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Halide Perovskites (PS) have emerged as an outstanding material family for optoelectronic 

applications[1] because of their superior physical properties, such as high optical absorption 

coefficients,[2] benign defect physics,[3] long and balanced electron–hole diffusion lengths,[4] 

good charge transport properties even in polycrystalline films,[1a] and low non-radiative 

recombination.[5] Photoconversion efficiency has reached 22.1%[6] a few years after the first 

reports on PS based liquid electrolyte solar cells in 2009.[7] Besides the application in 

photovoltaics, PS have been successfully employed in light emitting diodes (LED),[8] optical 

amplifiers,[9] and lasers.[10] In addition, the success of these materials mainly lies in that high 

efficiency devices are prepared with PS polycrystalline films that can be grown using solution 

methods[5c, 11] at low processing temperatures and, consequently, using low cost fabrication 

techniques. Furthermore, these growth techniques allow the easy combination of PS with 
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other materials, as for example PbS quantum dots,[12] that induce interesting synergies. This 

fact opens a broad range of possibilities for the interaction of PS with organic compounds 

beyond their use as selective contacts.[13] Organic compounds are appealing materials for 

electronic applications since an unlimited number of structures can be potentially synthesized 

and they are relatively easy to design and/or modify to meet the requirements of specific 

applications.  

The passivation of PS plays a crucial role in the efficiency of PS-based devices as it 

has been shown that the presence of electron traps favours faster non-radiative decays, while 

long carrier lifetimes and high photoluminescence efficiencies are in general indicators of 

better performing PS layers. Exposure of PS films to electron deficient aromatic compounds 

such as pyridine[14] and PCBM[15] have resulted in enhanced efficiencies associated to the 

passivation of such electron traps. Among the myriad of different electron deficient aromatic 

compounds, nitrogen-containing polycyclic aromatic hydrocarbons (N-PAHs)[16] have 

recently reemerged as a platform for developing small molecule n-type semiconductors that 

have been able to compete with fullerenes in several applications.[17] In particular, N-PAHs 

containing pyrazine rings have attracted much attention as they combine a series of optimal 

optoelectronic and electric properties that can further tuned thanks to the recent development 

of straightforward and solid synthetic routes.[16] 

We have developed a new method to introduce additives in situ in a halide perovskite 

thin film, during the anti-solvent deposition step.[11b, 11c, 18] Solar cell, LED and waveguide 

optical amplifier devices have been prepared using the perovskite layer, concretely 

CH3NH3PbI3, mixed separately with two different electron deficient heteroatom-doped PAHs, 

namely a twisted hexaazatrinaphthylene (HATNA)[16i, 19] and a bisthiadiazole-

fusedtetraazapentacenequinone (DCL97)[20] (Figure 1). We have selected these two 

compounds among others as: i) they are novel compounds with different functionalities, that 

have not been previously checked for passivation in perovskite optoelectronic devices; ii) they 
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contain PAHs, that it has been reported to be excellent passivation agents,[14-15] displaying 

electrochemical LUMOs (or electron affinities) in the range of those observed for fullerene 

derivatives with excellent results for passivation;[15] iii) they possess different but 

complementary electronic absorption spectra that allow the selective excitation for 

characterization purposes and also investigating if their absorption features might also play a 

role under illumination; iv) they are soluble and chemically stable in the anti-solvents required 

for the fabrication of the devices.  

With both molecules, we have observed a significant improvement of the performance 

of PS-based solar cell, LED and waveguide optical amplifier devices. Photoconversion 

efficiency of solar cells has been increased with respect to a reference cell, with no additives, 

while current/potential hysteresis decreased and solar cell stability increased. We have also 

observed an increase of the external quantum efficiency (EQE) for PS LEDs by a factor of 2-4 

and the reduction of the light amplification threshold energy by a factor of 2-4 when organic 

additives are used. A systematic characterization of CH3NH3PbI3with additives points to a 

reduction in the non-radiative carrier recombination paths by the passivation of PS interface 

and grain boundaries in the polycrystalline film. They main scope of this work is to present a 

general method in order to increase the efficiency of perovskite-based optoelectronic devices 

(solar cells, LEDs and optical amplifiers), without introducing any additional step, and even 

using different anti-solvent. The method proposed in the present paper offers the possibility to 

deposit perovskite mixed with many different organic and inorganic compounds, and opens a 

broad range of applications on perovskite optoelectronic devices as solar cells, LEDs and 

lasers. 

 There are several examples of the use of additives for the improvement of perovskite 

solar cells (PSCs). In most of the cases, these additives are introduced by dissolving them in 

the solution containing the perovskite precursors,[21] and in other cases a gaseous post 

treatment after the perovskite film formation is used.[14] When additives are incorporated to 
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the solution of perovskite precursors, they play an important role in the growth of perovskite 

film and have an important impact in the film morphology. However, this method is restricted 

only to additives soluble in the non-polar solution with perovskite precursors.[21] Pyridine 

vapor exposure of a perovskite film decreases significantly the non-radiative recombination, 

however this method introduces an additional preparation step.[14] For other perovskite 

optoelectronic devices, there are significantly lower number of reports on the use of additives. 

