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The recently reported quantum junction architecture represents a promising approach to building a
rectifying photovoltaic device that employs colloidal quantum dot layers on each side of the p-n
junction. Here, we report an optimized quantum junction solar cell that leverages an improved
aluminum zinc oxide electrode for a stable contact to the n-side of the quantum junction and silver
doping of the p-layer that greatly enhances the photocurrent by expanding the depletion region in
the n-side of the device. These improvements result in greater stability and a power conversion
efficiency of 6.1% under AMI1.5 simulated solar illumination. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4757866]

Colloidal quantum dots (CQDs) are attractive materials
for inexpensive, room temperature and solution processed
optoelectronics. These materials have been employed in light
emitting devices,1 field effect transistors (FETs),z’3 and
photovoltaics.*”’

In photovoltaics, CQD films are typically combined
with a wide-bandgap bulk semiconductor which allows for
the formation of a p-n junction. This limits the benefits of
bandgap tuning in CQD films, since redesign of the bulk
semiconductor is required to maintain performance due to
band alignment.® The quantum junction (QJ) architecture’
has obviated the need for bulk semiconductor materials, and
has enabled an efficient implementation of a p-n junction
where both sides of the junction were capable of being
quantum-tuned. This has opened a path towards all-room
temperature processing from solution of the entire junction,
obviating the need for the high-temperature sintering steps
required when working with many relevant metal-oxide
electrodes.

The QJ presents an attractive approach to building
junctions of varying quantum dot sizes and thus bandgaps.
To fulfil its potential in single-junction devices, the materials
and the architecture need to be optimized for a bandgap
range centered at 1.3eV.'” We took the view that, through
careful engineering of electrode materials, and by tuning the
CQD properties, we could achieve greater power conversion
efficiencies. Prior reports of QJ devices have relied on an in-
dium tin oxide (ITO) transparent contact; an overlying,
highly doped PbS CQD p-layer; a lightly doped, PbS CQD
n-layer; the latter contacted using a final Al ohmic metal
contact.”

CQD films typically have low diffusion lengths, in the
range from 10-100nm.""'? As a result, extending the deple-
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tion region as far as possible into a lightly doped n-layer is
expected to enhance charge collection and thereby increase
the photocurrent. This can be achieved if the doping in the
p-layer can be considerably increased.

With this goal in mind, we investigated related material
systems in which dopants have been introduced during syn-
thesis. Ag ions have been used in doping InAs CQDs."* The
valency of Ag is suited to p-doping of PbS CQDs as well,
providing one extra hole for each Pb atom that is replaced by
Ag in the PbS lattice.

We therefore explored the addition of Ag during PbS
CQDs synthesis. PbS CQDs of various sizes are fabricated fol-
lowing a modified published recipe.'*'> For Ag incorporation,
the Ag precursor solution was prepared by dissolving 144 mg
of AgCl in 10ml of oleylamine (OLA). After the injection of
bis(trimethylsilyl) sul-fide (TMS) for the synthesis of CQDs,
the heating mantle was turned off to let the flask temperature
decrease to ~75°C. 1.5ml of the Ag precursor and 3ml of
OLA were then injected and the flask temperature was main-
tained at 75 °C for 30 min, after which it was allowed to cool
to 36 °C. The procedure results in CQDs having Ag impurities
incorporated, as verified using x-ray photoelectron spectros-
copy (XPS) (S1).>! Doping densities were obtained using FET
measurements, employing a SiO,/Si architecture with Au drain
and source contacts, where a 40 nm film of CQDs treated with
tetramethyl ammonium hydroxide in methanol formed the
channel. The extracted doping densities (Figure 1(a) inset) con-
firmed that the doping in the p-layer had increased substan-
tially as a result of the Ag incorporation. The Ag doping
approach resulted in doping densities approaching 10" cm ™
found to be optimal for device performance.

We then fabricated p-n devices using a layer-by-layer
approach,’ with a 300 nm n-layer processed in an inert envi-
ronment with tetrabutylammonium iodide ligands in methanol
(10mg/ml) on a 50nm air ambient processed p-layer, with
tetramethyl ammonium hydroxide in methanol (10 mg/ml) as

© 2012 American Institute of Physics
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FIG. 1. (a) EQE of devices employing undoped and Ag-doped CQDs show-
ing that Ag doping leads to a greater depletion in the n-layer, inset: hole den-
sity (p) as measured by FETs for films made with undoped and Ag-doped
PbS CQDs; expected Jsc shown as calculated from (a). (b) Simulated EQE
curves showing an enhancement in the near infrared and across part of the
visible, while a slight reduction around 400 nm due to decreased depletion in
the p-layer.

