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ABSTRACT 

It is an ultimate goal of energy-efficient fabrication that photovoltaic devices only need low 

energy consumption processes covering both synthesis of material and fabrication of device. 

Regarding to charge transport layer, it is worthwhile to synthesize nanomaterials and deposit 

films all at room temperature while still have good electrical properties. Meanwhile, there are 

very limited studies on room temperature solution approaches for modification on nanocrystal 

colloidal for facilely forming high quality film with tunable electrical properties. In this work, we 

propose and demonstrate a new nanocomposites of maghemite and iron hydroxide through a low 

energy consumption approach which is all room-temperature solution processes from the 

synthesis of the nanocomposites to the formation of high quality hole transport layer (HTL). 

Strategically adjustment of acidity for the conversion of prepared precipitation is demonstrated to 

achieve a component controllable maghemite and iron hydroxide nanocomposites which 

contributes to in-situ tunable work function of the nanocomposites HTL from 4.70 eV to 5.16 

eV. Simultaneously, since the nanocomposites synthesized from this approach have the features 

of ultra-small size of 6-10 nm and surfactant-free, high quality and efficient HTL films can be 

formed at room temperature. For organic solar cells using nanocomposite as HTL, the power 

conversion efficiency can be significantly improved by as much as 80% as compared with the 

optimized devices without HTL. Besides, both the efficiency and stability of the nanocomposite 

based organic solar cells are better than that of devices using poly(3,4-

ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS). Consequently, the work 

contributes to the fabrication of simple, low-cost, and stable optoelectronics promoting green 

photovoltaics and flexible electronics. 
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GRAPHICAL ABSTRACT 

Energy-Efficient Fabrication from Synthesis to Film Formation is demonstrated on preparing 

maghemite/iron hydroxide nanocomposite as efficient hole transport layer. Since the 

nanocomposite is surfactant-free and ultra-small nanocrystal, high quality film with tunable work 

function can be formed for fabrication higher performance organic solar cells  

 

 

 

 

 

KEYWORDS: maghemite and iron hydroxide, nanocomposite, tunable work function, hole 
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INTRODUCTION 

To realize large scale application of photovoltaic devices, besides efficiency, the cost and 

stability are also critical topics. To achieve cost effective organic solar cells (OSCs), different 

strategies have been investigated in developing potential lower cost materials such as transparent 

electrode of metal [1-5] and graphene [6], non-fullerene acceptor [7-9]. Regarding carrier 

(electron and hole) transport layers, in the early stage, high energy consumption techniques (e.g. 

thermal evaporation under high vacuum, pulsed-laser deposition, radio frequency magnetron 

sputtering) are generally used to demonstrate a metal oxide, such as V2Ox, MoOx, NiOx and 

CrOx, as efficient hole transport layer (HTL) [10-12]. Meanwhile, solution process techniques 

have also been intensively studied on HTL [13-18]. Among them, precursor approach generally 

performs under ambient condition but typically needed post-treatment such as thermal annealing 

and ultraviolet-ozone [16-19]. In addition, the HTL prepared from oxide nanocrystal colloidal is 

typically energy-consumption either the synthesis processes of the nanomaterials or post-

treatments of films [14, 15, 20]. However, the ultimate goal of energy-efficient or cost-effective 

fabrication for photovoltaic devices is low energy consumption covering both synthesis of 

material and film formation. Moreover, extra treatments and processes (which needed additional 

power consumption) are typically used to make the film with good electrical properties for 

functioning as effective HTL [21-24]. Consequently, it is desirable to achieve all room 

temperature solution process from synthesis of nanomaterials to film formation for HTL which 

can simultaneously offer decent electrical properties.  