Cho et al. reported record LED efficiencies by the use of 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-

phenyl-1-H-benzimidazole) (TPBI) additive dissolved in chloroform and using a multistep 

nanocrystal pinning process.[8b] This deposition process produces nanocrystalline grains, 

increasing the LED current efficiency. However, this small grain size morphology does not 

seem to be optimum for solar cells. 

We have developed a new approach that takes advantage of the anti-solvent deposition 

method,[11b, 11c, 18] that is, the method with which the highest PSC record efficiencies have 

been reported.[11a, 22] In this method, during the spin coating of N,N-dimethylformamide 

(DMF) solution, containing CH3NH3PbI3(hereafter MAPbI3) precursors (methylammonium 

iodide (MAI) and PbI2), the sample is exposed to a second solvent with a non-polar character 

in which perovskite precursors are not soluble. This exposure produces the saturation of the 

solution and the fast precipitation of the precursors creating numerous perovskite nucleation 

centers and the corresponding formation of a flat, uniform and pinhole-free perovskite layer. 

Our approach consists of dissolving the additives in the anti-solvent and introduce them in the 

layer during the anti-solvent step, see the experimental section for more details.  

 HATNA and DCL97 are not soluble in DMF, which is the common solvent used for 

PS film fabrication. In this way, to combine PS and the organic compound in a single film, we 

dispersed the organic additive in an anti-solvent, which was used in the film preparation. Thin 

films of PS, organic additives and PS with the organic additive using the anti-solvent method 

have been deposited on glass substrates. The PL spectra of these layers are plotted in Figure 
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1b and 1c, for samples containing HATNA and DCL97, respectively. The PL spectra of PS 

and organic single layers are in good agreement with previous reports.[12a, 19a, 20] The PL of 

perovskite layer containing additives, hereafter PS-HATNA and PS-DCL97, presents PL 

traces of both compounds, as observed in Figure 1b and 1c, respectively, indicating their 

presence in the final film after the anti-solvent process. Note that in the case of PS-DCL97, 

Figure 1c, a new feature at ~650 nm not present in any of the PL spectra of the single layers is 

observed for the mixed sample. This peak is probably originated in the interaction between 

both materials, being its interpretation beyond the scope of this manuscript and it is under 

current research. 

Figure1: a) Scheme of the additives studied in this work. Normalized photoluminescence of 

perovskite (PS) reference layer b) HATNA film and PS with HATNA film and c) DCL97 and 

PS with DCL97. 

 We have not limited our study to a single type of devices and have extended the study 

to three different optoelectronic devices: solar cells, LEDs and waveguide optical amplifiers 

to demonstrate the versatility of this general approach for the optoelectronic field. Solar cells 

were prepared using compact TiO2 and spiro-OMeTAD as electron and hole selective 

contacts, respectively. Two configurations, planar and with TiO2 mesoporous scaffold, have 

been analyzed. The current-voltage (J-V) curve for the prepared solar cells showed that the 

presence of the organic compounds improved the device performance depending on the 

organic concentration, see Figure S1 and Table S1. The concentration dependence study has 

been carried out preparing planar PSC samples with the following configuration: 
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glass/FTO/compact TiO2 /PS or PS-HATNA or PS- DCL97/spiro-OMeTAD/Au, using 

chlorobenzene as anti-solvent. An increase of device efficiency, mainly due to an increase of 

the photocurrent, has been detected depending on the concentration, observing the highest 

increase for 50 mg/ml and 37.5 mg/ml for HATNA and DCL97(see table S1), respectively. In 

addition, solar cells containing mesoporous TiO2 layer have been prepared with the following 

configuration: glass/FTO/compact TiO2/mesoporousTiO2 /PS or PS-HATNA or PS-

DCL97/spiro-OMeTAD/Au. For mesoporous configuration HATNA, 50 mg/ml, was 

introduced using diethyl ether as the anti-solvent. HATNA presents good solubility on both 

diethyl ether and chlorobenzene, but high efficiency reference cells are obtained with diethyl 

ether instead of chlorobenzene. DCL97 is not soluble in diethyl ether and consequently 

chlorobenzene has been chosen as anti-solvent in that case, allowing us to show the versatility 

of the method as it can be employed with different solvents. For TiO2 mesoporous PSCs, all 

the photovoltaic parameters (short circuit current, Jsc, open circuit voltage, Voc, fill factor, FF, 

and photoconversion efficiency, η) increase for the PS-HATNA sample in comparison with 

the reference PS sample, see Figure 2a and Table S2. Concretely, efficiency moves from close 

to 12% for the reference sample to close to 15% for PS-HATNA, see Table S2, increasing a 

significant ~25%. It is also important to highlight that the PS-HATNA device is practically 

hysteresis free, see Figure 2a. In addition, PS-HATNA also presents a better long term 

stability behavior, see Figure S2 and Table S2. The analysis of incident photon to current 

efficiency (IPCE) shows a good agreement between the integrated photocurrent, see Figure2b, 

and the Jsc measured in the J-V curve, see Figure2a. In addition, IPCE unveils that the 

enhancement in the photocurrent for PS-HATNA samples is not due to the light harvesting 

(and subsequent charge collection) from HATNA molecules. IPCE for PS-HATNA has the 

same spectra that for the PS reference sample with an increased efficiency in all the 

wavelength range, and especially at longer wavelengths where light absorption of HATNA 

compound is negligible,[19a] see Figure2b. These results point out to a clear enhancement of 
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the perovskite layer performance by the use of HATNA additive rather than an improvement 

of the co-absorption by the presence of HATNA. In the case of DCL97, samples with 

configuration glass/FTO/compact TiO2/mesoporousTiO2 /PS or PS-DCL97/spiro-

OMeTAD/Au were also prepared, using chlorobenzene as the anti-solvent. In that case the 

efficiency of PS-DCL97 has increased ~75% respect a reference cell prepared with 

chlorobenzene anti-solvent. However in this case the reference samples without DCL97 are 

far away from optimization presenting a low efficiency, 5%, see Table S3 for more details. 

