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Abstract:

Recently, perovskite solar cells (PSCs) have gained very much attention not only for academia
but also for industrial researchers. A device having the “planar structure” where a light harvesting
layer is sandwiched by charge selective contacts becomes one of the simple structures, which is
not required a high-temperature process, thereby offering the possibility to fabricate the device on
a flexible substrate. It has been reported that a choice of choosing materials for charge selective
layers will affect in not only their ability of charge separation but also efficiency and stability in
those devices. Herein, we study photo-induced charge separation behaviors of the
methylammonium lead triiodide perovskite (CH,NH,Pbl,) when being deposited on various hole
charge selective layers namely (i) nickel oxide (NiO,) (i) poly(triaryl amine), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and (i) poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS). The photo-induced charge separation and charge migration

behaviors was studied by surface photovoltage spectroscopy.

Keywords: perovskite solar cells; surface photovoltage; CH,NH,PbL.; charge selective contact
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Abstract

It is well known that thermal annealing of region-regular poly(3-hexylthiophene-2,5-diyl) and

[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) solar cells helps in improving their

overall performance. When aluminum (Al) is used as the electrode, it has been found that

annealing causes the Al atoms to diffuse into the organic layer and to form what is called a

“mixed layer”. In this work, we studied the diffusion of Al and using Fick's second law,

calculated its diffusivity in a P3HT:PCBM heterojunctions layer. By employing energy dispersive

X-ray spectroscopy (EDS) elemental mapping, a diffusion constant of about 1.8 x 107" cm’/sec

for devices annealed at 120 C was obtained.
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Organic photovoltaics (OPV) devices have shown great promise for fulfilling some of
today’s global energy needs. With improvements in their efficiency, mainly through the
development of new electron donor/acceptor materials"® and improved stability7_9), these
polymer-based solar cells have the additional advantages of being an environmentally green
synthesis, lower manufacturing costs, and increased mechanical flexibility when compared to
traditional Si-based solar cells.”"” In a past few years, a majority of the OPV devices has utilized
bulk hetero-junctions (BHI's) consisting of two different organic semiconducting materials, one

14-18)

with a strong affinity for electrons, and the other for holes. Even though the non-fullerene

acceptor based BHJ's devices have been introduced recentlylg*zl)

, most academic research focuses
on OPV devices having an organic layer consisting of a conjugated polymer acting as an electron
donor and a fullerene molecule as the electron acceptor. These two phases create an active layer
composed of continuous percolating networks that allow holes and electrons to travel through
their respective donor/acceptor phases. The carriers are then collected at their respective
electrodes where they are connected to the external circuit.

The most characterized OPV devices™ are composed of a layer consisting of poly(3-

hexylthiophene-2,5-diyl) and [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) which
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serve as the donor and acceptor, respectively. Over the past decade, the interface of these two

organic materials has been widely studied since the current-voltage (J-V) characteristics of the

completed devices depend strongly on the interaction between the two. Besides, OPV research

has gone into synthesizing and employing new higher ionization potential polymersm, choosing

of different solvents and electrode materialslz_m, and the studying of the effects of post-

fabrication thermal annealing.mkm However, little effort has gone into studying the electrode-

organic interface. Recently though, thermal annealing has been found to not only increase the

crystallinity of P3HT but also strengthen the bonding between the electrode and active layer,

o ‘When

effectively improving the contact area and reducing the series resistance in the device.™
aluminum (Al) is used as the electrode, thermal annealing causes the Al atoms to diffuse into the
active layer, to form what is called a "mixed layer." Al diffusion creates a stronger contact with
the active layer, reducing the contact resistance. However, it also disturbs the alignment of the
P3HT crystals causing loss of charge flow. These outcomes significantly affect the resulting J-V
characteristics of the device.

In this work, we focus on the electrode-organic interface and calculate the diffusivity of

Al into P3HT:PCBM using Fick’s second law, an equation used to model non-steady state
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diffusion. For diffusion in one direction, the law is given by the equation. 1, where C stands for

the concentration of diffusing atoms, ¢ for time, D for diffusion constant, and x for the position.m

ac _Dafc
at 9x?

Equation 1. Fick’s second law for non-steady state diffusion.

This equation can be simplified when a semi-infinite solid with a constant surface concentration is

assumed. This simplification also imposes several boundary conditions including (1) before the

diffusion, the diffusing solute atoms are uniformly distributed, (2) at the surface, x is zero and

increases with distance into the solid, and (3) ¢ is zero before the diffusion begins. Under these

conditions, the solution of Fick’s second law takes on the form,

=% — q —erf{ = )

Ee—Cp 2Dt

Equation 2. The solution of Fick's second law equation subject to the imposed boundary

conditions.

where C, is the concentration of diffusing solute atoms before diffusion, C, is the concentration of
the diffusing species at depth x after time ¢, C, is the constant surface concentration, and erf is a
Gaussian error function. Using this solution, we were able to calculate the diffusion constant of

Al in P3HT:PCBM. This value along with others estimated at different annealing temperatures
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could be used to achieve better control of the Al inter-diffusion and thus improve the performance

of the OPV devices.

