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ABSTRACT: Transfer printed silver nanowire transparent conducting electrodes are
demonstrated in lead sulfide-zinc oxide quantum dot solar cells. Advantages of using this
transparent conductor technology are increased junction surface energy, solution processing, and
the potential cost reduction of low temperature processing. Joule heating, device aging, and film
thickness effects are investigated to understand shunt pathways created by nanowires protruding
perpendicular to the film. A Vo of 0.39+0.07 V, Js of 16.2£0.2 mA/cm? and power conversion

efficiencies of 2.8 + 0.4% are presented.
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1. INTRODUCTION

Solution-processed solar cells have the potential to become an inexpensive energy technology

to rival silicon solar cells.'

Semiconductor colloidal quantum dot (CQD) photovoltaic (PV)
devices have shown a steady increase in efficiency over the last decade increasing from 4% to
over 8% in the space of four years.*® The low temperatures required for CQD synthesis and the
potential for high-throughput, roll-to-roll deposition of QD ink make them a very attractive
technology.” To date, most CQD PV devices have used either metal conductive oxide or
graphene films as the transparent back contact.®? In this paper we replace these with solution
processed, transfer printed silver nanowire transparent thin film contacts and investigate the
influence of underlying film morphology on device performance.

Thin silver (Ag) films are of interest due to the high electrical conductivity of silver and the
high demand, limited supply, and consequentially high price of indium used in the industry
standard transparent conductor, indium doped tin oxide (ITO).!®!! Sputtered thin Ag films
(<10nm), have been used as an alternative transparent conductor (TC) to ITO in organic solar
cells. These devices produced equivalent conversion efficiencies to those fabricated with ITO
due to the similar electronic and optical properties of the two transparent conductors.'? However,

sputter coating is a wasteful deposition process and necessitates a high vacuum environment,

resulting in low-throughput device fabrication, and ultimately higher device cost.!?



Silver nanowires (Ag NWs) with aspect ratios >100 have been shown to form low density,
highly interconnected networks with low sheet resistances and good optical transparency.'*
Optimizing NW deposition technique, which controls the NW density and relative arrangement
on a substrate, is key to forming high-quality transparent conducting NW films.'*!> Some groups
have fabricated organic solar cells using Ag NW TCs to replace ITO, yielding a peak efficiency
of 3.8%.!* One potential benefit of the Ag NW films is that they can provide a higher
heterojunction area thus increasing the potential for charge collection. We suggest this because
NW films are inherently 3-dimensional thus increasing the interfacial area of subsequent layers,

this has previously been identified as beneficial to device performance.'®

2. EXPERIMENTAL METHODS

All nanocrystal solutions (Ag NWs, ZnO, and PbS QDs) were synthesized using previously
published methods and are described in the supporting information.”!”!®¥ From scanning electron
microscopy analysis we find that the as deposited NWs were on average 13+0.8um in length.

PbS CQDs used here had an average band gap of 1.27 eV (6=85meV, FWHM=121meV).

For fabrication of each Ag NW transparent conductor (TC), 600uL of a low concentration Ag
NW-methanol solution (0.016wt%) was deposited on glass by a vacuum filter printing technique
using Omnipore™ hydrophilic PTFE filters with 10um diameter pores. Deposited NW films
were heated at 200°C for 2 hours before applying silver paint contacts at the film edge for solar
simulator testing. This deposition process produced Ag NW films with an average thickness of
160nm as measured by a Veeco DekTak 6M Stylus Profilometer and typical sheet resistance of

10+£2 Q/o as measured by four-point probe. Transmittances were measured using an integrating



sphere-equipped absorption spectrometer and are presented in supporting information (Figure
S1). Images of surface morphology were obtained using a MicroXAM Optical Profiler.

The solar cell geometry and band structure are shown in Figure 1a and 1b, respectively. Figure
1b shows that a type-II heterojunction forms between the n-type ZnO and p-type PbS. After Ag
NW TC fabrication, PEDOT:PSS was deposited by a 60 second spin coat process at S000rpm
and then dried at 110°C for 30 minutes. The PbS QD film consisted of 5 independently deposited
layers, each consisting of 1 drop of QD solution followed by 2 drops of 1vol.% 1,2-ethanedithiol
in methanol, 5 drops of methanol, 5 drops of toluene, and 5 more drops of methanol while spin
coating at 2000rpm. Devices were plasma treated for 15 seconds in an Hy/N; environment before
ZnO solution was deposited by spin coating at 1000rpm. A second layer of ZnO was then spun
coated at 2000rpm for further NW encapsulation. Finally, a 100nm aluminum top contact was

deposited by evaporation. The Ag NW were replaced with ITO to act as a control device.
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Figure 1. (a) Physical structure (not to scale) and (b) energy diagram for devices.