Independently of the configuration, molecule employed and anti-solvent, we have observed 

systematically an increase of efficiency of the prepared solar cells respect the reference 

samples when additives were used, highlighting the huge potentiality of the method to 

improve the devices performance. Higher efficiencies can be expected after an accurate 

optimization process at each concrete configuration.  

 

Figure 2: a) Current potential curve of a perovskite reference solar cell and of a perovskite 

with HATNA additive introduced during the anti-solvent step, under dark and under 1 sun 

illumination, forward and reverse scans are plotted in order to show the hysteresis behavior. 

b) Incident photon to current efficiency (right axis, solid lines) and the integrated 

photocurrent (left axis, dashed lines) of the devices depicted in a). c) Electroluminescence of 
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LEDs prepared with perovskite and perovskite with HATNA and DCL97 additives as active 

layer at an applied forward bias of 2 V. d) External quantum efficiency on the prepared LEDs. 

e) Photoluminescence obtained with side excitation,[9] see inset, of perovskite with HATNA 

additive deposited on glass and with a PMMA capping, see inset. Sample PL has been 

recorded with different excitation powers. f) PL intensity as function of excitation power of 

perovskite reference and perovskite with HATNA and DCL97 additives films sandwiched 

between glass and PMMA layers. 

 

 MAPbI3 perovskite thin film with organic additives prepared by our method can be 

applied not only for increasing the performance of light harvesting devices, but also for light 

emitting systems. LEDs were prepared using PS, PS-HATNA and PS-DCL97 as active layers, 

and compact TiO2 and spiro-OMeTAD as electron and hole transport materials respectively, 

following a previously reported configuration.[8a] The electroluminescence (EL) spectra of all 

the samples (PS, PS-HATNA and PS-DCL97) show only a peak corresponding to the 

perovskite emission with no parasitic contributions from the organic additives, see Figure 2c. 

The fabricated LEDs present a remarkably low threshold energy, as low as the MAPbI3 

bandgap, see Figure 2d. The use of additives has increased the EQE by a factor of 2 and 4 for 

DCL97 and HATNA, respectively, as observed in Figure 2d. The EQE presents its maximum 

value with an applied bias of 2V for the PS and PS-DCL97 samples, while for the PS-

HATNA devices the maximum is observed at 2.5 V.  

 We have also investigated the anti-solvent deposition of additives in perovskite films 

for light amplification. Waveguide optical amplifier devices were prepared using PS reference 

layer or PS with organic additives (HATNA or DCL97) as active layer sandwiched between 

glass and PMMA layer, see inset Figure 2e, following a configuration previously developed 

by us.[9] These active layers were excited by one of their side faces, see inset Figure 2e, by 

means of a pulsed laser at 533 nm. Figure 2e shows the emitted light spectra measured at the 
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opposite face end for the PS-HATNA sample at different pump powers. The spectra for PS 

and PS-DCL97 planar waveguides are plotted in Figure S3. Waveguided PL spectra 

correspond to that of the perovskite layer centered around 780 nm, but collapse into a narrow 

line for high enough pump fluencies (see Figure 2e), which integrated intensity grows 

superlinearly, as observed in Figure 2f. Both are clear signatures of stimulated emission that 

exhibits a reduction of the energy threshold by factor of 2 or 4,when the additives DCL97 or 

HATNA are incorporated respectively into the PS film (Figure 2f and S3). Another 

characteristic signature of the stimulated emission regime is the decrease of the PL 

recombination time. Time resolved PL (TRPL) analysis has been carried out to determine the 

characteristic decay time of the waveguided PL (Figure S4) that reached our experimental 

system temporal response (and consequently cannot be further determined) for pump 

fluencies higher than 0.72, 0.5 and 0.1 nJ for PS, PS-DCL97 and PS-HATNA samples, 

respectively, in good agreement with the lower stimulated emission energy threshold 

observed in Figure 2f for films made by incorporating additives.  

 To gain further insight into the origin of the general enhancement in device 

performance observed for perovskite optoelectronic devices (i.e. solar cells, LEDs and optical 

amplifiers), a systematic characterization by X-Ray Diffraction, scanning electron microscopy 

(SEM) and impedance spectroscopy (IS) has been carried out. XRD spectra of the films of 

perovskite with additive do not present any significant variation respect reference perovskite 

layer produced without additives, see Figure S6, indicating no change in the crystallite size or 

in the preferential orientation. Moreover, a systematic characterization of the perovskite films 

prepared with and without additives has been carried out, see Figure S7. The use of additives 

have a clear interfacial effect. While the use of HATNA produces an organic capping layer, 

that is removed when spiro-OMeTAD is deposited, the addition of DCL97 changes the 

roughness and surface morphology, but with no change of perovskite grain size in both cases, 

see Supporting Information section S7 and Fig. S7 for more details. Consequently a first 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 Submitted to  

10 

effect of the additives is the modification of the interface that could induce a beneficial effect 

in the final cell performance. 

