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Traditional positive-negative (PN) junction based solar cells have many limitations. Herein, we

introduce ferroelectric-semiconductor solar cells that use the bound surface charges of the ferroelectric

for achieving charge separation in the semiconductor. The feasibility of the new concept cells was

verified both experimentally and theoretically in detail. The new cells are unique in that free charge

carriers and fixed charge carriers are physically separated from each other. The feature allows us to go

beyond traditional junction-based structures and have more freedom in material selection, device

design, and fabrication. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868304]

Photovoltaic devices have been traditionally developed

for optimizing three key steps for charge carriers: generation,

separation, and transport.1,2 In particular, how to realize

charge carrier separation usually dictates the basic device

structure. Traditional solar cells are essentially positive-

negative (PN) junction (or e� donor/e� acceptor junction)

based, and utilize the internal electric field near the junction

interface for realizing charge carrier separation.3 However,

the junction-based structure is just one way to realize the

functions of solar cells. In addition, this kind of structure

limits material choices and device fabrication to form a

workable junction due to issues such as lattice mismatch,

doping, and band alignment. Moreover, inevitable heavy

doping processes in traditional solar cells result in strong

Auger recombination.4 In order to overcome the issues that

occur with PN junctions, ferroelectric photovoltaic devices

have been developed. The typical structure is a ferroelectric

layer sandwiched between the top and bottom electrodes.5

The device utilizes the ferroelectric layer for both light

absorption and charge separation with its internal electric

field due to polarization. Because ferroelectric materials in

general have large band gaps, short circuit current (Isc), and

energy conversion efficiency are very low under sunlight,

although high open circuit voltage (Voc) can be obtained.6

Another approach is to add low bandgap materials into the

ferroelectric matrix (or vice versa) to enhance the light

absorption.7 The drawback of this approach is that more trap-

ping states are introduced into the device as well. Regan

et al.8 showed screening-engineered field-effect solar cells

that use the electric field effect as in a field-effect transistor

to tune the electrode-semiconductor junctions. However, this

approach is challenging for practical applications, because

an external bias has to be carefully applied to the gate elec-

trode in order to produce workable field-induced semicon-

ductor PN junctions. It has been shown recently9 that a large,

permanent, internal electric field can be achieved for enhanc-

ing charge separation by incorporating a ferroelectric poly-

mer layer into organic solar cells, which eliminates the need

for an external bias. One issue with this approach is that the

ferroelectric layer has to be made extremely thin (a few

monolayers) for charge carriers to tunnel through it, which

make it very challenging to fabricate large-area solar cells.

Therefore, it is worth exploring other possibilities.

Herein, we introduce a new type of photovoltaic cells

that realize the charge carrier separation in the semiconduc-

tor with the bound surface charges of the ferroelectric. The

new photovoltaic cells, like their traditional counterparts,

still use a semiconductor material with suitable energy

bandgap and excellent carrier transport as the light-

absorbing layer. In addition, a ferroelectric material is intro-

duced to provide an external electric field on the semicon-

ductor layer for realizing the charge carrier separation

therein. Unlike the case in traditional ferroelectric solar cells

though, the ferroelectric layer herein is not used for light

absorption. Therefore, the new cells can overcome the afore-

mentioned problems with traditional photovoltaic cells, and

they are thus promising in providing more flexibilities and

possibilities in photovoltaics.

In one embodiment of the new concept (Fig. 1(a)), a so-

lar cell consists of a ferroelectric layer, a semiconductor

layer, a pair of poling electrodes (P-electrodes), and a pair of

working electrodes (anode and cathode). The poling-

electrode patterns are aligned well with those of anode and

cathode, respectively. The semiconductor serves the purpose

of light absorption. By applying opposite electric fields

between the first and second pairs of poling and working

electrodes, respectively, corresponding regions in the ferro-

electric layer are polarized in opposite directions normal to

the horizontal plane. When the ferroelectric is polarized as

that shown in Fig. 1(a), it is defined as forward polarization;

if the polarization directions are reversed, it is called reverse

polarization. After polarization, external electric fields are

removed, and then, remnant polarizations are left behind.