OSCs based on varied photoactive layer which typically consists of different donor and 

acceptor materials require tunable electrical properties of HTL. Choy and coworker 

demonstrated a simple cesium intercalation method to tune the work function of metal oxide for 
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efficient HTL [25]. Cheng J. et al. also utilized a composite scheme to develop efficient 

nanocomposite HTL with tunable work function via controlling the dopant concentration in the 

nanocrystal colloidal solution[20]. Besides, Wang, Y., et al. reported a mixed solution of 

poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS) and graphene oxide to 

minimize the energy loss at the interface via tuning work function [26] and Lee and coworkers 

used perfluorinated ionomer to tailor the energy level for band alignment to reduces interface 

energy offset and charge recombination thus achieving high performances [27]. Modification on 

the nanocrystal colloidal rather than post-treatment, is a promising approach to simply deposit 

HTL with desirable electrical properties in low cost and large scale. Hence, to favor OSCs 

fabrication in large scale and cater different application occasion, it is very deserved to 

investigate other different techniques for modification on nanocrystal colloidal for facilely 

depositing efficient HTL.  

In this work, we demonstrate a new nanocomposites of maghemite and iron hydroxide by a 

low energy consumption method, i.e., all room-temperature solution process from the synthesis 

of maghemite and iron hydroxide nanocomposites to the formation of efficient HTL. To be more 

specific, by using room temperature chemical precipitation method and controlling the pH 

condition for conversion, a component controllable maghemite and iron hydroxide 

nanocomposite colloidal is prepared. Simultaneously, the ratio between maghemite and iron 

hydroxide in the deposited nanocomposite films can be adjusted for realizing in-situ work 

function tuning by around 0.46 eV. Additionally, the produced nanocomposites are ultra-small 

nanoparticles and surfactant free that favoring the formation of high quality HTL film. To 

demonstrate the effectiveness as HTL material for high efficient OSC, three representative bulk 

heterojunction active layers have been investigated, namely the blends of poly(3-hexylthiophene-
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2,5-diyl) (P3HT) with [6,6]-Phenyl-C61-butyric acid methyl ester (PC61BM), and poly[4,8-bis(5-

(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) with [6,6]-Phenyl-C71-

butyric acid methyl ester (PC71BM) and the non- fullerene material system of poly[(2,6-(4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-

5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))] (PBDB-T) with small 

molecular compound 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-

tetrakis(4-hexylphenyl)-dithieno [2,3- d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’] dithiophene) (ITIC). 

The power conversion efficiency (PCE) of P3HT:PC61BM and PTB7-Th:PC71BM devices are 

remarkably enhanced with the introduction of nanocomposite comparing with the optimized 

devices without HTL. In addition, the nanocomposite based devices show better stability in 

comparison with device fabricated from PEDOT:PSS. Consequently, this new all room 

temperature processed maghemite and iron hydroxide nanocomposites based HTL contributes to 

low-cost and high performance OSCs for photovoltaic applications. 

1. EXPERIMENTAL SECTION 

2.1 Chemicals.  

FeCl3, FeCl2, Methanol and 28-30 % Ammonium hydroxide solution in water were 

purchased from Aladdin. PEDOT:PSS (Baytron Al4083) was purchased from H.C. Starck 

GmbH, Germany. P3HT, [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), PTB7-Th, [6,6]- 

phenyl-C71-butyric acid methyl ester (PC71BM), PBDB-T and ITIC were purchased from 

Solarmer Co., Ltd. 1,8-diiodooctane (DIO, > 95.0%) DIO was purchased from Tokyo Chemical 

Industry Co., Ltd. (TCI). 1,2-Dichlorobenzene (DCB) and Chlorobenzene (CB) in extra dry 

grade were purchased from Acros. All chemicals were used as received. 
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2.2 Preparation of maghemite and iron hydroxide nanocomposites.  

A typical chemical precipitation method was used and accompanied with phase conversion 

under acid condition to prepare iron oxide/hydroxide nanocomposites. Typically, an iron salt 

with Fe
3+

/Fe
2+

 aqueous solution was prepared by dissolving 1.3g FeCl3 and 0.5g FeCl2 into 95 

mL deionized (DI) water with continually stirring. Around 5 mL 28-30 % Ammonium hydroxide 

solution was added into the prepared Fe
3+

/Fe
2+

 aqueous solution under vigorous stirring, black 

precipitate producing instantly. The black product were separated by a magnetic field when it 

was stirred another 10 minutes after adding ammonium hydroxide. Then, the black precipitate 

was washed three time by DI water and finally dispersed in DI water with adjusted pH value 

under around 30 minutes ultrasonic treatment. The well dispersed colloidal was further stirred 

overnight in ambient condition, which results in a maghemite and iron hydroxide nanocomposite 

colloidal solution with a color of burgundy. The concentration was determined by weighting the 

powder obtained by drying certain amount corresponding solution. 