 PS and PS-HATNA with mesoporous TiO2 configuration have been analyzed under 

0.09 sun intensity at different applied voltages. The obtained Nyquist plots at 0 V are plotted 

in Figure 3a. Two basic features at high and lower frequencies are observed. The impedance 

spectra have been fitted using the equivalent circuit recently reported, see Figure S5. Figure 

3b plots the resistance of the low frequency arc, R1, obtained from the fitting of impedance 

spectra. R1 is related to the charge carrier recombination (i.e. inversely related with the 

recombination rate).[23] Figure 3b shows the increase in recombination resistance when 

HATNA additive was introduced into PS film, indicating that the efficiency enhancement 

observed for devices with additives are due to a decrease of recombination. Dark J-V curves, 

see Figure 2a, and open circuit voltage decay, see Figure S8, are also in agreement with this 

conclusion. Impedance spectroscopy cannot determine the origin of the recombination 

mechanism. However, radiative recombination in perovskite solar cells has been characterized 

by time-resolved PL, from which we deduce PL decay times in the order of tens-hundreds of 

ns,[4, 12b] consequently the recombination paths detected by impedance at the μs range and 

slower scales have a different origin, probably related to non-radiative centers. 
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Figure 3: a)Nyquist plot of perovskite and perovskite with HATNA additive solar cells, 

plotted in Figure 2a,withmesoporous TiO2 configuration and using diethyl ether as anti-

solvent, under 0.09 sun illumination at 0 V applied bias. Symbols correspond to the 

experimental points while solid line is the fitting of the impedance spectra using equivalent 

circuit in Figure S5.[24] b) R1 resistance related with the recombination resistance of 

perovskite and perovskite with HATNA additive solar cells.[23]c) SEM picture of a cross 

section of perovskite planar layer film. Photoluminescence intensity map of a sample of 

perovskite with DCL97 additive, excitation wavelength, λexc, and the range of detected 

wavelengths, λdet, are indicated in each map. d) PL from DCL97, where PL from perovskite 

has been subtracted, see Figure S9, for further details. e) and f) PL from perovskite, see 

Figure S9 for further details, for two different λexc. Vertical and horizontal scales for the maps 

are in μm. 

 

Finally, to understand in which way the additives introduced by the anti-solvent 

deposition method reduces recombination in the perovskite layers beyond the interfacial effect, 

a PL mapping of the film surface has been carried out using a commercial Scientific Xplora 

micro-Raman system with 533 nm and 638 nm laser excitation. The integration of PL at 
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different detection wavelengths, λdet, for PS-DCL97 sample and the subtraction of the PS PL 

allows to obtain a mapping of the DCL97 PL, Figure 3d, and PS PL, Figure 3e, see Figure S9 

for further details of the decoupling of both PL contributions. These results have been doubly 

checked by using a second excitation wavelength, λexc =638 nm, see Figure 3f. Comparing, 

the PL maps in Figures 3d and 3e are clearly complementary: the maximum intensities of PL 

from DCL97 are observed in areas where the PL from PS is minimum and vice versa. 

Moreover, the observed PL valleys and peaks form a network with features of hundreds nm 

size, similar to the grain size observed in PS films by SEM (Figure 3c). A similar analysis 

performed on different parts of the PS-DCL97 sample surface yielded analogous results, as 

shown in Figure S10 for the PL map in a different place of the sample surface. This 

complementary PL emission coinciding with the perovskite grain size points out the 

hypothesis that DCL97 molecules tend to locate at the grain boundaries of the perovskite film. 

Hence, the introduction of additives decreases the recombination by the passivation of the 

grain boundaries. Passivation of grain boundaries has previously shown beneficial effects for 

the increase of the solar cell photoconversion efficiency,[15] PL emission,[14] and the stability 

of PS devices.[25]  

Through this versatile and general approach (three different optoelectronic devices, 

two different additive molecules, two different configurations with mesoporous scaffold and 

planar devices, two different solvents used in the anti-solvent step) we observe a systematic 

increase of performance in all the devices when additives are used. In this work, we show by 

XRD that additives do not produce a change in the crystallite size or preferential orientation, 

while grain size is not modified as it has been determined by the SEM analysis. The main role 

of additives is the passivation of the grain boundaries and/or perovskite interface for electron-

deficient N-PAHs produces a reduction of non-radiative recombination that leads to a notable 

increase of the main figures of merit of perovskite optoelectronic devices, including solar 

cells, LEDs and optical amplifiers. The process consists in the introduction of additives in an 
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anti-solvent during the perovskite spin coating deposition. We have used this method to 

increase systematically the performance of perovskite solar cells with planar and mesoscopic 

configurations, the EQE of perovskite LEDs by a factor of 2-4 and to reduce the stimulate 

emission threshold by a factor of 2-4 by the introduction of DCL97 and HATNA additives in 

comparison with devices prepared in the same way with the same anti-solvent but without 

additives. The use of DCL97 and HATNA additives has allowed us to verify the presence of 

the additives in the prepared film by PL measurements and to track the final situation of these 

molecules in the film, detecting their presence at the grain boundaries. We have also observed 

a decrease of the PS recombination due to the use of additives by impedance spectroscopy. 

