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Abstract

The hybrid binary and ternary organic solar cell devices were fabricated from P3HT-
PCBM with CdSe Quantum dot materials. The binary and ternary structure solar cells
were designed with the combination of PS3HT-PCBM (Device A), PSHT-CdSe (Device B)
and P3HT-CdSe-PCBM (Device C) respectively. The absorption spectra of PSHT, CdSe
and PCBM were analyzed in the wavelength range from 350nm to 800nm. The current
density — voltage characteristics of the device were performed in dark and under
illumination for study of conduction process and solar cells performance. The ideality
factor of all the devices is more than one. The capacitance- voltage analysis of the
device shows that the depletion width of the binary device (Wa angg~39 and30.8 nm) is
lower than the ternary device (W.. 46.8nm). The carrier density of device A, B and C
are 1.49 X102 m3, 0.52 X10?® m™® and 2.6X10?®> m™ respectively. The device can be
modeled as the combination of two RC parallel circuits (one for active layer, and the
other for interface) in series with contact resistance (Rs ~0 ohm for device A ,B and 60
ohm for device C).

Keywords: schottky contact; hybrid solar cells, depletion width; ideality factor; space
charge

sumanck@mail.nplindia.ernet.in




RSC Advances

1. Introduction

Hybrid organic solar cells (HOSCs) based on conjugated polymer, fullerene,
quantum dot, nanowires and quantum tetrapods are new candidates for renewable
energy resources because of their advantage of light-weight, flexibility, low-cost, and
simple fabrication for large area processing [1-4]. The blend films composed of Poly (3-
hexylthiophene) (P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) have
been center of research since last decade. The morphology control of the P3HT: PCBM
blend have been achieved by thermal annealing, solvent annealing, mixed solvent
etc.[5-7] The morphology control of the binary blend P3HT:PCBM achieved the power
conversion efficiency (PCE) of the solar cells around 4-5%. The power efficiency
established has been well correlated to the good contact of the blend with the electrode
[8]. However, the parameters of binary blend solar cells are difficult to tune further.
Blending of multiple donors-acceptors materials with different properties for solar cells is
an alternative method. The use of quantum dot for ternary approach of solar cells is
promising due to its possibility of band gap manipulation by size variation distribution of
nano materials. Even near infrared (NIR) band gap materials are viable [9-11].Hybrid
solar cells of inorganic semiconducting nanoparticle such as
Ti02,Z2n0,CulnS2,PbSe,CdSe and CdTe as photo-sensitizers have been studied, and
the use of QDs as an additives in the binary solar cells was discussed[12]. The ternary
solar cells with PPV type polymer, PCBM and CdSe nano-particles coated with a
trioctylphosphine oxide thin film has shown maximum PCE of 0.7% with optimized nano

particle size. [13] Although different combination of ternary solar cells with quantum dot
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has been studied but the effect of contact with the electrode in the ternary approach
solar cells has not been studied extensively.

In this paper, the binary and ternary solar cells were fabricated with PSHT, PCBM
and CdSe. The Schotky contact for these devices have been studied using capacitance

— voltage and impedance spectroscopy.

2. EXPERIMENTAL DETAILS

The hybrid organic solar cells were prepared on commercial indium tin oxide (ITO)
coated substrates. The resistivity of the ITO film is ~20 ohm/unit area (from Vin Karola
Instruments USA) .The (ITO) coated glass substrates were cleaned in ultrasonic bath
with acetone, isopropyl alcohol and D.l. water for 10 min, respectively. The cleaned
substrates were dried in an vacuum oven at 120 °C over 30 minutes. The PEDOT: PSS
solution (from Aldrich with 1.3 weight % in H>O, conductive grade) was spin coated on
ITO substrate and then dried again at 120°C for 20 min in vacuum. The active layer of
the solar cells was spin coated on the PEDOT: PSS layer using the blends of P3HT:
PCBM (1:0.8 weight ratio, 30mg/ml) with 10% CdSe QD and then dried in vacuum.
Many different concentration devices were fabricated but 10% concentration CdSe
device is the optimized device in our lab. All other characterization were done on 10%
CdSe device in details. P3HT and PCBM are taken from Aldrich with purity of 99.9%.
Oleic acid capped CdSe nanocrystal were synthesized by hot injection method [12] with
nanocrystal size of approximately 4 nm (calculated by absorption spectra) [14]. Finally;
the electrode of Al (100nm) was deposited by thermal evaporation with an active area of