2.3 Nanocomposite Characterization. 

Transmission electron microscope (TEM) was performed using a Philips Tecnai G2 20 s-

TWIN. For the sample preparation, a small amount nanocomposite solution was dropped onto a 

carbon coated copper grid and evaporated. The grazing incidence X-ray diffraction (GIXRD) 

pattern of the nanocomposite film was recorded using a Rigaku SmartLab 9kW diffractometer 

with a copper rotating anode (Ka1 1.54059 Å) rated at 200 mA/ 45 kV. X-ray photoelectron 

spectroscopy (XPS) of nanocomposite films on ITO was measured in the ultrahigh vacuum 

environment using Physical Electronics PHI 5802 with a monochromatic Al Kα X-ray source.  

2.4 Device fabrication.  
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ITO-coated glass substrates with sheet resistant of ~15 /sq were cleaned by a typical 

procedure in ultrasonic bath with DI water, acetone, and ethanol for each of 10 minutes and dried 

with nitrogen gas. For PEDOT:PSS device, it was spin-coated on the clean and 15 min 

ultraviolet-ozone (UVO) treated ITO substrates with thickness around 40 nm and then annealed 

at 150 °C for 10 min. The maghemite and iron hydroxide nanocomposite based HTL were 

prepared by spin-coating nanocomposite colloidal solution with certain concentration onto the 

cleaned ITO at 2000 rpm for 40s at room temperature while the same amount of DI water was 

span on substrate for the devices without HTL. The P3HT:PC61BM layer with a thickness around 

220 nm (20:20 mg/mL in DCB) was spin-coated on HTL at 670 rpm for 42s followed by solvent 

annealing for one hour and thermal annealing at 130 °C for 10 minutes. The active layer (around 

100 nm) of low bandgap polymer was prepared from PTB7-Th:PC71BM solution (10:15 mg/mL 

in CB, with addition of 3 vol% DIO) by spin-coating at 1600 rpm at room temperature. Methanol 

washing method was performed to remove the high-boiling-point DIO as reported [28-30]. For 

non-fullerene OSCs, the procedures is referred to the reference [8]. Typically, 20 mg PBDB-

T:ITIC (1:1 weight ratio) was dissolved in 1 mL CB:DIO (99.5:0.5 volume ration) solution. A 

thickness of 100 nm film was deposited by spin-coating with 120 °C thermal treatment for 20 

minutes. Devices fabrication were completed by thermal evaporating around 40 nm calcium and 

a 100 nm aluminum cathode with area of 0.06 cm
2
 defined by a shadow mask.  

2.5 Device characterization. 

J-V characteristics were measured using a Keithley 2635 sourcemeter and ABET AM1.5G 

solar simulator which was calibrated with a standard silicon solar cell. The IPCE measurement of 

OSCs was taken by a home-built IPCE measurement system with a Newport xenon lamp, a 

monochromator, a preamplifier, and a lock-in amplifier. 
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2. RESULTS AND DISCUSSION 

3.1 Synthesis and properties of maghemite and iron hydroxide nanocomposites 

To obtain maghemite and iron hydroxide nanocomposite in energy-efficient manner, the 

chemical precipitation method from previous references [31, 32] was modified to obtain black 

magnetic product. We use the pH method to adjust the condition for the conversion of black 

resultant to nanocomposite at room temperature, since the Fe
2+

 and Fe
3+

 cation on octahedral and 

tetrahedral site can be control via tuning ratio of H
+
/OH

-
[33]. This method produced ultra-small 

nanoparticles without the assistance of surfactant. Notably, high temperature annealing is 

generally needed to remove surfactant. Differently, since surfactant-free ultra-small 

nanocomposite is achieved in our method and the particle size is small (6-10 nm as described 

later), we can achieve room-temperature processed high quality film (as shown in supporting 

information, Figure S1). In addition, work function of thin film deposited from the prepared 

nanocomposites can be easily controlled by adjusting the conversion pH value during the 

synthesis process which will favor the band alignment and thus uses in various OSCs with 

different donor HOMO. 