the ligand. A thin, highly doped p-layer, and a thicker, lightly
doped n-layer ensure high absorption and depletion in the n-
layer, excellent for charge generation and collection. External
quantum efficiency (EQE) measurements revealed the benefit
from increased doping in the p-layer as a result of Ag incorpo-

Appl. Phys. Lett. 101, 151112 (2012)

ration. The incident spectrum for EQE measurements was
generated by passing the output of a 400 W Xe lamp through
a monochromator and using appropriate order-sorting filters.
The resultant monochromatic beam also passed through an
optical chopper operating at 220 Hz coupled to the input of a
lock-in amplifier. The EQE (Figure 1(a)) was greatly
enhanced across most of the visible spectrum, and markedly
so at the infrared excitonic peak where absorption occurs
deeper into the device compared to the case of visible-light
absorption. The EQE showed a slight decrease at shorter
wavelengths, consistent with a decrease in the depletion depth
inside the front-side p-layer due to its increased doping.

To explore further this picture of doping and its impact
on depletion in the quantum junction, we constructed an
optoelectronic  model using previously established
21ppr0ach<3s.16_18 The resulting EQE curves (Figure 1(b))
demonstrated that, as the doping in the p-layer is increased,
the EQE improves across most of the visible and infrared
spectrum. Meanwhile, the EQE is reduced at high-energy
wavelengths, a fact attributable to the decrease in the deple-
tion region on that side of the junction. The EQE curves fur-
ther suggest that the overall improvement in EQE across the
entire spectrum outweighs any reduction in EQE due to less
depletion in the p-layer, also consistent with experimental
results.

For a device to be attractive for photovoltaics, it would
also need to have excellent long term stability and tempera-
ture resilience. The presently employed Al contact is known
to react with halides'” that are used during the fabrication of
the n-type film. A highly doped n-type aluminum zinc oxide
(AZO) layer could therefore potentially serve to enhance sta-
bility while improving current collection by blocking hole
recombination (Figure 2(a)). AZO is readily sputtered at
room temperature,zo’21 and a 30 nm contact was deposited at
a rate of 0.4 A/s by sputtering, followed by thermal evapora-
tion of silver (200 nm thick) at a rate of 1.5 A/s with base
pressure of 1 x 10”7 mbar. Figure 2(b) shows the temporal
stability of our AZO devices. These devices were encapsu-
lated in a glovebox and tested in an air ambient environment.
Encapsulation was done by sealing the device in an epoxy
(NOASS8, Norland Products Inc), and then curing with an
8 W UV lamp (UVLMS38, UVP Inc.) for 30 min. The devi-
ces retained performance for over 60h under continuous
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FIG. 2. (a) Energy band diagrams of device employing an AZO electrode in place of an Al contact. X-axis is not to scale. The AZO also serves as a hole
blocking layer. (b) Stability of a >5% devices across all performance metrics for 60 h (c) Temperature stability of a QJ device after annealing at 90 °C for 3 h,

showing little change in JV characteristics.
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illumination. The same devices also exhibited temperature
stability to 90°C (Figure 2(c)), highlighting the robustness
of the AZO approach.

Current-voltage characteristics were measured using a
Keithley 2400 source-meter in N, ambient. The solar spec-
trum at AM1.5 was simulated with a Xe lamp and filters (So-
lar Light Company Inc.) with measured intensity at 100 mW
cm 2. Combining the silver doping and AZO contact optimi-
zations, we were able to improve power conversion effi-
ciency, principally by collecting more photocurrent. These
advances resulted in devices exhibiting a PCE of 6.1%. Fig-
ure 3(a) shows the J-V curve of a champion device, with an
open circuit voltage of 0.52V, short circuit current (Jsc) of
23.3 mA/cm?, and fill factor (FF) of 50%; where most of the
improvement is reflected in the Jgc and FF compared with
previous reports.” This is consistent with an enhanced deple-
tion region and thus more efficient carrier collection, further-
more aided by hole blocking afforded by using an AZO
contact. We constructed sixty QJ devices (Fig. 3(b)) over the
course of one month using different batches of PbS CQDs to
test the reproducibility of fabrication approach. The average
efficiency was 5.6% and the standard deviation was 0.2%.
Such a high reproducibility compares favourably with per-
formance variation in previously reported depleted hetero-
junction devices.®

We have shown that by engineering the CQD material
through doping and by appropriately choosing ohmic electro-
des to our CQD films, we are able to collect more current
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FIG. 3. (a) J-V curve of best performing device showing a PCE of 6.1%. (b)
Performance of 60 devices made over 1 month, showing high reproducibility
and little deviation in PCE (PCE =5.6 = 0.2%).
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and increase efficiency. Furthermore, the choice of the ohmic
contact can have a drastic impact on device stability by limit-
ing unwanted chemical reactions and forming a favourable
energy alignment for further enhancement in charge collec-
tion. We achieve highly reproducible, high performance
devices with excellent temperature and temporal stability.
This work opens a path towards further optimization of
related QJ devices by appropriately tuning the doping and
choice of electrical contacts to guarantee efficient charge
collection and high efficiency.

