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Efficient hole-conductor-free organic lead iodide thin film solar cells have been fabricated

with a sequential deposition method, and a highest efficiency of 10.49% has been achieved.

Meanwhile, the ideal current-voltage model for a single heterojunction solar cell is applied to

clarify the junction property of the cell. The model confirms that the TiO2/CH3NH3PbI3/Au

cell is a typical heterojunction cell and the intrinsic parameters of the cell are comparable

to that of the high-efficiency thin-film solar cells. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864638]

Perovskite organic lead halide compounds (e.g.,

CH3NH3PbX3, X¼ I, Br, and Cl) as light absorbers have

shown promising performance for thin film solar cells,1–6

hopeful to acting with Si, Cu(In, Ga)Se2, or Cu2ZnSn(S, Se)4

to form hybrid tandem solar cells.7 By cooperating with

Spiro-OMeTAD as hole transport material (HTM), perov-

skite organic lead halide based solid-state thin film solar cells

have already exhibited high power conversion efficiency

(PCE) beyond 15%.2–4

However, compared to other components, the use of

HTMs bears a large proportion of cost for such solar cells,

limiting their approach to low-cost photovoltaic devices.8

Therefore, it is worth developing low-cost HTMs or develop-

ing and improving the performance of HTM-free solar cells.

The HTM-free solar cell has a much simpler structure bene-

fiting for reducing the cost. With efforts on the photoanode

and back contact interfacial modification, a PCE in the range

of 5%–8% has been achieved.5,6,9 Etgar and his colleagues

developed an efficient absorber deposition method with com-

bination of different solvents, yielding a PCE of 8.04%.6

Conventionally, the cell based on organic lead halides and

nanoporous TiO2 layer is thought to be a sensitized solar cell

though the organic lead halides themselves can transport car-

riers.2,4 Therefore, a controversy still exists whether it is a

sensitized or a heterojunction solar cell,6 though it has a

structure more like Cu(In,Ga)Se2 and Cu2ZnSn(S,Se)4 heter-

ojunction solar cells. It is worth noting that a Mott-Schottky

analysis has been employed to explain the junction property

of the cell.6 However, besides accurately measuring the ca-

pacitance properties, more independent works are needed to

obtain a confirmation on the working mechanism of the cell.

In this work, a series of efficient TiO2/CH3NH3PbI3/Au

solar cells has been fabricated with a sequential deposition

method and a model completely based on the heterojunction

solar cell was employed to clarify the working mechanism of

the cell and the controversy mentioned above. Further

investigation reveals that our cells agree well with the ideal

model for single heterojunction solar cells and some intrinsic

parameters of the cell have also been obtained.

With two-step sequential deposition method,2,10,11 a se-

ries of efficient solar cells with a structure as depicted in

Figure 1(a) has been fabricated,12 the PCEs of which are

shown in Figure 2(a) as a histogram. The highest PCE of

10.49% has been achieved with open-circuit voltage (VOC)

of 905 mV, short-circuit current density (JSC) of

17.8 mA/cm2, and fill factor (FF) of 0.65 (Figure 2(b)).

Typical current-voltage (I-V) characteristics of the

cell measured at illumination (AM 1.5, light intensity of

100 mW/cm2) and in dark for further analysis are shown in

Figure 3(a). The PCE is 8.72% with VOC of 0.81 V, JSC of

14.51 mA/cm2, and FF of 0.74. In dark, the current density

of the cell keeps about zero when the voltage is lower than

0.6 V and drops gradually when the voltage further increases,

in good agreement with the I-V curve at illumination and

implying that the shunt resistance of the cell is very large.

To further clarify the photovoltaic characteristics, a model

based on the single heterojunction solar cell is put forward to

analyze the I-V property of the cell. According to the equiva-

lent circuit in Figure 1(b), the I-V characteristic of a single

heterojunction solar cell is described as13,14

J ¼ JL � J0 exp
e V þ J � RSð Þ

AKBT

� �
� 1

� �
� V þ J � RS

Rsh
;

(1)

FIG. 1. (a) Scheme of TiO2/CH3NH3PbI3/Au heterojunction solar cells, (b)

ideal model for single heterojunction solar cells with JL (the light induced

constant current), JD (the current of PN junction diode), RS (the series resist-

ance), Rsh (shunt resistance), and J (the current flowing through the external

load).