Grazing incidence X-ray diffraction (GIXRD) was performed to characterize the 

nanocrystalline dimension and material phases of the nanoparticles obtained under conversion 

pH=2. Typically, the pattern of sample from pH=2 as shown in Figure 1a, consists of five main 

diffraction peaks locating at 2ɵ around 30.2°, 35.5°, 43.2°, 57.2° and 62.9° respectively, 

indicating that the obtained oxide is well crystallized. These diffraction peaks can match well 

with three possible material phases, namely maghemite (-Fe2O3), magnetite (Fe3O4) and iron 

hydroxide (Fe(OH)3). Since these phases have similar main peaks location, it is difficult to 

exactly determine what the components are only from XRD pattern. However, three phases can 
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be identified from the results, suggesting that the prepared oxide can be a composite of these 

possible phases. Besides, from Debye–Scherrer equation[14]: D = 0.89cos, diameter (D) 

of the oxide nanocrystals is estimated to have average of 7.5 nm from three strongest peaks. 

Meanwhile, as shown in Figure 1b, the transmission electron microscopy (TEM) and the 

selected area electron diffraction (SAED) results show that the oxide nanocomposites have good 

uniformity and crystallization with the size about 6-10 nm, which are consistent with the 

calculated results from XRD.  

In order to identify the chemical components of the nanocomposites with the measured 

phases, X-ray photoelectron spectroscopy (XPS) measurement was conducted with samples on 

the ITO glass. Figure S2a shows the full spectra from 0 to 1400 eV of sample prepared from 

pH=2. Apart from the characteristic peaks from oxide sample, there are some peaks detected 

from ITO glass, such as indium and tin. The narrow scanned Fe 2p and O1s characteristic peaks 

in Figure 2 were calibrated by the standard C 1s peak value of 284.8 eV. Both spectra of Fe 2p 

doublet composed of two main peaks are observed. These peaks at 724.4 eV and 710.8 eV with a 

spin-orbital coupling separation of 13.6eV are identified as the signal from the Fe-O bond with 

Fe 2p1/2 and Fe 2p3/2 respectively [34, 35]. These are the characteristic binding energies of Fe
3+

, 

while peaks of Fe
2+

 are not observed[36, 37]. Moreover, two satellite peaks at around 719 eV 

and 731 eV (see Figure 2a) manifests that iron in the sample is at high oxidation state (Fe
3+

) 

rather than low oxidation state (Fe
2+

). Figure 2b corresponds to XPS spectra of O 1s, which can 

be deconvolved into two peaks at around 530.1 eV and 531.6 eV coinciding with the species of 

O
2-

 and OH
-
 [38, 39]. The detected signal of OH

-
 indicates the existence of iron hydroxide that 

may come from the precipitation reaction of the iron salt and ammonium hydroxide.  

Consequently, from the XRD and XPS analysis results, it can be inferred that the prepared 
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sample mainly consists of maghemite and iron hydroxide, while the magnetite with low 

oxidation state iron can be excluded from the XRD results. The ratio between these two 

component (O
2-

 and OH
-
) was calculated by the integral area of O 1s spectrum to be 2.15. The 

spectrum of samples obtained by other pH conditions are given in Supporting Information 

(Figure S2b) and the ratio are calculated to be 2.45, 1.90 and 1.68 for pH=1, 3 and 4 

respectively.  

