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Abstract: Simultaneously achieving the long-term device stability and 
reproducibility has proven challenging in perovskite solar cells because 
solution-processing produced perovskite film with grain boundary is 
sensitive to moisture. Herein, we develop a hexamethylenetetramine 
(HMTA)-mediated one-step solution-processing deposition strategy that 
leads to the formation of high-purity and grain-boundary-passivation 
CH3NH3PbI3 film and thereby advances cell optoelectronic performance. 
Through morphological and structural characterizations and theoretical 
calculations, we demonstrate that HMTA fully occupies the moisture-
exposed surface to build a bridge across grain boundary and coordinates 
with Pb ions to inhibit the formation of detrimental PbI2. Such HMTA-
CH3NH3PbI3 films achieve a decent augmentation of power conversion 
efficiency (PCE) from 12.70% to 17.87%. A full coverage of PbI2-free 
CH3NH3PbI3 surface on ZnO also boosts the device's stability and 
reproducibility. 
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Introduction 

Hybrid organic-inorganic perovskite materials, such as methylammonium lead triiodide 

CH3NH3PbI3, are emerging as new generation promising solar cell absorbers owing to their 

superior physical properties, such as excellent optical absorption capability, low binding 

energy of photoexcited electron-hole pairs, balanced charge transport behaviour together with 

extremely long diffusion length [1-5]. Perovskite layer forms between the n-type oxide (i.e. 

TiO2, ZnO, SnO2) and hole transport layer, followed by assembling into a photovoltaic device 

with mesostructure or planar heterojunction structure [6-10]. A respectable power conversion 

efficiency (PCE) exceeding 20% for planar solar cell has been achieved [11,12]. Control on 

the perovskite architecture including crystal grain size, grain boundary and crystallinity is 

critically vital in the fabrication of high-performance perovskite solar cells (PSCs) [5, 13-15]. 

The commonly used solution-processing perovskite thin film is often characteristic of large 

CH3NH3PbI3 grains with numerous ionic defects (e.g. halide or CH3NH3I) and grain 

boundaries [16,17]. Indeed, the grain boundaries between neighbouring CH3NH3PbI3 grains 

are unstable and highly sensitive to moisture, thus accelerating the perovskite degradation 

under ambient conditions and consequent re-formation of PbI2 attributing to the loss of 

CH3NH3I [18]. Additionally, the charge recombination at grain boundaries is recorded to be 

faster than that on grains [19]. Therefore, the existence of grain boundary within the 

perovskite layer would inevitably cause charge recombination and consequently the 

degradation of cell performance. A successful example on controlling grain boundary of large 

perovskite grain-based film has been reported by crosslinking individual perovskite grains 

with the aid of butylphosphonic acid 4-ammonium chloride, leading to an improved stability 

of the mesoporous architecture pervoskite device [18]. From this, it can be deduced that the 

introduction of such molecularly engineered crosslinking agents might offer a new route for 

fabricating grain-boundary-modified perovskite films for high-performance planar PSC. 
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grain boundary. Owing to these beneficial advantages of HMTA, a decent augmentation of 

PCE from 12.70% to 17.87% is achieved. Simultaneously, the reproducibility and stability of 

the cell are also improved in the grain-boundary-passivation, 1D-like architecture. 

 

Results and Discussion 

Perovskite films were deposited on a ZnO nanocrystal-based substrates using spin-coating a 

DMF solution of PbI2, CH3NH3I and a small portion of HMTA via chlorobenzene-induced 

fast deposition crystallization (FDC) method [30].  The schematic illustration of the HMTA-

assisted FDC and conventional FDC processes for fabricating perovskite film (denoted as 

HMTA-perovskite and pristine perovskite, respectively) are displayed in Fig. S2 and Methods 

in the Supporting Information. The only difference between these two FDC processes lies in 

whether the perovskite precursor composition contains HMTA or not.  For revealing the 

effect of adding HMTA on the perovskite crystallization and morphology together with 

photovoltaic performance, various amounts of HMT additive (1.0 mg/mL, 1.5 mg/mL and 2.0 

mg/mL) were introduced into perovskite precursor. X-ray diffraction (XRD) patterns of 

CH3NH3PbI3/ZnO film with or without HMTA were characterized to further investigate the 

effect of HMTA on the nature of perovskite, as shown in Fig. 2 and Fig. S3. The diffraction 

peaks at 14.20o, 28.60o, 32.02o, and 43.27o are well assigned to (110), (220), (310) and (330) 

lattice planes of a tetragonal perovskite structure, in accordance with the CH3NH3PbI3 

reported previously [18,30]. Furthermore, for pristine perovskite film, a diffraction peak at 