9 mm?at high vacuum of 10°® mbar. The device structures were as
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Device A:  ITO | PEDOT: PSS (~50nm) | PBHT-PCBM (~120nm) | Al
Device B:  ITO | PEDOT: PSS (~50nm) | PBHT-CdSe (~120nm) | Al
Device C:  ITO | PEDOT: PSS (~50nm) | PBHT-CdSe-PCBM (~120nm) | Al
The device was thermally annealed for 30 minutes at 120 °C vacuum oven. The

photocurrent —voltage characteristics were measured by a source meter (Keithley 2420)

in the dark and under illumination. The impedance spectroscopy was performed
using an impedance analyzer Solatron 1260 for 100Hz to 1MHz frequency. The
oscillation amplitude of the AC voltage was maintained at 50mV for all measurements.

3. Results and Discussions
The energy level diagram of the hybrid CdSe blended organic solar cell devices and the
absorption spectra of P3HT; PCBM and CdSe nanocrystals taken at ambient condition
are shown in figure 1(A) and (B). The absorption spectra of PSHT ;PCBM and CdSe
shows strong broad absorption in the range of 420nm to 640 nm,450nm to 600nm and
600nm to 650nm respectively. The HOMO level of CdSe is located between the
HOMOs of P3HT and PCBM [15]. The same is true for the LUMO levels. As a
consequence, photo induced charge transfer is energetically allowed between P3HT
and PCBM, CdSe and PCBM, as well as P3HT and CdSe. The efficient photo induced
charge transfer generates positive charge on P3HT and a negative charge on CdSe and
PCBM. The negative charge on CdSe is transferred to PCBM finally to the cathode in
case of ternary hybrid solar cells [16]. At the same time the photons are absorbed by
the CdSe at its absorption peak of ~ 620nm. The absorption by CdSe QD increases the

photon efficiency in the ternary device. Figure 1(C) shows the atomic force microscopy
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(AFM) images of active layer used for devices A, B and C just before cathode
deposition. All the AFM images was taken using tapping mode of the system (NT-MDT
Solver Pro) operation. The root mean square (RMS) surface roughness was found to be
1.78 nm, 2.51nm and 3.37nm respectively. The images of all active layers are smooth
that indicates the uniform distribution of CdSe in the polymer matrix. However the
surface roughness increases for binary and ternary hybrid system may be due to
formation of aggregated domain of nanocrystal.[15]

According to standard emission—diffusion theory, the dependence of current density on

voltage for metal-semiconductor rectifying contacts [17] is given by

qv
= —)—1
J=J, [exp(nkT) ] )

‘]¢B

J,=AT’ exp( (2)

Where A* is the effective Richardson constant with A*=120 Acm™?K?, J is the saturation
current density in the absence of external bias, T is the absolute temperature, n is the
diode quality factor (ideality factor), k is the Boltzmann constant and @g is the barrier
height. The ideality factors (n) are obtained from the slope. The value of the reverse
saturation current density is obtained from the intercepts of In(J) versus V at V = 0. The
values of the ideality factor, barrier and reverse saturation current density are listed in
Table 1. The larger than unity value of the ideality factor is attributed to the in
homogeneity of the barrier [18]. The ideality factor of devices A,B and C are comparable
to those of other organic Schottky diodes reported earlier [19].The ideality factor