As measured from XPS, the ratio between maghemite and iron hydroxide varies with the 

conversion pH values. The contained hydroxide in nanocomposite would cause variation of work 

function, which have been studied in NiOx [40]. Different work function of the thin films 

prepared by spin-coating the nanocomposite colloidal onto ITO glass are obtained by Kalvin 

Probe measurement as listed in the Table 1. When the pH value reduces from 4 to 2, the amount 

of hydroxide was gradually reduced. As we know, the maghemite have a spinal structure with 

Fe
3+

 ion in tetrahedral and octahedral sites while there are cation vacancies in octahedral sites to 

keep charge neutrality [41]. When the acidity increase, more maghemite tends to produce [33, 

42]. Consequently, in the maghemite and iron hydroxide nanocomposite, when the pH value 

decreases from 4 to 1, the ratio of maghemite in the nanocomposite will gradually increase which 

will induce the increase of cation vacancy density. As reported, the increase of cation vacancy 

density in the oxide effectively make the materials more p-type [43], which agrees well with our 

experimental results that work function increases from 4.70 eV to 5.16 eV. However, when pH 

value is adjusted to 1, the work function does not increase further, which might be the 

detrimental impact of anion from addition for adjusting pH. The highest work function 5.16 eV 

obtained from the sample prepared with pH=2 is slightly higher than PEDOT:PSS (5.08 eV). 

Consequently, a new class of maghemite and iron hydroxide nanocomposites with in-situ tuning 
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work function from 4.70eV to 5.16 eV has been obtained for forming effective HTL as described 

below.  

3.2 Device Performances 

To evaluate the maghemite and iron hydroxide nanocomposite based HTL, OSCs with a 

structure of ITO/HTL/P3HT:PC61BM/Ca/Al have been fabricated. Devices optimization is 

conducted by adjusting the pH values for the conversion and the concentration of the 

nanocomposites which leads to different film thicknesses. The current density (J) vis voltage bias 

(V) characteristics are shown in the Figure 3a and device parameters are summarized in the 

Table 2. When work function increases from 4.70 eV (pH=4) to 5.16 eV (pH=2), open circuit 

voltage (VOC) gradually goes up from 0.56 to 0.60. The VOC loss at low work function devices is 

ascribed to decreased work function difference between anode and cathode contact[44]. Apart 

from the pH value, the impact of the thickness of HTL prepared by different concentrations of 

the nanocomposites were investigated including 0mg/mL, ~6 mg/mL, ~12 mg/mL and ~18 

mg/mL. Figure 3b presents J-V characteristics of OSCs and Table 3 listed the parameters of 

these devices. With the introduction of nanocomposite, a good interfacial layer is gradually 

formed to improve the energetic contact between active layer and ITO anode electrode. The 

steady VOC up to 0.60 V is observed when the concentration up to 12 mg/mL, which can be 

ascribed to the formation of the nanocomposite HTL favoring effective hole extraction from 

active layer to ITO substrate. However, when the concentration is further increased to 18 

mg/mL, short circuit current (JSC) decreases from the peak value to 8.78 mA/cm
2
 without clear 

change of VOC and FF. This can be explained by the high in series resistance induced by the 

increase of thickness. However, the anode of devices without maghemite and iron hydroxide 

nanocomposite interface layer exhibits a low work function (~4.78 eV) which induces hole 
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extraction barrier at the interface, resulting in poor performance with average VOC and PCE only 

0.525 V and 2.65%. In comparison, the device with nanocomposite prepared at pH=2 as HTL 

offers good band alignment and improves PCE to the value of 3.84% (by around 45% 

improvement as compared to the case of no HTL) as shown in Figure 4a and Table 4. Similar 

enhancement is also observed in the solar cells devices using narrow-bandgap polymer PTB7-

Th:PC71BM. Only 5.02% of average PCE is achieved without HTL with JSC, VOC and FF only 

14.07 mA/cm
2
, 0.663 V and 0.539 respectively. With the optimized HTL incorporation, the 

average PCE reaches as high as 9.04% (by around 80% improvement from no HTL case), 

resulting from increased JSC (16.94 mA/cm
2
), VOC (0.775 V) and FF (0.689). Consequently, the 

all room temperature prepared maghemite and iron hydroxide nanocomposite HTL offers very 

good hole extraction properties for achieving high efficiency OSCs. 