Anode and cathode thus collect free electrons and holes,

respectively, in the semiconductor layer under the influence

of the external field due to ferroelectric polarizations; elec-

trons then flow through the external circuit to do work on the

load (R) and finally recombine with holes at the cathode. In

practice, we prepared a series of cells according to Fig. 1(a)

(see Fig. 1(b)). The semiconductor is a p-type single-crystal-

line Si wafer with thickness of 200 lm. Ti and Au electrodes

(served as the anode and cathode, respectively) were depos-

ited on the Si wafer with sputtering. The ferroelectric is a

500 nm-thick BaTiO3 layer that was spin coated on the wafer

following a normal procedure.10 Two Ag poling electrodes
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were deposited with thermal evaporation. Finally, the cells

were wired out with Ag paste and Au wire, and then, the

entire surface of the ferroelectric was covered by epoxy and

glass for insulating. The ferroelectric was poled by following

the standard procedure in the literature.11 The effective area

for each cell is �78 mm2. The device performance was eval-

uated with a standard solar simulator (ABET Sun 2000

coupled with Keithley 2602A).

The device performance for a typical cell is shown in

Fig. 2. Under dark and before polarization (blue curve in

Fig. 2(a)), the I-V curve is a straight line with high resistivity.

However, after forward polarization, the I-V curve (red one)

shows rectifying behavior as in a PN junction diode. The rec-

tification ratio, defined as the ratio of the positive current

over the negative current at V¼60.5 V, respectively, is 222.

In addition, the leakage current after forward polarization is

greatly reduced compared to the case of reverse polarization

that shows in general Ohmic behavior (not shown here). We

further investigated the forward-polarization cells under sun-

light illumination (Fig. 2(b)). For comparison, the device

performance before polarization and under illumination is

also included (blue curve in Fig. 2(b)). From the zoom-in

view in the inset, there is no photovoltaic output for the cell

before polarization. After forward polarization, however, the

I-V curve shifts downward, exhibiting the photovoltaic effect

with Voc¼ 170.5 mV and Isc¼ 0.034 lA. We also studied the

optical response of the cell after forward polarization; a pho-

tocurrent was constantly generated whenever the illumina-

tion was switched on, and there was no photocurrent

whenever the illumination was off. We repeated the experi-

ment with many samples (even with those whose contacts

are made of the same material), and the results turned out to

be consistent and repeatable. It can then be concluded that

free charge carriers in Si can be separated and collected for

electricity generation, although the energy conversion effi-

ciency is low at the moment.

The poor device performance may be closely related to

the following reasons. One main reason is due to metal con-

tacts. On one hand, the metal contact quality with the semi-

conductor is poor with high resistance as can be seen in Fig.

2. On the other hand, the metal screening effect may weaken

the induced electric field in the semiconductor.12

Transparent conducting oxides (TCO) with less carrier den-

sity and longer screening length may be used as electrodes

instead. Because the silicon wafer is too thick (200 lm) and

sunlight is shot from the Si side, it may not be easy for

charge carriers to be collected effectively by electrodes.

Another reason may be related to the possible carrier injec-

tion from the semiconductor into the ferroelectric. We know

that the energy gaps (work function) of BaTiO3 and Si are

3.2 (5.2) and 1.12 (4.6) eV, respectively,13 and the conduc-

tion band offset between BaTiO3 and Si is negative, i.e.,

�0.1 eV. Therefore, electrons may flow from Si into

BaTiO3, resulting in conduction through the ferroelectric. A

thin insulating layer may be added between Si and BaTiO3

to prevent the charge injection. In addition, there may be

other issues such as surface passivation, device layout, and

counter-charges at the poling electrodes. All the aforemen-

tioned reasons mean huge room for further improving the

performance of the new concept cells. At least now we can

check in principle the device feasibility by considering the

FIG. 2. Device performance of a typical cell. (b) I-V curves of before-

polarization and after-forward-polarization states, respectively, under dark

condition. (c) I-V curves of before-polarization and after-forward-polarization

states, respectively, under illumination condition. Inset is the zoom-in view.

FIG. 1. Ferroelectric-semiconductor photovoltaics. (a) Schematic of the de-

vice structure with forward polarization (not drawn to scale). (b) Real solar

cells (viewed from the BaTiO3 side).
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induced electric field in the semiconductor due to the ferro-

electric bound surface charges.

First of all, it is important to know the influence of an

external electric field (or voltage) on the band diagram of a

semiconductor (which is intrinsic in this case) (Fig. 3). Under

dark condition (Fig. 3(a)), the external electric field will tilt the

semiconductor band diagram, and then electrons and holes will

accumulate to the anode and cathode, respectively, until the

Fermi level lines up to reach the equilibrium state. If we shoot

sunlight on the semiconductor under open-circuit condition

(Fig. 3(b)), the Fermi levels in the semiconductor split and

more free carriers are accumulated on the electrodes; differen-

ces in both Fermi energies (i.e., Voc¼EF,left�EF,right) and car-

rier concentrations occur between two surfaces with strong

surface recombination.2 Overall, we see that the band diagram

shown here is similar to that of a PN solar cell (see also

Fig. 4(c)).14 Therefore, it is expected that the new solar cells in

principle work. Obviously, the feasibility is closely related to

the bound surface charges, device layout, and others.