12.71° is clearly observed, which is ascribed to the (001) diffraction of crystallized PbI2. The 

existence of PbI2 is reported to be resulting from the humidity-induced partial decomposition 

of CH3NH3PbI3 during the XRD measurement [31]. The excessive amount of PbI2 in 

CH3NH3PbI3 perovskite is harmful to the cell photovoltaic performance owing to its electrical 

insulating property. Additionally, the variable ratio between PbI2 and CH3NH3I from batch to 
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aligned orientation of the perovskite grains (see Fig. 3b and Fig. S4b). Such a morphology 

evolution of the perovskite film is speculated attributable to the mediated perovskite 

crystallization process, in which anhydrous HMT fully covers the CH3NH3PbI3 surface to 

build a bridge across grain boundary and hence form an inter-contacting morphology in the 

perovskite capping layer. Seen from Fourier transform infrared spectroscopy (FTIR) spectra 

of HMTA-perovskite (Fig. S5), a new adsorption band at 403 cm-1 associated with the Pb-N 

stretching [32] together with two adsorption bands at 670 cm-1 and 1020 cm-1 associated with 

the stretching vibrations of the C-N groups in HMTA appear, and simultaneously a band 

around 570 cm-1 corresponding to the Pb-I stretching disappears in the HMTA-perovskite, 

suggesting that HMTA is successfully involved in the perovskite crystallization. XPS core 

level peaks of Pb 4f and N1s of the perovskite and HMTA-perovskite are also given in Fig. 

3c&d. Both Pb4f and N1s core signals of HMTA-perovskite shift slightly towards the higher 

BE (0.2 eV), indicating the coordination of nitrogen atom of the HMTA molecules with Pb 

ions on the perovskite surface HMTA-perovskite. In order to improve the adhesion between 

ZnO layer and CH3NH3PbI3, HMTA is also introduced to modify the ZnO substrate via 

simply adding HMTA into ZnO precursor solution. Ultraviolet photo-electron spectroscopy 

(UPS) shows that the work function of ZnO is appreciably lowered from 3.84 to 3.43 eV with 

addition of HMTA, which is more compatible with the CH3NH3PbI3 CBM (-3.75 eV) (see Fig. 

3e). The lowered work function caused by HMTA improves the energy level alignment and 

electronic coupling between the ZnO and perovskite and hence increases the carrier extraction 

and charge generation. Moreover, the lowered ZnO work function offers a larger built-in 

potential for facile charge transport, thereby leading to an increase in Voc of PSC.  
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decreases during the period of 24~720 h, with retention of 53% of its highest value within 720 

h. By contrast, the Jsc, and ff values for the pristine PSC suffer a substantial decrease during 

the aging period, leading to a normalized PCE decay to 12% of its highest value within 720 h. 

Moreover, to ensure the accuracy of our measurement, the photovoltaic performance stability 

of a batch of 30 unencapsulated HMTA-perovskite/HMTA-ZnO and pristine perovskite 

devices are measured, and the corresponding statistical results are also shown in Fig 5c&d. 

Error bars represent the standard deviation of the measured PCE for the HMTA-

perovskite/HMTA-ZnO and pristine perovskite PSCs (30 devices). Statistical results from 

thirty individual HMTA-perovskite/HMTA-ZnO and pristine perovskite devices show a 

reliable fabrication of the HMTA-perovskite based planar PSC device with better electrical 

stability. A tiny change in the XRD patterns and a smaller reduce in photovoltaic performance 

within the aging period demonstrate that the morphology evolution and interface modification 

of the perovskite film by HMTA prevent H2O from accessing perovskite, and therefore block 

the CH3NH3I extraction and inhibit the formation of PbI2. The improved moisture resistance 

of the HMTA-mediated grown film growth is likely to originate from the shielding effect of 

the final compact and grain-boundary-passivation perovskite films that protects the inner 

perovskite grains from moisture and thus attenuates the degradation process. The improved 

average efficiency, reproducibility and stability verify the influence of HMTA additive on the 

composition of the perovskite layer and the interface optimization of the cell device. The 

comprehensive comparison of perovskite structure and photovoltaic performance between 

HMTA-perovskite and other reported similar materials modified PSCs is shown in Table S4 

[18, 37, 38]. It is evident that the PCE of the HMTA-perovskite based planar PSC is superior 

to those of any other modifiers to date, owing to the dual-functional HMTA to synchronously 

mediate perovskite crystallization and modify the interface between ZnO and perovskite. 

More importantly, HMTA-perovskite precursor enables a simple one-step spin-coating 

deposition of a uniform and fully covered PbI2-free perovskite layer. It is worth pointing out 
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We perform DFT calculations on the adsorption of the HMTA molecules at two 

stoichiometric tetragonal CH3NH3PbI3 surfaces, namely the (110) and (100) surfaces (Fig. S8), 

in order to understand the molecular mechanism for improved PSC performance. It can be 

found that HMTA can occupy at the penta-coordinated Pb site with favorable adsorption 

energies on both CH3NH3PbI3 surfaces (Table S5), forming a compactly packed layer (Fig. 6). 

This is in accordance with the boundary-free PSC grain observed in our SEM experiments. 