To compare with commercial PEDOT:PSS, the optimized thin film formed from the 

nanocomposite prepared at pH=2 and with a concentration of around 12 mg/mL is used to serve 

as HTL in the P3HT:PC61BM, narrow-bandgap polymer PTB7-Th:PC71BM and non-fullerene 

material system PBDB-T:ITIC solar cells. The characteristic J-V curve and devices performance 

parameters are presented in Figure 4a-c and Table 4. Comparing to the PEDOT:PSS devices,  the 

improved performances are mainly the results of enhanced JSC and FF. Specifically, for 

P3HT:PC61BM devices, an enhanced PCE of 3.84% is realized by employing maghemite and 

iron hydroxide nanocomposite as HTL with average JSC of 9.58 mA/cm
2
, VOC of 0.602 V and FF 

of 0.667 while the PEDOT:PSS based devices have lower average JSC of 9.08 mA/cm
2
 and FF of 

0.660 resulting average PCE of 3.62%. In PTB7-Th:PC71BM based OSCs, higher average JSC 

(16.94 mA/cm
2
) and FF (0.689) of devices using nanocomposite (16.37 mA/cm

2
 and 0.670 for 

JSC and FF of PEDOT:PSS devices) are realized which contribute to an average PCE of 9.04%. 
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Additionally, non- fullerene OSCs (PBDB-T:ITIC) have also been fabricated with two kinds of 

HTLs. Similarly, higher average JSC (17.12 mA/cm
2
) and FF (0.696) contribute to surpassed 

average PCE (10.75%) with highest PCE reaching 10.94% while only average 10.17% from 

PEDOT:PSS devices. The incident photon-to-current efficiency (IPCE) of different devices has 

also been measured in 5 nm interval as shown in the Figure 4d-f. The photocurrent integrated 

from IPCE are 8.03 mA/cm
2
, 8.96 mA/cm

2
 and 9.44 mA/cm

2
 of P3HT: PC61BM, 14.07 mA/cm

2
, 

15.96 mA/cm
2
 and 16.58 mA/cm

2
 of PTB7-Th:PC71BM for no HTL, PEDOT:PSS and 

nanocomposite based devices and 16.34 mA/cm
2
 and 16.69 mA/cm

2
 for non-fullerene devices, 

which is in good agreement with the measured JSC from the J-V curve. In order to understand the 

enhancement of JSC and FF, the surface properties of the nanocomposite have been investigated 

via SEM, AFM and contact angle as shown in supporting information Figure S1 and Figure S3. 

Good surface coverage by the nanocomposite film was realized as observed in the SEM and 

AFM, which can effectively block the leakage current. The contact angle of DI water on 

prepared nanocomposite film is larger than that of PEDOT:PSS. This implies that the 

nanocomposite film is more hydrophobic that favors the spread of dichlorobenzene and 

chlorobenzene solution and promotes to form smoother active layer (as compared to the case of 

PEDOT:PSS) as shown in Figure S4. The slightly lower in-series resistance (Rs) of 

nanocomposite based devices may be ascribed to the better film formation on hydrophobic HTL 

and better band alignment which can contribute to increased JSC and FF. Additionally, we 

employ a numeral simulation using transfer matrix method [45], to investigate optical properties 

and light harvesting of our nanocomposite in P3HT:PC61BM based OSCs. The used optical 

parameters of refractive index (n) and extinction coefficient (k) are measured from ellipsometer 

shown in the supporting information Figure S5. As shown electric field intensity distribution in 
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Figure 5 and the electric field of typical wavelength (550 nm) across the whole device in Figure 

S6a, higher intensity electric field distribution in active layer of nanocomposite based devices are 

observed. As a result, nanocomposite based device show improved absorption of active layer in 

the range of 438 nm to 630nm (Figure S6b which is in accordance with the experiment results as 

illustrated in the Figure S7. Overall, the improved device performance of OSCs with maghemite 

and iron hydroxide nanocomposite as HTL is ascribed to the slightly lower device in-series 

resistance and the higher active layer absorption resulting from the adjusted electric field 

distribution. 

Apart from device efficiency, stability is also of vital importance to practical applications. 

