), 

the carrier capture processes are abbreviated as C61, as shown in the labels in Figure 3b, 

where the subscript a specifies the carrier type (“n” for electron, and “p” for hole), and 

superscript b indicates the charge state of the defect. In the case of H)5, atomic hydrogen 

tends to bind to an I anion with a chemical bond length of 1.71 Å, compared with 1.61 

Å for HI molecule. With the capture of an electron (C75), H)5 transform into neutral-

charged H)3. H)3 adopts a bond-centered configuration, in which hydrogen atom resides 

between the connected Pb and I atoms, with the distances of 2.08 Å and 1.88 Å to Pb 

and I, respectively. By further capturing another electron (C73), the hydrogen ion moves 

to the vicinity of the Pb cation, and the local atomic configuration distorts significantly 

into a three-fold coordinated local PbI#  octahedron, forming H)$ . Conversely, the 

transition of H)$ → H)3 → H)5  involves two hole-capture processes, i.e., C8$  and C83 , 

respectively.  

To quantitively determine the carrier capture coefficient of these processes, we first 

performed a carrier capture semiclassical analysis with the calculated configuration 

coordinate diagrams for the transition of H)5 ↔ H)3 and H)3 ↔ H)$. As shown in Figure 

3c, the diagram depicts the potential energy surfaces (PES) of the charge state transition 

between H)5 and H)3 as a function of the generalized configuration coordinate (Q)35,36. 

The Q of each configuration is determined by its difference from a reference 

configuration, i.e., Q = B∑ m6(R6 − R9,6)"6  , where m6  and R6  are the mass and  

Cartesian coordinate of atom a; the subscript f stands for the final state of the charge 

transition35. For a H)5 with an electron (e$) at the CBM and a hole (h5) at the VBM 

(blue line in Figure 3c), it requires to overcome an energy barrier ∆E;5 (the intersection 

between potential energy surfaces of H)5 (blue line) and H)3 (green line)) to capture an 

electron and transition to H)3. Similarly, the hole capture process by H)3 overcomes a 

comparable energy barrier ∆E<3, as indicated by the intersection between the green line 

and red line in the figure, H)3 transitions back to H)5. Based on the quantum-mechanical 

vibronic overlap of the PES and the strength of electron-phonon coupling35, the 

nonradiative electron (C75) and hole (C<3) capture coefficients for the transition between 

H)5  and H)3  are 1.3 × 10$=cm!s$%  and 2.4 × 10$*cm!s$% , respectively, at room 

temperature, as shown in Figure 3e.  

For the analysis of the charge state transition between H)3 and H)$, as shown in Figure 



3d, an important feature is that the larger structural relaxation associated with the 

transition between H)3  and H)$  results in a greater ∆Q  (~33	Å	amu%/" ). The strong 

electron-lattice coupling leads to a large anharmonicity for the PES, which further 

impacts the capture barriers. It can be seen that the PES of H)3 exhibits a metastable 

minimum at the equilibrium configuration of H)$, which is similar to the case of I)3 in 

MAPbI319,21. The energy barrier of the charge-state transition determines the capture 

rate in principle. Notably, the transition of H)3 to H)$ (C73) is within the Marcus inverted 

region18,37, where a very small electron-capture energy barrier (∆E73) occurs because the 

large anharmonicity enables that the PES of the final state (H)$ , green line) is 

accidentally close to the minimum of the PES of the initial state (H)3, blue line) despite 

the large value of ∆𝑄. In contrast, the energy barrier (∆E<$) for hole capture by H)$ (C8$) 

is somewhat large (~0.24	𝑒𝑉) compared to other processes, implying as lower carrier 

capture that would be the bottleneck in the overall nonradiative recombination cycle. 

As expected, as shown in Figure 3e, the calculated nonradiative electron capture 

coefficient ( C73 ) for H)$  is 1.4 × 10$#cm!s$% , much higher than that of 1.4 ×

10$*cm!s$%  for the hole capture process (C8$ ), consistent with the semiclassical 

analysis of the capture barriers.  

On the basis of balancing electron and hole capture under steady-state conditions31, the 

nonradiative recombination coefficient per defect C7?  ( C@AB  in Ref. 30) can be 

determined by C7? =
C!"5C#"

%5$!
"

$#%
5
$#
"

$!
&

, as indicated by the black dashed line in Figure 3e. At 

room temperature, the calculated C7? of H) is 1.50 × 10$*cm!s$%, which is in good 

agreement with the experimental observation of ~10$*cm!s$%28, strongly indicating 

that H) is an important or even dominant recombination center in FAPbI3. In addition 

to the nonradiative recombination coefficient C7? , the overall nonradiative 

recombination rate constant A is also related to the defect density N in the material, 

namely, A = NC7?, which describes the number of nonradiative recombination events 

unit time (the reciprocal of nonradiative lifetime τDE).  