A layer of PEDOT:PSS of about 40 nm thickness was spin-coated onto a one inch® ITO

glass substrates, in order to smoothen the surface of the ITO glass and to increase the hole

transport and injection in the devices. The active layer was created by mixing P3HT and PCBM in

a 1:1 weight ratio in dichlorobenzene inside an N, purged glove box. The solution was spin-

coated in the glovebox on top of the PEDOT:PSS coated layer yielding an active layer of about

200 nm thickness. Finally, Al electrode contacts were deposited by a thermal evaporation

chamber until a thickness of 80 nm was attained. No LiF layer was used in these devices. A

template was used for the Al evaporation by which a 0.4 cm’ device was created. The completed

devices were then annealed at various temperatures and annealing times in a glove box before

characterization. A more detailed procedure can be found in the previous report.27)

High-resolution TEM images presented in Fig. 1 show three distinct regions in the cross-section

of an OPV device. These are the Al, the mixed, and the P3HT:PCBM (active) layers. For the un-

annealed device (Fig. 1(a)), the TEM image shows several lattice vectors suggesting that the Al

layer is polycrystalline. Upon annealing at 120°C for 20 min (Fig. 1(b)), the lattice in the Al layer



50

appears more uniform suggesting that the Al now has a higher crystallinity. The insets present the

high-resolution TEM images. Both devices show a mixed layer (~ 5 nm) at the interface of the Al

and P3HT:PCBM layers. As clearly seen in Fig. 1(b), the Al atoms not only bond to the surface of

the active layer but also diffuse into (~ 5 nm) and form a crystalline structure inside.

It is observed that annealing causes an increase in the size of the P3HT and PCBM domains. This

has also been seen by several other groups who have reported that the crystallinity of P3HT

19,20)

increased upon annealing, effectively lowering the series resistance of the OPV device.

Interestingly, and most important to this work is that both the un-annealed and annealed devices

have a mixed layer (~ 5 nm wide) at the interface between the Al and active layers. This suggests

that the Al diffuses into the active layer regardless of the annealing. With increasing annealing

temperature, such the mixed region became thicker (shown in Fig. 2). The mixed layer of ~6.46

nm and ~10.32 nm was found after annealing at 140°C and 160°C, respectively; this also supports

a proof of the Fickian characteristics. It should be noted that the central issue of Al diffusion in

P3HT, PCBM or other polymer-based matrices is a formation of inhomogeneous channels, and

therefore the mechanism for this diffusion has been reported to be due to the separation between

the P3HT and PCBM, which increases the following annealing.%w This separation would allow
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for the Al atoms to inter-diffuse into the active region and create a mixed layer. This is also

confirmed by the result presented in the inset of Fig. 1(b) where a uniform atomic spacing seen in

the Al layer, continues beyond the Al/active layer interface, suggesting that the crystalline Al

diffuses into the mixed layer. The contrast of the mixed layer became darker which means that the

mixed layer has a higher density after annealing. The resulting mixed layer both positively and

negatively affects the electronic properties of the OPV device. The increased contact between the

Al and active layer will help to lower the contact resistance of the OPV; while, the charge

injection properties are themselves reduced as the Al diffusion disrupts the orientation of the

polymer.

We note that the validity of the Fickian expressions was previously adopted to study the PCBM

concentration profiles in the mixed P3HT:PCBM.32), and in order to understand the diffusion of

Al in P3HT:PCBM and to calculate the diffusion constant, it would be necessary to have data

which can be fitted to Fick's second law.



“Mixed layer

= 2nm
|

Fig. 1. Cross-sectional TEM images of Al and P3HT:PCBM layers from an (a) un-annealed
device, and (b) annealed device. Insets show high-resolution TEM images. Both devices show a

mixed layer (~ 5 nm) at the interface of the Al and P3HT:PCBM layers (dashed lines provide a

guideline for the mixed layer boundary).

(b)

Active layer

B

Fig. 2. Cross-sectional TEM images of Al and P3HT:PCBM layers from annealed devices (a) at

140°C and (b) 160°C. Both samples were annealed for 20 min (dashed lines provide a guideline

for the mixed layer boundary).

52



53

The diffusivity of Al in P3HT:PCBM for devices annealed at 120°C for 20 min was determined

using energy-dispersive X-ray spectroscopy (EDS) elemental mapping. Further information on

these characterization methods is given in the previous report.27) The elemental mapping method

requires the cross-sectional scanning transmission electron microscopy (STEM) images (shown in

Fig. 3(a) and Fig. 3(b)) and the mapping (using EDS) of the OPV cross-section device be taken.