As shown in the Figure 6a, the degradation of devices performance has been investigated in 

ambient condition (around 40% humility under room temperature) without encapsulation. In 

P3HT:PC61BM devices, nanocomposite-based device using calcium/aluminum as top electrode 

can last longer than 11 days while still keep more than 50% of its initial performance while the 

devices using PEDOT:PSS can keep half of its initial performance within only two days and 

completely loss its function in around 11 days. Regarding to the low bandgap polymer devices, 

the stability is in general not as good as P3HT:PC61BM devices. Interestingly, our 

nanocomposite based devices show better stability than the devices using PEDOT:PSS as shown 

in Figure 6b. Overall, compared to nanocomposite based devices, PEDOT:PSS-based devices 

without encapsulation show poor stability in ambient condition which may ascribed to the 

hygroscopic and long-standing acidic nature that have detrimental effect on the interfaces[46].  

3. CONCLUSION 

In conclusion, we have successful demonstrated a low energy consumption method to 

develop new nanocomposites of maghemite and iron hydroxide by all room-temperature solution 
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process from the synthesis to the formation of efficient HTL. By modifying the conversion pH 

values, a component controllable maghemite and iron hydroxide nanocomposites colloidal is 

prepared. As a result, work function of this nanocomposite based HTL can be in situ tuned from 

4.70 eV to 5.16 eV without assistance from any additional dopant. Additionally, since the iron 

oxide nanocomposites are surfactant free and with a small particle size of 6-10 nm, high quality 

HTL film are achieved at room temperature process and without post-treatment. By using the 

nanocomposite as HTL, the PCE can be significantly improved by as much as 80% improvement 

as compared to control device without HTL. Additionally, the devices using nanocomposite 

show obviously better performance than PEDOT:PSS in both PCE and stability. The success of 

using the maghemite and iron hydroxide nanocomposites as HTL contribute to achieving low 

cost, high performance, flexible and stable OSCs. 
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Figure 1. a) GIXRD pattern of representative maghemite and iron hydroxide nanocomposite 

with conversion pH=2 and the standard peaks of maghemite ((-Fe2O3), iron hydroxide 

(Fe(OH)3) and magnetite (Fe3O4); b) the TEM image of nanoparticles with scale bar of 20 nm, 

the inset up-right corner is the electron diffraction pattern of the nanoparticles. 
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Figure 2. XPS results of maghemite and iron hydroxide nanocomposite prepared with pH=2, 

narrow scan a) of Fe 2p, b) of O 1s, the peak at around 715 eV of Sn 3p is from the indium tin 

oxide substrate.  
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Figure 3. Representative current density–voltage (J–V) characteristics under AM 1.5G solar 

spectrum with a light intensity of 100 mW cm
-2

 for P3HT: PC61BM based OSCs, a) using 

different pH prepared nanocomposites; b) using different concentration of maghemite and iron 

hydroxide nanocomposite prepared at pH=2. 

 

 

Table 1.  Work Function of bare ITO, films of maghemite and iron hydroxide nanocomposites 

prepared under different pH values and PEDOT:PSS spin-coated on ITO, measured in air using 

Kelvin Probe (KP) system. 

 

Sample WF by KP [eV] 
pH=1 5.050.05 
pH=2 5.160.03 
pH=3 4.950.10 
pH=4 4.700.08 
ITO 4.780.03 

PEDOT 5.080.04 
 

 

 

Table 2. Average device performance of ten devices from different pH prepared nanocomposite 

based HTL with conventional structure of ITO/HTL/P3HT:PC61BM/Ca/Al. 