Moreover, the strong Pb-HMTA coordination and the compactly packed perovskite block the 

formation of PbI2, thus preventing the possible degradation of PSCs. Interestingly, the 

surficial Pb-I bond is partially distorted with single HMTA adsorbed at the (100) surface but 

is restored in the fully covered surface (Fig. S9), which accounts for the much higher 

adsorption energy and stability of the surface with high coverage. The adsorption of HMTA at 

the surficial CH3NH3
+ (MA+) vacancies (Fig. S10) was also investigated. We find that the 

strong Pb-N bond observed in the adsorption of HMTA at the Pb site is replaced by the weak 

hydrogen bond interaction formed between the tetramine H and I atoms, demonstrating 

HMTA may adsorb at both the Pb and MA+ sites. On the other hand, when the HMTA 

molecules fully occupy the active site of the Pb cations, the modified surfaces may sterically 

hinder H2O molecules from accessing the Pb ions and adsorbing on the surfaces. Competitive 

adsorption of H2O on the surface was considered in order to determine predominant 

adsorption under ambient conditions. We find that the adsorption energies of H2O molecules 

at the Pb sites are lower than those of the HMTA additive (Table S5, Fig. S11). In particular, 

the adsorption of H2O with high coverage at the surficial MA+ vacancies is much 

unfavourable than HMTA, indicating the surface is inclined to be covered by the HMTA 

additive rather than by H2O. This is in accordance with our XRD observations that the 

HMTA-perovskites exhibit moisture stability under ambient conditions. In view of the 

features of the perovskite surfaces adsorbed with HMTA in the aspects of morphology, 

stability and moisture-resistance, the HMTA additives may function as an efficient nucleation 
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upon introducing the HMTA additive in the perovskite crystal growth may arise from the 

increasing surface-to-volume ratio of the 1D-like perovskite [44]. 

The trap states within the perovskite surface have been proved to be related to the 

crystallinity and grain size as well as grain boundary of perovskite film [45]. Fig. 7 shows the 

steady-state photoluminescence (SS-PL) spectra of pristine perovskite/ZnO, HMTA- 

perovskite/ZnO, and HMTA-perovskite/HMTA-ZnO films, which are excited at 460 nm, and 

detected at the band edge of CH3NH3PbI3 perovskite film (i.e. 775 nm). In comparison with 

the pristine perovskite/ZnO film, the PL intensity of the HMTA-perovskite/ZnO is 

significantly increased, which may result from the reduction of trap state mediated PL 

behaviour [4]. Thus, it can be deduced that the HMTA additive as nucleation-assisted agent is 

able to remarkably reduce the number of trap states owing to orienting the perovskite grains to 

form successive 1D-like morphology [4,12,13]. As for HMTA-perovskite/HMTA-ZnO film, 

the intensity is further enhanced because of the reduction of pin holes within the perovskite 

surface and improvement of morphology. The enhanced PL intensity of the HMTA-

perovskite/ZnO or HMTA-perovskite/HMTA-ZnO film manifests the reduction of trap state 

defects within the perovskite at the interface, which inhibits charge recombination and hence 

increases exciton diffusion length, resulting in the highly efficient cell. Additionally, from Fig. 

7, we can also observe that emission maxima locates at around 767 nm for pristine perovskite-

ZnO film, and it centres at around 762 nm for both HMTA-perovskite/ZnO and HMTA-

perovskite/HMTA-ZnO films, corresponding to an approximate 5 nm stokes shift with respect 

to the pristine perovskite film. Such a slight blue shift in PL spectra, which is likely 

originating from more localized excitons in 1D-like architecture, was also reported in 

nanowire perovskite film [39]. This observed phenomenon concerning emission peak shift is 

in consistence with the UV-vis spectra shown in Fig. S12. Thus, the HMTA-mediated 

solution processing for deposition of perovskite on ZnO substrate, together with HMTA 

interface engineering for facilitating the strong electronic coupling between perovskite and 
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HMTA/ZnO effectively suppress the formation of defects or trap states within perovskite 

crystallization and then inhibit the charge recombination, and consequently leading to a high 

optoelectronic conversion performance. 

 

Fig. 7. SS-PL spectra of pristine perovskite, HMTA-perovskite, and HMTA-

perovskite/HMTA-ZnO films on ZnO/ITO substrates, respectively. 

 

Conclusions 

To summarize, a facile one-step HMTA-mediated solution deposition method has been 

developed for reproducible fabrication of a high-quality 1D-like CH3NH3PbI3 thin films, in 

which HMTA allows controlling over the CH3NH3PbI3 crystallization by aligning perovskite 

grains and coordinating with PbI2. XRD, SEM, FTIR and DFT calculation results demonstrate 

a high-purity of CH3NH3PbI3 thin film with no PbI2 impurity through HMTA being 

coordinated with Pb ions and fully occupying the CH3NH3PbI3 surface to build a bridge across 

grain boundary and coordinating with Pb ions. The HMTA-assisted growth of perovskite film 

yields an appreciable enhancement in both photovoltaic performance, reproducibility together 

with stability in comparison with the pristine perovskite, leading to a PCE of 17.87%. The 
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simple, HMTA-mediated and low temperature solution method can be applied to construction 

of other perovskite-based hybrid optoelectronic devices. 
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