a)Author to whom correspondence should be addressed. Electronic mail:

qbmeng@iphy.ac.cn

0003-6951/2014/104(6)/063901/4/$30.00 VC 2014 AIP Publishing LLC104, 063901-1

APPLIED PHYSICS LETTERS 104, 063901 (2014)

http://dx.doi.org/10.1063/1.4864638
http://dx.doi.org/10.1063/1.4864638
http://dx.doi.org/10.1063/1.4864638
mailto:qbmeng@iphy.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4864638&domain=pdf&date_stamp=2014-02-10


where JL is the light induced constant current density, J0 is

the reverse saturated current density of a PN heterojunction,

RS is the series resistance, Rsh is the shunt resistance, J is the

current density flowing through the external load, A is the

ideality factor of a heterojunction, KB is the Boltzmann con-

stant, T is the absolute temperature, e is the elementary

charge, and V is the DC bias voltage that applied at the cell.

Some intrinsic parameters of the cell can be derived from

Eq. (1) for an ideal heterojunction solar cell. It can be

deduced (Rsh is very large)

� dV

dJ
¼ AKBT

e
JSC � Jð Þ�1 þ RS; (2)

ln JSC � Jð Þ ¼ e

AKBT
V þ RS � Jð Þ þ ln J0: (3)

Figure 3(b) gives the plots of�dV/dJ vs (JSC-J)�1 and the

linear fitting curves according to Eq. (2). It can be found that

there is a good linear relationship between �dV/dJ and

(JSC-J)�1 both at illumination and in dark, which means that

the cell we fabricated is a well-behaved heterojunction solar

cell to a certain extent.13 The ideality factor and series resist-

ance of the cell are derived from the slope and intercept of the

linear fitting results, as shown in Figure 3(b). Under illumina-

tion, the ideality factor is 1.88 and the series resistance is

1.31 X cm2, while in dark the ideality factor is 1.93 and the

series resistance is 4.25 X cm2. In a heterojunction solar cell,

values of the ideality factor represent the quality of a junction

and the carrier recombination mechanisms.13,14 For a

well-behaved heterojunction solar cell, the ideality factor is

typically in the range 1.3<A< 2. When the diode current of a

PN junction is dominated by the carrier diffusion in the neutral

region of semiconductors, A is approaching 1. On the other

hand, when carrier recombination in depleted space-charge

region dominates the diode current, A is approaching 2. In

most cases, both carrier diffusion and recombination take

place simultaneously and 1<A< 2.14 In our case, both the

ideality factors at illumination and in dark is larger than 1.3

and the difference (0.05) between them is relatively small,

both of which indicate that the cell agrees well with the hetero-

junction solar cell model and there is a good agreement

between dark and illuminated conditions. Furthermore, the

FIG. 2. (a) Histogram plot of the cell

performance and (b) I-V curves of the

best performed cell.

FIG. 3. (a) Current-voltage character-

istics, (b) plots of �dV/dJ vs (JSC-J)�1

and the linear fitting curves, (c) plots

of ln(JSC-J) against VþRSJ and the

linear fitting curves, (d) plots of charge

recombination resistance (RCT) against

the bias voltage and the fitting

curves of the cell under AM 1.5 illumi-

nation (100 mW/cm2) and in dark,

respectively.
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series resistance at illumination is very small, which can

be comparable to the highly performed CdTe14 and

Cu2ZnSn(S, Se)4
15–17 thin film solar cells. As we know, a

small series resistance is necessary for a high-performance so-

lar cell with a high fill factor according to Eq. (1).16

Figure 3(c) gives the plots of ln(JSC-J) vs. VþRSJ and

there is also a linear relationship between them. The ideality

factor and reverse saturated current density are also derived

from the linear fitting results, as in Figure 3(c). The values of

ideality factor in dark and under illumination are 1.87 and

1.85, respectively, which is very close to that derived from

Figure 3(b). The relatively large ideality factors both in dark

and under illumination indicate that the diode current is

mainly controlled by recombination in the space charge

region of the TiO2 and CH3NH3PbI3 layers,13 which con-

firms the existence of a depletion region in the cell, agreeing

with Etgar’s result.6 The reverse saturated current density of

the cell under illumination and in dark is 7.24� 10�7

mA/cm2 and 3.06� 10�7 mA/cm2, respectively, which is

also comparable to those of Cu(In, Ga)Se2
13,18 and

Cu2ZnSn(S, Se)4
15,17 thin film solar cells. According to

Eq. (1), when Rsh is large enough, the VOC of a heterojunc-

tion solar cell can be deduced as

VOC ¼
AKBT

e
ln

JL þ J0

J0

� �
� AKBT

e
ln

JSC

J0

� �
: (4)

It is obvious that the VOC is determined by the ideality factor,

working temperature, light-induced current, and the reverse

saturated current of the cell, while a low J0 together with a

large ideality factor is needed for a high VOC. With the pa-

rameters of the cell shown in Figures 3(b) and 3(c), the ideal

VOC of the cell is calculated to be 0.82 V (A¼ 1.865), which

is very close to the experimental result. All the analyses

above reveal that a quasi-ideal heterojunction thin film solar

cell with the sequential method has been fabricated.