The first elemental map, in Fig. 3(c) shows the diffusion of Al represented as red pixels into the

active region shown as black pixels. The other elemental map in Fig. 3(d) shows the distribution

of sulfur (S), the element used to identify P3HT, as blue pixels and Al as black pixels. In the

cross-sectional STEM image shown in Fig. 3(b), a mixed region can be seen with its boundary

indicated by the white dotted lines. In this case, the diverse region is about 3 nm in length. This

difference between this length compared to those observed in Fig. 1(b) (~ 5 nm) can be attributed

to the use of different microscopy techniques. The image in Fig. 3(a) is taken in a STEM mode,

which shows a distinct contrast than the bright field TEM image in Fig. 1. The white dotted lines

were placed onto the elemental maps to identify the mixed region. It is seen that Al is present in

the mixed layer in Fig. 3(c). Also, P3HT is seen in the mixed layer in Fig. 3(d), although only at
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low concentrations. Thus, these images again suggest that Al is diffusing into the active region,

thus creating the mixed layer.

To obtain data for fitting to Fick’s second law equation, Fig. 3(c) was rotated, cropped,

and converted to grayscale by the ImageJ® photo-editing software.”” Besides, the scale bar of the

STEM image in Fig. 3(b) was recalibrated so that it was correlated to pixel count, allowing the

elemental map to be viewed as representing the distance traveled into the OPV device. Using

Matlab” programming software36), the grayscale elemental map was converted to binary so that

the white pixels represent Al and the black pixels indicate the P3HT:PCBM. The number of white

pixels in each row of the image was then summed. This procedure was repeated several times as

using different rotations, cropping, and pixel count conversions would yield different results.

Pixel count was not converted to Al concentration as these two are taken to be proportional to

each other. Note: the concentration ratio in the Fick's second law equation merely is a constant. A

graph of the white pixel count versus distance into the OPV device from trial one is shown in Fig.

4(a). The inset of Fig. 4(a) shows the edited elemental map used to obtain the white pixel count

data. The averaged data was again fitted to Fick’s second law using Originm and the resulting
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diffusion constant was found to be 1.8 x 10~ cm’/sec. This is shown in Fig. 4(b). This value is of

the same order of magnitude as the other reported diffusion constants for metals in poly mers.””

Fig. 3. (a) Cross-sectional STEM image of an annealed OPV device. The dotted square box

outlines the area used for elemental mapping. (b) Zoomed in cross-sectional STEM image of the

boxed off region showing the Al/Mixed/P3HT:PCBM layers (mixed region ~ 3 nm). (¢) The

elemental map is showing the distribution of Alin P3HT:PCBM. Red pixels represent Al, and

black pixels represent P3HT:PCBM. (d) The elemental map is showing the distribution of S in
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P3HT:PCBM. Blue pixels represent S, and black pixels represent Al. Note that the white dotted

lines indicate the predicted edges of the mixed region.

a) 400 . : b
( ) I ;: ] % ( ) "\ Elemental Map Data
- (&} 300 0 |mee-- Fick's 2nd Law Fit
o ?%@' = )
[0] ; n
=3 [ £ 200
o 200 - 0 % D= 1.8x102! cm?/sce
k) 7 100 -
O 100f 4 1+
0 I / /: O N o P L 1
0 5 10 15 0 5 10
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Fig. 4. (a) Plot of Al pixel count vs. distance into the mixed region. An inset of (a) shows the
cropped, rotated, and binary converted the image of the Al elemental map shown in Fig. 3(c).
White pixels represent Al, and black pixels represent P3HT. This image has dimensions ~22 x

~19 nm. (b) The regression yielded a diffusion constant of 1.8 x 10? cm®/sec. R =0.9793.

In sum, Fick’s second law was successfully used to determine the diffusion constant of Al in
P3HT:PCBM using the procedures developed for utilizing data obtained by energy-dispersive X-
ray spectroscopy elemental mapping. Errors may arise in these procedures due to the rotation, the

cropping, the conversion to grayscale, the conversion to binary, and the conversion of pixels to

15
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distance. Nonetheless, the diffusion constant was found to be of the same order of magnitude as

the other reported diffusion constants for metals in polymers. The overall diffusion constant for

Al in P3HT:PCBM was found to be 1.8 x 10™' cm’/sec for devices annealed at 120°C for 20 min.

This finding result can then be used to enhance OPV performance by allowing better control of

the Al diffusion. The steps taken would help to both lower resistance in the OPV devices and

reduce the amount of P3HT crystal orientation disruption.
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