These observations point to a passivating effect of the grain boundaries and/or interface by the 

introduction of additives. It is important to highlight that it is a general method that can be 

used for the introduction of a broad range of different additives. The design of specific 

additives with particular properties or functionalizations can enhance further the performance 

of the optoelectronic devices. For example, the lower threshold energy obtained for the PS-

HATNA films in comparison to the PS-DCL97 is probably due to the fact that HATNA does 

not absorb light at the excitation wavelength, but still passivating the perovskite layer. This 

work opens an interesting research field on the interaction of perovskite with other 

compounds with important implications in the enhancement of the perovskite optoelectronic 

devices. 

 

Experimental Section 

Synthesis of HATNA and DCL97:The synthesis of HATNA[16i, 19] and DCL97[20] was carried 

out following previously reported methods and scaled-up accordingly to obtain ~100 mg 

batches. 

TiO2 compact layer: SnO2:F (FTO) substrates were cleaned with soap, sonicated in distilled 

water, ethanol and a mixture of acetone/isopropanol (30:70 v/v ratio) for 15minutes and then 

treated with an UV(ultraviolet)−O3lamp for 15minutes. The TiO2 compact layers were 
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manually deposited by spray pyrolysis at 450°C, consuming 5ml of a solution of titanium di-

isopropoxidebis (acetylacetonate, 75% vol. 2-propanol) in absolute ethanol (1:9, v/v ratio); 

the films were annealed at 450°C for 30 minutes. 

TiO2mesoporous (scaffold): TiO2 paste (Dyesol 30NRd, 30 nm average particle size) 

dissolved in absolute ethanol (150 mg/ml) was spin coated on TiO2 compact layers at 1500 

rpm from. The films were pre-heated at 100oC for 10 minutes and then at 500oC for 30 

minutes. 

Perovskite solution: 622 mg (1.35 mmol) of PbI2 was added in the solution containing 1ml of 

DMF and 95 µl of dimethyl sulfoxide (DMSO). This solution was heated at 65oC to dissolve 

PbI2, then cooled to room temperature. Subsequently PbI2 solution was poured into a 

container containing 215 mg (1.35 mmol) of MAI to make final solution for PS deposition. 

Perovskite film deposition: PS films were prepared by spin coating at 4000 rpm for substrates 

with mesoporousTiO2 scaffolds and at 5000 rpm for substrates only with TiO2 compact layer. 

Anti-solvent (chlorobenzene or diethyl ether), ~200 μl, was poured in the films when the spin 

coater was running after 7 second of the spinning start. Perovskite films were annealed at 

65oC for 1 minute and consequently 100oC for 2 minutes.  

Organic additive solutions: HATNA and DCL97 solutions were prepared by dissolving 

HATNA or DCL97 in anti-solvent (diethyl ether and chlorobenzene respectively) separately 

with the concentration varying from 12.5 to 50 mg/ml. Reference perovskite films have been 

prepared using both solvents, diethyl ether and chlorobenzene, during the anti-solvent step but 

without additives. For a fair comparison each sample prepared with additives is compared 

with a reference perovskite sample which was prepared using the same solvent during the 

anti-solvent step. 

Spiro-OMeTAD and Gold: Spiro-OMeTAD solution was prepared by dissolving 72.3 mg 

spiro-OMeTAD(2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene) in 1 

ml of chlorobenzene, then mixed with 28.8 μl of 4-tert-butylpyridine and 17.5 μl of a stock 
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Li+ solution (which contained 520 mg/ml bis-trifluoromethylsulfonylamine lithium salt in 

acetonitrile). Spiro OMeTAD layer was spin coated on PS or PS with additives films at 4000 

rpm for 30s. Finally, 60 nm of gold were thermally evaporated in an ultrahigh vacuum 

chamber on top of a Spiro-OMeTAD layer as charge extracting contact. 

Characterization: The morphology of the films was analyzed by scanning electron 

microscopy (SEM) using a JSM7001F (field emission scanning electron microscope). J-V 

curves of solar cells were measured under a xenon arc lamp simulator equipped with an AM 

1.5 spectral filter (Sun 2000, ABET Technologies). The intensity was adjusted to provide 1 

sun (100 mW cm-2) by using a calibrated silicon solar cell. The J-V characteristics were 

recorded by scanning the potential from high voltage to zero (reverse mode) and from zero to 

high voltage (forward mod) at approximately 45 mV/s.The IPCE measurements were 

performed employing a 150 W Xenon lamp coupled with a computer-controlled 

monochromator; the photocurrent was measured using an optical power meter 70310 from 

Oriel Instruments, using a Si photodiode to calibrate the system. The impedance spectroscopy 

measurements were performed under 0.09 sun illumination, calibrated with an NREL-

calibrated Si solar cell, and under N2 flow. The measurements were carried out by means of a 