From the simplified version of the new concept cell

(Fig. 4(a)), we can calculate the induced electrostatic poten-

tial difference (VES) due to the ferroelectric polarization P.

The induced bound surface charges are then given by the

following expression:

QP ¼ A P; (1)

where A is the electrode area. Appearance of surface charges

leads to a VES between the two surfaces of the dielectric. If C
is the capacitance, then the VES can be calculated as

VES ¼ QP

C
¼ A P

e0erA
d

¼ d P

e0er
; (2)

where d is the spacing between cathode and anode, e0 the

vacuum permittivity (¼8.85� 10�12 F/m), and er the dielec-

tric constant of the ferroelectric. We can get VES¼ 3.9 V and

the corresponding depolarization field Edep¼VES/d¼ 3.9

� 105 V/cm in the ferroelectric, when d¼ 100 nm,

P¼ 0.10 C/m2, and er¼ 290 (typical values for ferroelectric

films).15 Alternatively, we can get the same result with

Gauss’s law.16 Note that VES is adjustable (see Eq. (2)), for

example, by changing the thickness d of the ferroelectric.

The spacing between electrodes can be changed as well. It is

thus possible for VES to induce sufficient electric field in the

semiconductor. In comparison, for a typical Si PN junction,

the fixed ion charge density is �10�4 C/m2, the potential

change across the depletion region �0.85 V, and the maxi-

mum value of the electric field at the depletion region

�104 V/cm.17 Therefore, it is convenient to attain suitable

electric fields for charge separation in the new cells by

choosing right parameters.

Finally, it is worth comparing the new concept cells

with traditional PN (or PIN) junction based solar cells. In a

simple PN junction solar cell as schematically shown in Fig.

4(b), electrons and holes are separated and transported to-

ward the n- and p-region, respectively. Only carriers gener-

ated in the depletion region and within the diffusion length

near the depletion region can be utilized for energy conver-

sion, as indicated by the dashed lines (Le� and Lhþ are the

diffusion length of electrons and holes, respectively). By

introducing an intrinsic (i) layer between two heavily doped

layers (nþ- and pþ-layer), a wider depletion region spanning

literally the entire PIN cell (which is essentially still PN

junction based) can be achieved (Fig. 4(c)). Overall, in all

three cells shown in Fig. 4, photon-generated electrons and

holes in the semiconductor are physically separated from

each other because of the asymmetric distribution of fixed

negative and positive charges. However, the fixed charges

(i.e., positive donor ions and negative acceptor ions) in tradi-

tional PN (or PIN) junctions are due to ionization of donors

and acceptors in the semiconductor and are located therein;

in contrast, those (i.e., bound surface charges) in the new

cells are caused by the ferroelectric polarization and are

FIG. 3. Effect of an external electric field on the band diagram of a semicon-

ductor (intrinsic). (a) Under dark condition. (b) Under sunlight illumination.

FIG. 4. Comparison between the new

concept cell and traditional PN (or

PIN) junction based solar cells. (a)

Simplified version of the new concept

cell. (b) PN junction solar cell. (c) PIN

solar cell.
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located in the ferroelectric instead. Indeed, it is the physical

separation between free charge carriers and fixed charge car-

riers in the new concept that allows us to go beyond tradi-

tional junction-based structures, and to have more freedom

in material selection, device design, and fabrication in

photovoltaics.

In summary, we have demonstrated a new type of photo-

voltaic cells that realize the charge carrier separation in the

semiconductor with the bound surface charges of the ferro-

electric. The feasibility of the new cells was verified both

experimentally and theoretically in detail. The photovoltaic

effect was experimentally observed on the cells with forward

polarization only. In addition, it was shown in principle that

suitable induced electric fields could be conveniently

attained for charge separation in the new cells. In general,

the new cells work in a similar fashion as traditional PN (or

PIN) junction based counterparts. However, because of the

unique physical separation between free charge carriers and

fixed charge carriers in the new cells, we can go beyond tra-

ditional junction-based structures and have more freedom in

material selection, device design, and fabrication in

photovoltaics.
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