Device power conversion efficiency (PCE) was evaluated by illuminating devices using a
xenon lamp fitted with a filter to simulate AM1.5 solar irradiation and measured using a Keithley
2400 Source Measurment Unit, the power density of the light source was calibrated using an
ABET technologies 15151 Calibrated Silicon Reference Cell. For external quantum efficiency
(EQE) measurements illumination was provided by a halogen lamp and Oriel Conerstone 130
monochromator. Light intensity at different wavelengths was calibrated using a Newport 8§18 UV
enhanced silicon photodetector and a Newport 918 IR germanium photodetector. The current
signal was measured with a Keithley 6845 picoammeter. All device performance testing took

place under N> flow to reduce PbS QD degradation Three identically fabricated devices were



fabricated for each NW thickness means and errors were calculated according to the variance of
five measurements on each device.

3. RESULTS AND DISCUSSION

The morphology of the thin film layers as they are built up devices is shown in Figure 2. It can
be seen in (a)-(c) the building up of the PEDOT:PSS, PbS and ZnO on the nanowires creates a
very rough surface which penetrates right through to the PbS layer. While the corresponding ITO
layers (d)-(f) are much smoother however there are obvious cracks which arise from the

replacement of the long chain oleic acid ligands with the much short ethanedithiol which causes

stress to build up in the films which needs to be relaxed by tessellations.

Figure 2. MicroXam surface profile images of (a) glass-Ag NW-PEDOT:PSS (b) glass-Ag NW-
PEDOT:PSS-PbS (c) glass-Ag NW-PEDOT:PSS-PbS-ZnO (d) glass-ITO-PEDOT:PSS (e) glass-

ITO-PEDOT:PSS-PbS (f) glass-ITO-PEDOT:PSS-PbS-ZnO.

Upon device fabrication we found that a large percentage of the devices fabricated were prone to

short circuiting, which we believed to be caused by NW penetration through the cell to the



aluminum top contact. We hypothesized that these short circuits could be destroyed by passing
sufficient current to cause joule heating of the nanowire, as this has been shown to break
nanowires and create non-conductive pathways.!® To test this, devices were cycled between -

0.5V and 1.0V under illumination in an attempt to destroy NW-Al contact short pathways.

As Figure 3 shows, a drastic change in J-V behavior occurs over the course of five -0.5V to
1.0V voltage sweeps in both forward and reverse bias of a device under solar illumination. The
solar cell progressed from a completely short-circuiting device with Rehunt value of 10 Q-cm?
upon the first voltage sweep to a rectifying device with an increase in Rshune by almost two orders
of magnitude upon the second voltage sweep. Subsequent voltage sweeps show no sign of
significant short-circuiting and the device parameters typically plateau to a stable Vo of
0.29+0.05V, Js of 8.3+0.3mA/cm?, and PCE of 1.0%=+0.2%, respectively. Control devices made
at the same time using the same batch of ZnO and PbS CQD inks using ITO had Vo of
0.38+0.06V, Js of 10.75+£0.7mA/cm?, and PCE of 1.5%%0.4%. Therefore, compared to the ITO
control devices the nanowire devices performed reasonably well. Errors were calculated using
the variance in Jsc and Vo measurements for forward and reverse bias application to the device

for at least five devices.
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Figure 3. Plot of improved device performance with multiple applied voltage cycles. The device
performance improved substantially from the first -0.5V to 1.0V voltage cycle to the second -
0.5V to 1.0V voltage cycle, implying breakup of NWs in contact with the Al electrode. After

nanowire break up, Jsc and V. values stabilized.

The Ag NW-PbS QD solar cells typically produced a leakage current density (Jo) of 1.0+0.3
nA/cm?, which is a full order of magnitude greater than that of devices fabricated using an ITO
TC. Because device V. increases logarithmically with the inverse of J,, a large leakage current
yields a low Vo and consequentially poor cell efficiency.?’ There are two proposed causes for
the J, increase and Vo reduction: 1) Low-density Ag NW penetration through the photoactive
layers, and 2) disruption of a uniform PbS CQD film caused by the comparatively high
roughness Ag NW substrate.

Some devices that performed poorly upon initial testing also improved dramatically with aging
in an N> environment. This is shown in Figure 4, V. rises from 0.21 £ 0.07V to 0.39 £ 0.07V of
a device tested immediately after aluminum contact deposition and then after an 18 hours aging
process. During this aging process, the cells were left in a dark N> environment and no bias was
applied. We attribute reduced shunt pathways, indicated by the increase of Rshune from 600+200
Q-cm? to 1,100+ 200 Q-cm? over this aging period, to the rise in Vo and consequential jump in

PCE from 0.4% + 0.2% to 0.90% + 0.08%.
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Figure 4. Device J-V plot and performance metrics before (t=0hrs, red) and after (t=18hrs, blue)

aging in N2 environment.