The defect density N  is critical and therefore should be suppressed by carefully 

managing the growth conditions. Experiments have demonstrated that iodine 

management plays an important role in deep-level defect engineering in the FAPbI3 

active layers for high-performance solar cells5,9–12. An iodine-moderate growth 



condition is crucial for optimizing the optoelectronic performance of the perovskites, 

while the scarce or excess iodine conditions unavoidably lead to the formation of deep-

level defects and therefore nonradiative recombination losses, resulting in inferior 

device performance. Here, our calculations suggest that the different iodine-content 

conditions can effectively affect the relative chemical potentials and consequently the 

defect stabilities of the perovskites. Under the I-rich conditions (Figure 2a), the charge 

neutrality of FAPbI3 is largely determined by lowest-energy V./  acceptor and FA2 

donor, where the Fermi level is pinned approximately at the proximity of the VBM, 

which is a typical p-type conductivity. Similarly, under the I-poor conditions (Figure 

2c), the Fermi level of FAPbI3 is pinned at the proximity of the CBM, namely, an n-

type conductivity. This is in line with experiments that the conductivity of FAPbI3 can 

be flexibly tuned from p-type to n-type by increasing the PbI2/FAI ratio in the precursor 

solution16. Significantly, the stabilities and densities of hydrogen interstitials are a 

function of the Fermi level. From Figure 3a and Figure 4, these two typical conditions 

indeed enhance the formation of H) as efficient nonradiative recombination centers, 

which will strongly impact the carrier lifetime and power conversion. Notably, the I-

rich conditions would also increase the density of shallow-level I) that lowers the cubic-

to-hexagonal transformation barrier of the FAPbI3 active layer to accelerate its phase 

degradation, and hence, have significant repercussions on the long-term stability of 

perovskite solar cells27. Under the I-moderate conditions (Figure 2b), the Fermi level 

will be pinned around the middle of the bandgap, corresponding to an intrinsic (low) 

conductivity, where the formation energy of H)  increases and the electrical-inactive 

molecular hydrogen (H") serves as the dominant hydrogen interstitials under H-rich 

conditions (Figure 3a and Figure 4). On the other hand, the density of H)  will be 

reduced and hence the induced nonradiative energy loss in FAPbI3 active layers will be 

suppressed, leading to improved device performance. 

 



 

Figure 4. Calculated defect densities of H) and H" at room temperature under the three 

representative iodine growth conditions in FAPbI3, as a function of the relative 

chemical potential of hydrogen (𝛥𝜇F) in the relevant compounds (hydrogen sources). 

𝜇F(H")  and 𝜇F(FAI)  correspond to the hydrogen (H)-rich and H-poor conditions, 

respectively. The resultant efficiency losses (∆𝜂) by H) in different defect densities are 

denoted. 

Furthermore, we will show that, in addition to iodine management, careful control of 

the hydrogen environment for the preparation and operation is also important for 

suppressing H) defects and further improving FAPbI3-based solar cells. To reveal 

unintentional hydrogen incorporation under different possible hydrogen sources, we 

plot the defect densities of H) and H" at room temperature as a function of the relative 

hydrogen chemical potential in Figure 4, under the three representative iodine growth 

conditions. Under the hydrogen (H)-rich conditions, it has been a common practice to 

set the 𝜇F as that in the isolated H2 molecule. However, the H-poor condition can be 

simulated by considering the practical hydrogen sources. FAI, a precursor, serves as an 

important intrinsic hydrogen source for FAPbI3, and therefore, the chemical potential 

of hydrogen can be around 𝜇F(FAI) under the H-poor conditions. As can be seen, the 

commonly used HI and HBr additives as well as some organic compounds, e.g., C2N3H 

and NH3, and the DMF solvent, can be potential hydrogen sources leading to 

unintentional hydrogen contamination, while the water vapor, DMSO solvent, and HF 

can play an insignificant role. Notably, under more H-poor conditions, the electrically 



inactive H" will be unstable with respect to dissociation into the detrimental H).  