FRA equipped PGSTAT-30 from Autolab at different forward voltage bias and applying a 20 

mV voltage AC perturbation over the constant applied bias with the frequency ranging 

between 1 MHz and 0.05 Hz. The use of 0.09 sun illumination prevent cell degradation during 

the impedance measurement, see Fig. S11, and also keep the illumination conditions as it has 

been shown that working conditions of perovskite layer varies significantly when the layer is 

illuminated.[23b] The EL spectra of LED devices based on PS absorber without and with 

organic compounds (HATNA or DCL97) in situ were obtained by using a spectrophotometer 

based on a CCD detector (Andor-iDUSDV420A-OE) synchronized with the potentiostat 

(Gamry Reference 3000). The combination of both apparatus allowed registering optical 

variations (absorbance, transmittance, light emission, etc.) while applying an external 
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electrical stimulus (voltage or current) with a maximum time resolution in the milliseconds 

scale. EL measurements have been carried out under dark conditions and under N2 flow at 

room temperature. The EQE measurements were performed by calibrating the optical 

equipment with a commercial GaAs infrared LED (model EL-23G, peak emission centered at 

λmax= 940 nm, 28.3 W·sr-1·m-2). Photoluminescence (PL)experiments were carried out by 

pumping the surface of the samples with a 533 nm DSPP (diode pumped solid state) laser and 

a 780 nm semiconductor diode. Back scattered PL was then collected with the aid of a 

microscope objective and dispersed in an Ocean Optics HR4800 spectrograph. 

Stimulated emission experiments were performed by exciting the surface of the samples with 

aNd:Yag533nm pulsed laser (1 ns 20 KHz) and collecting the emitted PL with a 20x 

microscope objective. PL spectra were obtained by dispersing the light in an Ocean Optics 

HR4800 spectrograph, and time resolved photoluminescence (TRPL) were carried out by 

focusing the PL into a Hamamatsu C5658-3769 avalanche photodetector connected to a 

BOXCARDPCS-150 electronics from Becker &Hickl GmbH. The PL map were obtained by 

using a commercial Scientific Xplora micro-Raman system with 533 nm and 638 nm laser 

excitation. XRD has been characterized employing a Bruker AXS-D4 Endeaver Advance X-

ray diffractometer using Cu Ka radiation. 
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We report a novel method in order to increase the efficiency of perovskite optoelectronic 

devices demonstration its goodness for perovskite solar cells, LEDs and optical 

amplifiers. The method is based on the introduction of organic additives during the anti-

solvent step in the perovskite thin film deposition process. Additives passivate grain 

boundaries reducing the non-radiative recombination. The method can be easily extended to 

other additives. 
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Amplifiers by Anti-Solvent Additive Deposition  
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Martinez-Pastor,* Aurelio Mateo-Alonso* and Ivan Mora-Sero* 

 

S1. Study of the solar cell performance as function the additive concentration. 

Figure S1. J-V curves solar cells with planar configuration (no-mesoporous TiO2 layer) using  

(a) PS-HATNA and (b) PS-DCL97 films as light harvesting layers in a comparison with 

reference PS samples, without organic additive. Active PS, PS-HATNA and PS-DCL97 

layers were spin coated on TiO2 compact at 5000 rpm, annealed at 65oC for 1 minute and 

100oC for 2 minutes consequently. PS-organic film was prepared using a solution of organic 

compounds dispersed in chlorobenzene with different concentration from 12.5 to 50 mg/ml as 

an anti-solvent.  

 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 Submitted to  

22 

Table S1: Average photovoltaic parameters (short circuit current, Jsc, open circuit voltage, 

Voc, fill factor, FF, and photoconversion efficiency, η) under AM1.5 simulated sunlight for 

planar perovskite solar cell configuration (glass/FTO/compact TiO2 /PS or PS-HATNA or PS- 

DCL97/spiro-OMeTAD/Au). At least five cells have been prepared at each condition. 

Organic  Concentration 

Mg/ml  

Jsc  

(mA/cm2)  

Voc  

(V)  

FF 

(%)  

ɳ 

%  

No (Ref)  0  13.4  0.3  0.89  0.01  57.0  1.0  6.9  0.3  

      

HATNA  50  16.8  0.4  0.94  0.01  53.0  2.0  8.42  0.24  

HATNA  25  14.2  1.1  0.89  0.14  49.0  4.0  6.3  0.9  

HATNA  12.5  15.7  0.5  0.88  0.02  52.3  2.0  7.07  0.52  

      

DCL97  50  11.9  0.5 0.88  0.01  56.1  0.7  5.8  0.3 

DCL97  37.5  14.9  0.4  0.920  0.003  59.1  0.8  8.1  0.30 

DCL97  25  14.3  0.6  0.90  0.02  57.5  0.8  7.39  0.4  
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S2. Study of the stability of solar cell performance. 