The cell parameters can also be obtained from imped-

ance spectra cooperating with the model of the cell. When a

perturbation bias is applied at the cell, the current response

can be derived with Eq. (1), thus deducing the charge recom-

bination resistance (RCT)19

RCT ¼ g� exp � eV

AKBT

� �
; (5)

where g is a pre-exponential factor. Equation (5) indicates

that the RCT (derived from the impedance spectra) decreases

exponentially with increasing the DC bias voltage.

Figure 3(d) gives the plots of RCT vs. the DC bias voltage

and the fitting results. According to the fitting results, the

ideality factors can be induced as A¼ 1.96 and A¼ 1.78

under illumination and in dark, respectively. We can see that

there is a good agreement in the values of ideality factor

with different measurements, and it can be inferred that all

the results are reliable.

To further analyze the light-to-electricity conversion

ability of the cell in Figure 3 at varied wavelengths, the

monochromatic incident photon-to-electron conversion effi-

ciency (IPCE) spectrum20,21 is given in Figure 4(a). The

IPCE reaches a maximum value of about 70% at 500 nm,

whereas gradually drops at longer wavelengths, consistent

with the absorption of the CH3NH3PbI3 layer at varied wave-

lengths. The integral of the IPCE can get a JSC of

13.8 mA/cm2, close to the I-V result in Figure 3. Internal

quantum efficiency (IQE) can directly present the carrier col-

lection ability of the cell without being affected by the

absorption,2 which is shown in Figure 4(b). A maximum

value still appears at 500 nm, then the IQE drops gradually,

suggesting that the carrier collection ability in the deeper

region of the CH3NH3PbI3 layer is not as strong as that in

the shallow region due to carrier recombination in the neutral

region.9,22 Figure 4(c) gives the plots of JSC vs. incident light

intensity to illuminate the carrier transport properties of the

cell. It is obvious that there is a linear relationship between

JSC and light intensity, which means that carriers can trans-

port smoothly in the semiconductors and there is no obvious

difference in the transport velocity between electrons and

holes.23–25 It is in agreement with the measuring results of

carrier diffusion constants of CH3NH3PbI3
26,27 and previous

experimental results in the literature.4

The above analyses reveal that TiO2/CH3NH3PbI3/Au is

a typical heterojunction solar cell, in which the n-type wide-

band-gap TiO2 acts as a window layer, and the CH3NH3PbI3

acts as an absorber layer. Moreover, the cell parameters

including the ideality factor, the series resistance, and the

reverse saturated current are comparable to that of the

high-efficiency thin film solar cells (CdTe, Cu(In, Ga)Se2,

and Cu2ZnSn(S, Se)4). However, the performance is still

lower than them, especially in the JSC. For an ideal hetero-

junction thin film solar cell, the absorber should have

wide-range absorption, high carrier collection, and transport

efficiency with low recombination. In Cu(In, Ga)Se2 thin

film solar cells, high-quality Cu(In, Ga)Se2 crystals, appro-

priate interface manipulation, accurate regulatory of

FIG. 4. (a) IPCE spectrum, (b) IQE spectrum derived from the IPCE and absorption spectrum, and (c) short-circuit current density (JSC) as a function of inci-

dent light intensity.
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components, and well-designed energy band structure are the

key to their high performance.28 Since the organic lead

iodide based HTM-free solar cells have been demonstrated

to be typical heterojunction solar cells with Mott-Schottky6

and the I-V analysis, these mature technologies used in

Cu(In, Ga)Se2, Cu2ZnSn(S, Se)4, and Si solar cells could also

be employed to improve the cell performance.9

In conclusion, a series of efficient TiO2/CH3NH3PbI3/Au

solar cells have been fabricated with a sequential deposition

method, and a highest efficiency of 10.49% has been

achieved. The ideal model for a single heterojunction solar

cell has been applied to clarify the cell characteristics and

some self-consistent cell parameters have also been derived.

The model confirms that the TiO2/CH3NH3PbI3/Au is a

typical heterojunction solar cell. Meanwhile, the cell param-

eters derived from the model indicate that the performance

of the cell is comparable to that of the high-efficiency thin-

film solar cells.
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