Two mechanisms have been proposed to explain the observed short-circuit passivation by
device aging. First, the low temperatures (<175°C), supplied by joule heating of Ag NWs,!” may
cause metallic clusters and defects to develop in the ZnO film. At these sites of Ag NW
penetration in the ZnO film, the ZnO would become semi-insulative, as has been reported in
intentionally Ag-doped ZnO films.?! Alternatively, an AgiOy shell may form when O is
desorbed from the ZnO film during both UV-photodoping and heat treatment caused by joule
heating.**> Because the resistivity of silver oxides is over ten orders of magnitude greater than that
of Ag,?® shunt pathways could then be reduced by the formation of a AgxOy shell around the
nanowire which results in improved device performance. After functional cells could be
consistently fabricated with aging improvement, the Ag NW density was altered in an attempt to
further increase device performance.'*

Ag NW film density was varied by depositing Ag NW solution in various volumes to test the

effects of NW film conductivity and morphology on device performance. The dilute Ag NW-



methanol solution was deposited in volumes of 200uL, 400ulL, 600uL, 800uL, and 1000uL.

These volumes relate to average Ag NW film thicknesses of 130nm, 140nm, 160nm, 220nm, and

260nm, respectively, as measured by a Veeco DekTak 6M Stylus Profilometer. Images of the

resulting Ag NW films can be found in the supplementary information (Figure S2).
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Figure 5. (a) Rgeries and Rshunt, (b) Rsheet and average Ag NW roughness, (¢) Jsc and Vo, (d) and

PCE values for devices of varying Ag NW thickness.

Cell performance using these varying Ag NW densities after 18 hours of aging in an N

environment is shown in Figure 5. Figure 5a shows that thicker Ag NW films result in lower

10



Rseries, which follows the trend of reduced Rgheet With greater Ag NW film thickness noted in
Figure 5b. Although low Rseries devices typically result in high Jsc devices, denser Ag NW films
result in higher roughness films, shown in Figure 5b. It is proposed that higher density NW films
lead to increased disruption of later-deposited films, resulting in greater short-circuiting.
Furthermore, higher density NW films result in greater maximum peak heights caused by
substantial Ag NW overlap and deposited NWs penetrating out of plane, which provide
additional paths for short-circuiting. Greater shunt pathways with increased NW density
correlates to reduced Rsnunt and V. values, as shown in Figure 5a and 5Sc, respectively. Figure 4d
indicates that this Vc-Jsc trade-off results in an optimal PCE for Ag NW TCs with an average

thickness of 160nm and a completely short-circuited device for Ag NW TCs >260nm thick.

The external quantum efficiency (EQE) for a device fabricated using a 160nm thick Ag NW
TC is compared to a PbS QD cell fabricated using exactly the same method on ITO and is shown
in Figure 6a. The performance of the nanowire device is much poorer towards the UV, this is
most likely to be due to the formation of dead-zone due to a combination of thin film optical
effects and poor extraction of charges towards the front of the cell.?* The slight red-shift of the
ITO based devices excitonic peak is unusual and but could be due to increased oxidation of the
PbS in the Ag NW device resulting in a decrease of the QD size. As can be seen in figure 6b the
transmission characteristics of the ITO device are far superior, which explains the overall

increase in EQE.
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Figure 6: Wavelength-dependence of (a) EQE for PbS QD devices fabricated with ITO (blue)

and Ag NW TC substrates (red), (b) Transmission spectra of ITO (blue) and Ag NW (red).

Implementing a combination of joule heating, device aging under N> conditions, and optimal
Ag NW film thickness, a champion cell with an efficiency of 2.8 + 0.4% was achieved. This is a
promising beginning to Ag NW-PbS CQD solar cells, since this early champion cell is not far
from the efficiencies of similar polymer-Ag NW solar cells, which have been recently made.'?

4. CONCLUSION

In conclusion, inorganic solar cells have been produced with a solution-processed silver
nanowire (Ag NW) transparent conductor and lead sulfide quantum dot photoactive layers.
Short-circuiting due to NW penetration of the cell and high leakage currents proved to be the

greatest source of cell degradation. These detrimental effects were remediated to some extent by

12



NW break-up caused by joule heating, slight device-aging, and alteration of Ag NW film
thickness, yielding a champion cell efficiency of 2.8 + 0.4%. Further device efficiency
improvement and better reproducibility is expected by reducing Ag NW-PEDOT:PSS film

roughness and better encapsulation of Ag NWs penetrating through photoactive layers.
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