reported for donor acceptor hetrojunction of (4,4-bis[N-1-naphthyl-N-
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phenylamino]biphenyl)NPD: (Fullerene)Cgo and PSHT:PCBM combinations are 2.6 and 1.8
respectively. The low value of Jo for all the device accounted for the larger depletion
width (as confirmed from C-V measurements discussed later in this section), which
reduces the possibility of tunneling at the interface. The large depletion width causes
low charge injection to the electrode and increases the possibilities of recombination of
charges again. The effect of large depletion width on the device parameter is decrease
of short circuit current and fill factor. However the depletion width has no effect on open
circuit voltage. Since all the devices studied here have different light harvesting region
so the effect of depletion width in the device parameter is not comparable. It is
observed that the forward current also starts increasing sharply at a lower voltage in the
device C in comparison to the device A and B. However, the reverse saturation current
density of the device A is nearly same as the device C. The improvement in the current
density of the device C in comparison to device B is mainly due to the presence of
quantum dot which acts like charge transfer matrix. The CdSe quantum dot helps to
change the morphology, because quantum dot provided the platform for growth of the
polymer in a regular nano phase separation manner.[12] The charge transport
mechanism of the Schottky diode can be understood by the logarithmic plot of J-V
characteristics as shown in inset of Figure 2. The curve shows voltage dependence,
followed by power law dependence at higher voltages. It is clear from inset of Figure 2
that the J-V behavior graph has three different linear regions. The first region (voltages
up to 0.2 V) exhibits an ohmic behavior followed by second region (up to 0.6 V) a
square law region appears and the charge transport is mainly governed by space

charge limited current (SCLC) with an exponential distribution of traps in the band gap

Page 6 of 22



Page 7 of 22

RSC Advances

of the organic material [20]. In the third region (at higher voltages), the slope of the
curve decreases because of the device approaches the trap filled limit, and behavior in
this region is the same as in trap free SCLC. In region 1, the value of current density for
device B and C decreases that may be because of the CdSe presence. For region 2
and 3, Device A and C shows almost same current density, the increased value of
current density in device C is due to the PCBM molecules that makes an energy level
ladder for carriers where as for device B the CdSe dominates and have lower value of
current in this region too. In case of device B and C; the transport properties may be
dominated by the energy traps of CdSe. At the same time the recombination may also
be dominated by the presence of traps in CdSe [21]. The charge transport mechanism
of device B and C is dominated by traps limited where as for device Z it is space charge
limited. Figure 3 shows the current voltage characteristics of the device under air mass
1.5 global (AM1.5G) solar simulator illumination of 100mW/cm® The open-circuit
voltages (Voc) are 0.45, 0.61 and 0.49 for device A, B and C, respectively. The
maximum efficiency achieved for device C is 1.2% whereas for device A and B are ~1%
and 0.2% respectively. The solar cell efficiency for ternary solar cells (device C)
increased by 20% in comparison to binary device A and more than six times to the
device B . The anomalous feature S-shape kink in the current density-voltage
characteristics under illumination of the ternary solar cell causes loss of Vo , Jsc and fill
factor too. The S-shape kink may be due to interfacial dipoles, defects and traps. These
defects create barriers for carrier extraction [22]. The solvent additive and mixed
solvents may be used in the photoactive layers to overcome these drawbacks by

optimizing the microstructure of the ternary blend. The addition of 1,8-diiodooctane
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(DIO) shows stronger phase separation and enhances P3HT crystallinity leads to fewer
distortions in polymer chains in ternary organic solar cells[23].

Figure 4 shows the incident photon to current conversion efficiency spectra of device A,
B and C. An IPCE peak was observed at 500nm and ~ 650nm wavelength which
corresponds to the absorption peak of P3HT and CdSe. The photocurrent response of
the active layer for device A, B and C agrees well with the device performance of both
binary and ternary system. Figure 5 shows the capacitance-voltage characteristics of
the device A, B and C measured with AC signal frequency of 100 Hz. The C-V
characteristics are related to the interface properties which are related to the interface
electronic structures and energy level alignment at the junction. The rapid decrease of
the capacitance for all devices A, B and C above - 0.5 V indicates that the injected holes
from the ITO begin to be transported from the active material through tunneling, and the
tunneling probability increases rapidly with increasing voltage. Figure 5(b) shows the
1/C?-V characteristics of all the devices A, B and C. The C-V relationship of the