 

Figure S2. J-V curves solar cells with mesoporous configuration using PS without (reference) 

and with HATNA additive, at different times after solar cell preparation. In which absorber 

layers were spin coated on mesoporousTiO2 at 4000 rpm, annealed at 65oC for 1 minute and 

100oC for 2 minutes consequently. PS-HATNA film was prepared using  a solution of 

HATNA compounds dispersed in diethyl ether with the concentration of 50 mg/ml. Solar cell 

were stored on ambient conditions under dark.  
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Table S2: Photovoltaic parameters(short circuit current, Jsc, open circuit voltage, Voc, fill 

factor, FF, and photoconversion efficiency, η), at different times after solar cell preparation, 

under AM1.5 simulated sunlight for mesoporous perovskite solar cell configuration 

(glass/FTO/compact TiO2/mesoporousTiO2/PS or PS-HATNA/spiro-OMeTAD/Au).Solar cell 

were stored on ambient conditions under dark. rev: reverse J-V scan; for: forward J-V scan  

Samples 0 day 2 days 30 days 

PS PS-HATNA PS PS-HATNA PS PS-HATNA 

rev for rev for rev for rev for rev for rev for 

Jsc (mA/cm2) 18.50 18.15 19.93 19.82 17.27 16.87 19.26 19.16 14.78 13.66 18.31 17.54 

Voc (V) 0.969 0.943 1.054 1.054 0.964 0.929 1.052 1.051 0.945 0.931 1.02 1.023 

FF (%) 65.6 60.5 70.8 70 65.6 63.1 69.2 68.8 56.2 55.1 57.9 55.8 

ɳ (%) 11.76 10.35 14.87 14.62 10.92 9.89 14.02 13.85 7.85 7.01 10.81 10.01 

 

Table S3: Avarage photovoltaic parameters (short circuit current, Jsc, open circuit voltage, 

Voc, fill factor, FF, and photoconversion efficiency, η) under AM1.5 simulated sunlight for 

mesoporous perovskite solar cell configuration (glass/FTO/TiO2_compact /TiO2_meso/PS or PS-

DCL97/spiro-OMeTAD/Au) in which DCL97 was dispersed in chlorobenzene with the 

concentration of 37.5 mg/ml 

 Jsc  

(mA/cm2)  

Voc  

(V)  

FF 

(%)  

ɳ 

(%)  

PS  9.2  0.4  0.870  0.007  63.0  2.0  5.0  0.3  

PS-DCL97  13.7  0.6  0.891  0.014  72.2  1.2  8.9  0.5  
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S3. Photoluminescence at different excitation power for waveguide light amplifying 

devices. 

 

Figure S3. Photoluminescence obtained with side excitation,[9] see inset Figure 2e, of (a) 

reference PS; (b) PS-HATNAand (c) PS-DCL97 additive deposited on glass and with a 

PMMA capping, see inset Figure 2e. Sample PL has been recorded with different excitation 

powers. 

 

S4. Time Resolved Photoluminescence for waveguide light amplifying devices. 

 Time Resolved Photoluminescence (TRPL) measurements were fitted with the 

following equation in order to extract the recombination times involved in the system: 

𝐼 = 𝐴 · (𝑒
−

𝑡

𝜏1 − 𝑒
−

𝑡

𝜏𝑟𝑖𝑠𝑒) + 𝐵 · 𝑒
−

𝑡

𝜏2 + 𝐶 · 𝑒
−

𝑡

𝜏3   (1) 

 

Here τrise was fixed to 10 ps and τ1, τ2τ3, A, B, C are fitting parameters.  

 TRPL for PS reference sample, see Figure S4a, can be fitted with two exponential 

decays. The long one is about 5 ns, and the shorts starts from 0.4-0.5 ns to 0.02-0.1 ns 

(response of the system). For high powers, it becomes necessary to include a third exponential 

decay with a small width to improve the fitting a bit. Curve presented the same spectra 

(response of the system reached) for pump fluencies higher than 0.72 nJ. When additives are 

added to the PS film, Figure S4b and S4c, it becomes necessary to include a third exponential 

decay, even for low excitation fluencies. Indeed, recombination times do not change (τ1=20-

100ps, τ2=400-500 ps,τ3=5ns) with the excitation, but only the weights (A,B,C). The higher 

the excitation fluency, the weight A (shorter time) becomes more and more important. Curves 
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presented the same spectra (response of the system reached) for pump fluencies higher than 

0.1 nJ and 0.5 nJ for HATNA and DCL97, respectively. 

 

 

Figure S4. Time Resolved Photoluminescence (TRPL) for waveguide light amplifying 

devices with an active layer of (a) reference PS; (b) PS-HATNAand (c) PS-DCL97 additive, 

deposited on glass and with a PMMA capping, see inset Figure 2e. TRPL has been recorded 

with different excitation powers. Shadow area represents the response of the system. 

 

S5. Equivalent circuit using for fitting the impedance results. 

 

Figure S5. Equivalent circuit for PSCs.[24] Rseries is the series resistance of substrate and 

wiring, Cbulk is the geometrical capacitance of the sample. R2 and C2 are resistance and 

capacitance related with the contact/perovskite interface, C1 has been related with an 

accumulation capacitance[26] while R1 is related with the recombination resistance (inversely 

related with the recombination rate).[23] 
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S6. X-Ray Diffraction (XRD). 

 

Figure S6. (a) Normalized intensity of XRD spectra, black lines correspond to powder pattern 

of MAPbI3. (b) Zoom of the peak for diffractions corresponding to (110) and (002) planes. (c) 

Zoom of the peak for diffractions corresponding to (220) and (004) planes.   

 

S7. Scanning Electron Microscopy (SEM). 