Samples J
SC

 [mA cm
-2

] VOC [V] FF PCE [%] 
pH=1 8.97 0.59 0.66 3.47 
pH=2 9.58 0.60 0.67 3.84 
pH=3 9.07 0.57 0.60 3.12 
pH=4 6.83 0.56 0.56 2.14 

 

 

 

 

 

Table 3. Average device performance of ten devices from different concentration nanocomposite 

colloidal with conventional structure of ITO/HTL/P3HT:PC61BM/Ca/Al 
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Samples JSC [mA cm
-2

] VOC [V] FF PCE[%] 
0mg/mL 8.46 0.53 0.60 2.65 
6mg/mL 8.60 0.58 0.54 2.67 
12mg/mL 9.58 0.60 0.67 3.84 
18mg/mL 8.78 0.60 0.66 3.44 
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Figure 4. a-c) Representative current density–voltage (J–V) characteristics of optimized devices 

with the structure of ITO/HTL/Active Layer/Ca/Al, using different HTL in P3HT:PC61BM, 

PTB7-Th:PC71BM and PBDB-T:ITIC system respectively; d-f) the IPCE spectrum of optimized 

device with the structure of ITO/HTL/PTB7-Th:PC71BM/Ca/Al, using different HTL in 

P3HT:PC61BM, PTB7-Th:PC71BM and PBDB-T:ITIC system respectively. 
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Table 4. Average Device performances of ten devices from PEDOT:PSS or nanocomposite-

based OSCs with different polymers, using Ca/Al as top electrode. In-series resistance (Rs) is 

calculated from representative devices at around VOC. 

Device structures   Jsc [mA cm
-2

] Voc [V] FF Rs[ohmcm
-2

] PCE [%] 

ITO/P3HT:PC61BM/Ca/Al 
Average 8.460.11 0.525±0.010 0.596±0.020 

 
2.65±0.08 

Champion 8.35 0.530 0.615 
 

2.72 

ITO/PEDOT:PSS/P3HT:PC61BM/Ca/Al 
Average 9.080.26 0.6040.005 0.660±0.013 6.30±0.41 3.62±0.05 

Champion 9.37 0.600 0.660 
 

3.72 

ITO/Nanocomposite/P3HT:PC61BM/Ca/Al 
Average 9.580.19 0.6020.006 0.667±0.011 5.71±0.28 3.84±0.10 

Champion 9.69 0.600 0.679 
 

3.95 

ITO/PTB7-Th:PC71BM/Ca/Al 
Average 14.07±0.72 0.663±0.020 0.539±0.020 

 
5.02±0.34 

Champion 14.97 0.670 0.556 
 

5.58 

ITO/PEDOT:PSS/PTB7-Th:PC71BM/Ca/Al 
Average 16.37±0.23 0.778±0.006 0.670±0.010 3.32±0.27 8.59±0.14 

Champion 16.39 0.780 0.684 
 

8.74 

ITO/Nanocomposite/PTB7-Th:PC71BM/Ca/Al 
Average 16.94±0.32 0.775±0.009 0.689±0.010 3.09±0.38 9.04±0.09 

Champion 16.87 0.790 0.691 
 

9.20 

ITO/PEDOT:PSS/PBDB-T:ITIC/Ca/Al 
Average 16.750.16 0.9020.004 0.674±0.004 6.83±0.09 10.17±0.13 

Champion 16.88 0.900 0.675 
 

10.25 

ITO/Nanocomposite/PBDB-T:ITIC/Ca/Al 
Average 17.12±0.18 0.902±0.004 0.696±0.004 5.67±0.12 10.75±0.10 

Champion 17.31 0.900 0.703   10.94 
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Figure 5. calculated electric field intensity to wavelength in differnet position of active layer 

(P3HT:PC61BM) in the device using a) PEDOT:PSS, b) maghemite and iron hydroxide 

nanocomposite as HTL. 

 

 

 

Figure 6. The change in normalized PCE of maghemite and iron hydroxide nanocomposite or 

PEDOT:PSS based devices with Ca/Al as top electrode, for a) P3HT: PC61BM or b) PTB7-

Th:PC71BM, recording in ambient condition without encapsulation (humility around 40% under 

room temperature). 



 29 

 

Highlights 

 

 All-room-temperature solution-processed method was demonstrated to developed 

maghemite and iron hydroxide nanocomposites as new hole transport layer  

 

 Tunable work function (WF) from 4.70 eV to 5.16 eV achieved by tuning pH. 

 

 The nanocomposite significantly improved the PCE as much as 80% improvement as 

compared to control device without HTL. 

 

 Enhanced performance in both efficiency and stability compared to PEDOT:PSS based 

devices. 

 