Schottky diode [24] under bias can be expressed as

1 2V, v
T ©
C qgogsNA qgogsNA

where C is the junction capacitance of the Schottky diode per unit area, V is the applied
voltage, &g is the free space permittivity, Vy; is the built-in potential at zero bias, &g is

the dielectric constant of the material and Na is the carrier concentration in the depletion
layer. The carrier concentration Na is calculated from the slope of the linear portion of

the 1/C? vs. V plot, and the built-in potential Vy,; is calculated by extrapolating the linear
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region of 1/C? vs. V to cut the V axis. The carrier density of devices A, B and C are 1.4
X102, 0.52 X10?® and 2.6 X10* cm™ respectively. The carrier concentration of device A
and B is lower than device C. The ternary blend device has increased value of carrier
concentration than the binary blend device which has good agreement with the J-V plot
of all the devices shown in figure 2 where the carrier density of device C is large in

comparison to device A and B. The depletion layer width is expressed as [17]

W, = {u} (@)

gN ,

The variation in the depletion layer width with the applied voltage, as estimated on the

basis of equation (4), is shown in Figure 6.

The values of the built-in potential, carrier concentration and depletion layer width are
listed in Table 1. The cole-cole plots of the device at zero bias voltage in dark are
shown in figure 7.The device A and B shows a single semicircle in the cole cole plot
with series resistance (Rs) respectively; this can be modeled as with a combination of
resistance and capacitance in parallel. For device C the cole-cole plot shows double
semicircle. Hence the ternary system of the organic device can be modeled as two
different system of carrier relaxation. The first region is the active layer and the second
region as the interface region [25]. The equivalent circuit is shown in inset of figure 6
representing as the combination of parallel resistance-capacitance(R-C) circuits in
series. Each parallel R-C circuit represents the active layer, the interface between the
active layer and contact. Since the resistance of the interface (R;) are not clearly

resolved in the cole-cole plot for the binary solar cells, they are combined as Ry=Rp+R;
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in figure 7(A and B). The impedance and its real and imaginary part of the complete

device can be presented as follows

. R, + joR]C, N R, + joR’C,
' 1+@’R)C} 1+@’R!C}

Z=R
Where ‘b’ and i’ stand for the bulk or active layer and interface layer. The resistance
(Rx) for binary device A, B is 55kQ, 4.1kQ respectively and for ternary device C is
1600.3kQ, respectively. The bulk resistance for device C is 0.3 kQ. The separate
interface resistance for device C is very high 1600kQ. The high resistance may be
caused by poor interaction between the polymer and CdSe, with the formation of phase
separation and rough and /or heterogeneous morphologies or by a poor charge transfer
process and/or poor charge transport. The ternary device is not only having the
increased device efficiency but the interface resistance is also present in the device and
therefore while designing the ternary organic solar cells the interface resistance has to
be considered for improvement in solar cell efficiency. Since the high interface
resistance will reduce the carrier flow to the respective electrode and increase the
possibilities of recombination of charges. The overall solar cells performances will
decrease. The device operation parameters (Open circuit Voltage, short circuit current
and Fill Factor) and the schottky contacts parameters (built in potential, Carrier
concentration, Depletion width, ideality factor and saturation current density) values of
devices A, B and C are shown in table 1.

4. Conclusion
In conclusion, our work highlights the importance of ternary blend and demonstrated
that the device performance of the ternary hybrid solar cells increases in comparison to

10
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the same binary solar cells. The interface of the blended binary and ternary active
materials to the contact electrode plays very important role for device efficiency. The
depletion width is higher in ternary device in comparison to the binary device. The
carrier density of devices A, B and C are 1.4, 0.52 and 2.6 X10%> m™ respectively. The
cole-cole plots indicate that the active layer and interface layer of the device can be
modeled as the combination of two parallel circuits of resistance and capacitance in
series with each other. The contact resistance is very negligible in both types of
devices. The active layer resistance is in few kilo ohms in darks for all devices. But the
interface resistance of device C is 1600kQ. It has been observed that the ternary blend
causes increase in interface resistance that may be due to poor interaction between
the polymer and CdSe in ternary blend, rough and heterogeneous morphologies, poor
charge transfer process and poor charge transport. The increased interface resistance
limits the performance of device by lowering the value of current density and efficiency.
Therefore, incorporating a third component is a complex task that needs to address by
taking into account many aspect such as energy level, charge transport and charge
carrier transfer in these blended system.
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Figure Captions

Figure 1. (A)Energy level diagram of the hybrid CdSe organic ternary solar cells
(reference 15) (B) The absorption spectra of P3HT, PCBM and CdSe measured at
ambient condition(C) The AFM images of active layer used for device A, B and C

before cathode layer deposition

Figure 2. Semi log of current density versus applied voltage characteristics for device
A, B and C in dark. Inset figure shows the log-log plot of current density Vs voltage for

all the three devices in dark.