SEM analysis permits to highlight differences between the two additives. While HATNA 

solved in diethyl ether produces a layer on top of the perovskite film see Fig. S7l and m, this 

is not the case of DCL97 solved in chlorobenzene, where no capping layer on top of 

perovskite was observed, see Fig. S7 c and d. The HATNA layer is removed during the 

deposition of spiro-OMeTAD solved in chlorobenzene as HATNA is soluble in this solvent, 

see Fig. S7p and q. Moreover, addition of DCL97 produces a change of the surface roughness, 

as it can be clearly appreciated from the comparison between Fig. S7e and Fig. S7f which are 

the top views of PS layer without and with DCL97 additive, respectively, using 

chlorobenzene as anti-solvent. This observation points to a change in the interfacial properties 

of layer with additives that could have a beneficial effect in the performance of the 

optoelectronic devices. While in perovskite layer without DCL97 additive the grains of 

perovskite are clearly recognized, see Fig. S7e, when DCL97 is added during the anti-solvent 

step the surface morphology changes making difficult to observe the grains, see Fig. S7f. 

However from cross section, see Fig. S7a and c, it can be observed that no significant change 

in the grain size is produced when DCL97 is added. 
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 In the case of HATNA, added using diethyl ether as anti-solvent, a clear different 

behavior is observed with the formation of a HATNA capping layer on top of the perovskite 

layer, see Fig. S7l and S7m, and top view Fig. S7h. Nevertheless, as in the case of DCL97, no 

significant change in grain size has been detected, compare Fig. S7i and S7l. It is important to 

highlight that HATNA capping is removed when spiro-OMeTAD is deposited as HATNA is 

soluble in chlorobenzene where spiro-OMeTAD is solved, resulting in a similar thickness for 

organic capping layers observed in full devices without and with HATNA additives 

corresponding to the spiro-OMeTAD film, see Fig. S7o and S7q. 

 Finally, note that reference samples present larger grain size when diethyl ether is used 

as anti-solvent instead of chlorobenzene, compare Fig. S7g and S7e, producing a lower 

performance for samples fabricated with chlorobenzene, compare Fig. 2a and Table S3.  

 

Figure S7. SEM micrographs obtained with secondary electrons (SE) and with backscattered 

electrons (BE). BE are highly sensitive to the composition, showing with a clear color the 
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areas containing heavy atoms as Pb, while organic compounds present a darker contrast. PS 

film prepared with chlorobenzene anti-solvent (a) cross section (SE), (b) cross section (BE) 

and (e) top view. PS+DCL97 film prepared with chlorobenzene anti-solvent (c) cross section 

(SE), (d) cross section (BE) and (f) top view. PS film prepared with diethyl ether anti-solvent 

(i) cross section (SE), (k) cross section (BE) and (g) top view. PS+HATNA film prepared 

with diethyl ether anti-solvent (l) cross section (SE), (m) cross section (BE) and (h) top view. 

Complete device with glass/FTO/compact TiO2/mesoporous (ms) TiO2 /PS/spiro-

OMeTAD/Au configuration prepared with diethyl ether anti-solvent (n) cross section (SE), 

(o) cross section (BE). Complete device with glass/FTO/compact TiO2/mesoporous (ms) TiO2 

/PS-HATNA/spiro-OMeTAD/Au configuration prepared with diethyl ether anti-solvent (p) 

cross section (SE), (q) cross section (BE).   

 

S8. Open Circuit Voltage Decay. 

 

Figure S8. Voc decay measured at 0.09 sun. 
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S9. Photoluminescence mapping of perovskite film with additives. 

 

Figure S9. PL spectra for λexc=533 nm excitation wavelength of (a) PS-HATNA and (b) PS-

DCL97. This λexc can just excite PS in the case of PS-HATNA and just the PS PL queue is 

observed at 700-750 detection wavelengths, λdec. The detected wavelengths have not been 

extended to longer wavelengths in order to avoid the saturation of the detector. In the case of 

PS-DCL97 both PS and DCL97 are excited with λexc=533 nm, and in addition to the PS PL 

queue a shoulder in the perovskite spectra at λdec =600-700 nm can be observed in (b). 

Consequently in order to discriminate the PL produced by PS or by DCL97 PL maps are 

recorded for different λdec. Figure 3f shows the integrated PL for λdec =700-750 nm that takes 

only into account the PL from the PS, see (b).In order to obtain the PL coming from DCL97, 

the PS contribution, obtained from the linear fitting of the PS PL queue (dashed line in b), is 

subtracted to the PL spectra in (b) obtaining the bare contribution of DCL97 plotted in (c). 

Figure 3d shows the integrated PL for λdec =600-650 nm, after removing the PS contribution, 

that takes only into account the PL from the DCL97. 
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S10. Photoluminescence mapping of PS-DCL97 sample at an alternative position than 

the reported in Figure 3. 

 

Figure S10. Photoluminescene intensity map of a sample of perovskite with DCL97 additive, 

excitation wavelength, λexc, and the range of detected wavelengths, λdet, are indicated in each 

map with green-red color and with black color respectively. a) PL from DCL97, where PL 

from perovskite has been subtracted, see Figure S9, for further details. b) andc) PL from 

perovskite, see Figure S9, for further details, for two different λexc. Vertical and horizontal 

scales for the maps are in μm. 

 

S11. Solar cell stability during impedance measurement. 
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Figure S11. J-V curve at 0.09 sun of devices based on PS and PS-HATNA absorbers before 

(solid line) and after Impedance measurement (dash line). 
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