With the nonradiative recombination coefficient C7?  and defect density N , we can 

quantify the resultant PCE loss ∆η due to the nonradiative recombination by H). Under 

the detailed balance limit and ideal conditions, the light to electricity PCE is well known 

as the S-Q limit15. In the S-Q framework, the photocurrent of the solar cell is calculated 

as the difference between the photons absorbed and the photons flowing out the cell: 

𝐽(𝑉) = 𝐽+ − 𝐽EGH(𝑉)	, where 𝐽+ ≅ 𝑞 ∫ "I
J'K(

L(

M
) *
+,-./

0
$%
𝑑𝐸N

L1
 stands for the photocurrent 

density, and 𝐽EGH(𝑉) ≅ 𝑞 ∫ "I
J'K(

L(

M
( *%34+,5677

)
$%
𝑑𝐸N

L1
 stands for the radiative recombination 

current density. 𝑞, ℎ, 𝐾, and 𝑐 are the elementary charge, Planck’s constant, Boltzmann 

constant, and speed of light, respectively. 𝑉 is the applied voltage and is equal to the 

splitting of the Fermi levels 𝑞𝑉 = 𝐸OD − 𝐸O
P under the steady condition. Therefore, the 

light to electricity PCE in the case of the radiative limit can be calculated by the formula 

𝜂 = QRS(+9.:(U))
+;/

=	QRS(W(U)×U)
+;/

, where the input sun power density is given by 𝑃YD =

"I
J'K( ∫

L'HL

M
( *
+,-./

)
$%

N
3  . For FAPbI3 with the calculated bandgap of 1.46 eV, under AM 1.5G 

spectrum, the ideal power conversion efficiency (S-Q limit) can be up to 𝜂~32.13% at 

room temperature. 

In the presence of the nonradiative recombination from H), the photocurrent of the solar 

cell will be given by: 𝐽(𝑉Z) = 𝐽+ − 𝐽EGH(𝑉Z) − 𝐽DE(𝑉Z). The new term describes the 

current density loss due to the nonradiative recombination 𝐽DE(𝑉Z) ≅ 𝑞𝑑A𝑛Y𝑒
( 34<

(+,5677
)
, 

where 𝑑, A, 𝑛Y are the thickness of the FAPbI3 layer, nonradiative recombination rate 

constant, and intrinsic carrier concentration. We adopt the representative  𝑑~300	𝑛𝑚 

and 𝑛Y~10=𝑐𝑚$!38. For the solar cell application, the nonradiative recombination is 

usually dominated by the defect-induced process, and the Auger recombination can 

play an insignificant role39. Therefore, the nonradiative recombination rate constant is 

given by the aforementioned A = NC7? . With 𝑃[\](𝑉Z) = 𝐽(𝑉Z) × 𝑉Z , the resultant 

efficiency loss by H) can be obtained: ∆𝜂 = 𝜂 − 𝜂Z = QRS^+9.:(U)_$QRS(+9.:^U<_)
+;/

.  

The estimated ∆𝜂 values in different H) densities are shown in Figure 4. Notice even 

under the preferred I-moderate growth conditions, H)  can impact the device 



performance with the induced efficiency loss ∆𝜂 being more than 4% under the H-rich 

conditions. This strongly suggests that H) induced nonradiative loss can be an important 

loss mechanism in the FAPbI3-based solar cells. To effectively suppress this 

detrimental effect on the device performance, the density of H) should be controlled 

below the orders of 10%"𝑐𝑚$!, under which the induced ∆𝜂 would be less than 0.5 %. 

These results point to a target for hydrogen engineering to further improve the 

performance of the perovskite solar cells approaching their theoretical efficiency limit. 

 

Conclusion  

In summary, based on first-principles calculations, we demonstrate that native point 

defects are not responsible for the nonradiative losses in FAPbI3. Instead, hydrogen ions 

can act as the dominant nonradiative recombination centers in FAPbI3 with a high 

capture coefficient of 2.2 × 10$*cm!s$% at room temperature, in good agreement with 

the experimentally measured values. Both iodine-poor and iodine-rich conditions 

would promote the formation of detrimental H) in FAPbI3 and reduce the PCEs of the 

related solar cells significantly (∆𝜂 > 10%). In this sense, growing the FAPbI3 active 

layers under the I-moderate conditions and carefully controlling the hydrogen 

environment can effectively suppress the formation of H) and the adverse effect on PCE. 

These findings are significant for possible further improvement of the FAPbI3-based 

photovoltaic device performance.  

 

Computational Method 

First-principles calculations were performed based on density functional theory 

(DFT)40 as implemented in Vienna Ab initio Simulation Package (VASP) code41. 