Figure3. Current density —Voltage characteristics of device A, B and C under

illumination at light intensity of 100mW/cm?

Figure 4 Incident photon to current conversion efficiency (IPCE) of devices A, B and C

measured in the wavelength range 300 to 800 nm

Figure 5 Variation of Capacitance with applied voltage of device A,B and C and

variation of 1/C2 with applied voltage.
Figure 6 The variation of depletion width with applied bias voltage of device A, B and C

Figure 7 The Cole-Cole plot of device A (inset equivalent circuit), B and C (inset
equivalent circuit), at applied bias of OV, Inset of Device C figure represents for low

value of Real and Imaginary impedance data.



RSC Advances
Figures
(A) 3.2
3.5 4.2
]
P3HT 4.3
4.7
ITO
pEDOT:Pss | 2+1 PCBM
5.5
6.1
1.0 T T T 0.7
0.0 | | | |

500

Wavelengthe (nm)

600

700

Page 16 of 22



Page 17 of 22 RSC Advances

1(C)

10 —= DeviceA
E —® DeviceB
e f —A—DeviceC
£ 1
2 3
<
£ o1t
>
=
2 0.01}
o
© €
c z
C1E3 | .
= g"
3 g
O1E4 L 3
1 L 1 A \ | unz;m |
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)



RSC Advances

N

o

—a&— Device A
—— Device B
—aA— Device C

Current density (mAIcmz)

1
<]
I

50

40

30

IPCE (%)

20

10

-0.4 -0.2 0.0 0.2 0.4 0.6
Applied Voltage (V)

—=— Device A
—e— Device B
—&— Device C

Wavelength (nm)

0.8

Page 18 of 22



Page 19 of 22

RSC Advances

4.0

N S [-;] (=]

Capacitance (nF)

w
o

21

(-4 9,01%) zO/L
Capacitance (nF)

e

/

429

428

H427

426

425

{24

423

q422

0.5

Applied Voltage (V)

Applied Voltage (V)
5.0 . . 35
\_ By
o .‘.\l\ C ..,
451 ", 30
‘\\

40} . - {125
S “ - =
= b
o 35} by o 120
g I NS 2
g 1000 Hz X S
£ 301 B l/. 115 >
g 8 g
Q. N
S 25- ‘\‘ J10 =~

V,=045V .,
20 _—l'llll......l.l " 'll|—|| 1°
1.5 L " I 0
-1.0 0.5 0.0 0.5 1.0

Applied Voltage (V)

1.0

(4 5,01),9/L



Depletion width (W) nm

100

90 |
80 |
70|
60 |
50 |
40!
30|
20
10[

RSC Advances

—@— Device A
—Q&— Device B
—Q— Device C

O

-1.0 | -0.5 0.0 0.5 | 1.0
Applied Bias Voltage (V)

Page 20 of 22



Page 21 of 22

Im|Z|(KQ)

—@— Device A

RSC Advances

Im|Z|(KQ)

Im|Z|(KQ)

—9—Device B

2500 -
Rc Cbh Ri
2000 |-
—Q * ]
o/o
1500 |- o/
0/
/
1000 | /°
Q g
L ’OI g
500 -00
0 ? " 1 1 1 " 1
0 500 1000 1500 2000 2500



RSC Advances

Page 22 of 22

Table 1
Device | V. Jse n FF Vi Na Wy n Jo
V) (mA/lem?) | (%) | (%) (V) (x10®m?) | (nm) (mA)
A 0.45 5.9 0.97 | 37 0.79 1.49 39.07 2.7 0.37
B 0.616 | 0.833 0.2 33 0.68 0.52 30.89 1.8 0.027
C 0.49 71 1.2 35 0.45 2.6 46.83 3.8 1.17
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