Projector augmented wave (PAW) pseudopotentials42 were used with a plane-wave 

energy cutoff of 400 eV. The Tkatchenko-Scheffler (TS) scheme43 was used for 

describing the dispersion interactions for the hybrid perovskite systems44. The more 

accurate Heyd–Scuseria–Ernzerhof hybrid functional with the mixing parameter of 

0.46 was employed and the spin-orbit coupling was included (HSE+SOC). All atoms 

were fully relaxed until the forces on atoms are less than 0.01 eV/Å. For defect 

calculations in perovskite FAPbI3, a 3 × 3 × 2 216-atom supercell based on the cubic 



phase unit cell was employed with a Monkhorst–Pack sampling of 2 × 2 × 2 k-point 

grid.  A convergence test for a 3 × 3 × 3  324-atom supercell of FAPbI3, for H)5 , 

showed that  the calculated formation energy difference between the 216-atom and 324-

atom supercells is only 0.06 eV. Our HSE+SOC+TS calculations yield a bandgap of 

1.46 eV, in good agreement with the experimental value of 1.47 eV45. Moreover, the 

optimized lattice parameter of 6.371 Å agrees well with the experimental values of 

6.362 Å45. 

The defect formation energy is given by30: 

∆𝐻 e𝐻Y
af = 𝐸e𝐻Y

af − 𝐸(ℎ𝑜𝑠𝑡) − å	𝑛Y(µY + ∆𝜇Y) + 𝑞(𝐸O + 𝐸(𝑉𝐵𝑀) + ∆𝑉)              (1) 

where 𝐸e𝐻Y
af and 𝐸(ℎ𝑜𝑠𝑡) are total energies with and without defect, respectively. 	𝑛Y 

indicates the number of defects added into the supercell. µY is the absolute value of the 

chemical potential of the defect atoms. ∆𝜇Y stands for the relative value of the chemical 

potential, which is related to growth conditions. For the chemical potential of hydrogen 

(µF), under the H-rich conditions, it is well-defined and corresponds to the half of the 

total energy of an isolated H2 molecule (µF(H")). To correlate µF  with practical H 

conditions, we also calculated µF  in other relevant H-containing compounds, both 

possible intrinsic and extrinsic hydrogen sources, including HI, FAI (CH(NH")"I), 

DMF (C!H=NO), DMSO (C"H#OS), HBr, HCl, HF, H2O, NH3, CH4, C2N3H, and 

C6N11H, among which µF(FAI) was chosen as the µF  under the H-poor conditions 

(FAI serves as an important intrinsic hydrogen source for the perovskite). The Fermi 

energy, 𝐸O, is referenced to the VBM of FAPbI3, and 𝐸(𝑉𝐵𝑀) represents the energy of 

VBM. ∆𝑉 is added for correcting the effect of periodic images of charged defects30.  

When the cubic-phase FAPbI3 is stable with respect to the secondary phases of FAI and 

PbI2, the chemical potential of the host should satisfy the conditions:   

∆𝜇OR + ∆𝜇+, + 3∆𝜇- = ∆𝐻 (𝐹𝐴𝑃𝑏𝐼!) 

∆𝜇OR + ∆𝜇- < ∆𝐻 (𝐹𝐴𝐼) 

∆𝜇+, + 2∆𝜇- < ∆𝐻 (𝑃𝑏𝐼") 

where ∆𝐻 (𝐹𝐴𝑃𝑏𝐼!) , ∆𝐻 (𝐹𝐴𝐼) , and ∆𝐻 (𝑃𝑏𝐼")  are the formation enthalpies of 

MAPbI3, MAI, and PbI2, respectively. To avoid the formation of elemental phases, all 



the chemical potentials should be less than zero (∆𝜇OR < 0, ∆𝜇+, < 0, and ∆𝜇- < 0).  

The transition level is defined as the Fermi-level position with respect to the bulk VBM 

for which the formation energies of different defect charge states are equal: 

ℇ(𝑞/𝑞′) = [𝐸(𝑎, 𝑞) − 	𝐸(𝑎, 𝑞′) − (𝑞 − 𝑞′)(𝐸(𝑉𝐵𝑀) + ∆V)]/(𝑞 − 𝑞′)                     (2) 

The nonradiative capture coefficients are calculated using the established multiphonon 

emission methodology35,46 including the effect of lattice anharmonicity18,19,32 by 

solving the one-dimensional Schrodinger equation for the anharmonic potential energy 

surfaces. The evaluation of the electron−phonon coupling matrix elements for electron 

and hole capture are evaluated using the PAW results by VASP processed with the 

NONRAD package35,46.  

The defect concentration at thermal equilibrium can be given by30: 𝑁 = 𝑁3𝑒
$∆>+,, where 

𝑁3 stands for the number of the available sites for defect formation per volume (cm$!), 

∆𝐻 is the defect formation energy, 𝐾 is the Boltzmann constant, and 𝑇 is temperature, 

which was set to room temperature. 
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