We thank Angstrom Engineering and Innovative Tech-
nology for useful discussions regarding material deposition
methods and control of glovebox environment, respectively.
The authors would like to acknowledge the technical assis-
tance and scientific guidance of E. Palmiano, R. Wolowiec,
and D. Kopilovic. This publication is based on part of work
supported by Award KUS-11-009-21, made by King Abdul-
lah University of Science and Technology (KAUST), by the
Ontario Research Fund Research Excellence Program, and
by the Natural Sciences and Engineering Research Council
(NSERC) of Canada. D. Zhitomirsky acknowledges the
financial support through the NSERC CGS D Scholarship.

'L. Sun, J. J. Choi, D. Stachnik, A. C. Bartnik, B.-R. Hyun, G. G. Malliaras,
T. Hanrath, and F. W. Wise, Nat. Nanotechnol. 7, 369 (2012).

’T. P. Osedach, N. Zhao, T. L. Andrew, P. R. Brown, D. D. Wanger, D. B.
Strasfeld, L.-Y. Chang, M. G. Bawendi, and V. Bulovi¢, ACS Nano 6,
3121 (2012).

D.V. Talapin and C. B. Murray, Science 310, 86 (2005).

“A. G. Pattantyus-Abraham, I. J. Kramer, A. R. Barkhouse, X. Wang, G.
Konstantatos, R. Debnath, L. Levina, I. Raabe, M. K. Nazeeruddin, M.
Gratzel, and E. H. Sargent, ACS Nano 4, 3374 (2010).

L. Etgar, W. Zhang, S. Gabriel, S. G. Hickey, M. K. Nazeeruddin, A.
Eychmiiller, B. Liu, and M. Gritzel, Adv. Mater. 24, 2202 (2012).

°J. Tang, K. W. Kemp, S. Hoogland, K. S. Jeong, H. Liu, L. Levina, M.
Furukawa, X. Wang, R. Debnath, D. Cha, K. W. Chou, A. Fischer, A.
Amassian, J. B. Asbury, and E. H. Sargent, Nature Mater. 10, 765 (2011).

"B.-R. Hyun, Y.-W. Zhong, A. C. Bartnik, L. Sun, H. D. Abruna, F. W.
Wise, J. D. Goodreau, J. R. Matthews, T. M. Leslie, and N. F. Borrelli,
ACS Nano 2, 2206 (2008).

8H. Liu, J. Tang, I. J. Kramer, R. Debnath, G. I. Koleilat, X. Wang, A.
Fisher, R. Li, L. Brzozowski, L. Levina, and E. H. Sargent, Adv. Mater.
23,3832 (2011).

°]. Tang, H. Liu, D. Zhitomirsky, S. Hoogland, X. Wang, M. Furukawa, L.
Levina, and E. H. Sargent, Nano Lett. 12, 4889 (2012).

10C. H. Henry, J. Appl. Phys. 51, 4494 (1980).

"y M. Luther, M. Law, M. C. Beard, Q. Song, M. O. Reese, R. J. Ellingson,
and A. J. Nozik, Nano Lett. 8, 3488 (2008).

2K w. Johnston, A. G. Pattantyus-Abraham, J. P. Clifford, S. H. Myrskog,
S. Hoogland, H. Shukla, E. J. D. Klem, L. Levina, and E. H. Sargent,
Appl. Phys. Lett. 92, 122111 (2008).

3D, Mocatta, G. Cohen, J. Schattner, O. Millo, E. Rabani, and U. Banin,
Science 332, 77 (2011).

M. A. Hines and G. D. Scholes, Adv. Mater. 15, 1844 (2003).

157, Tang, L. Brzozowski, D. A. R. Barkhouse, X. Wang, R. Debnath, R.
Wolowiec, E. Palmiano, L. Levina, A. G. Pattantyus-Abraham, D. Jama-
kosmanovic, and E. H. Sargent, ACS Nano 4, 869 (2010).

1op, Zhitomirsky, I. J. Kramer, A. J. Labelle, A. Fischer, R. Debnath, J. Pan,
O. M. Bakr, and E. H. Sargent, Nano Lett. 12, 1007 (2012).

7L, J. Kramer, L. Levina, R. Debnath, D. Zhitomirsky, and E. H. Sargent,
Nano Lett. 11, 3701 (2011).

'], J. Kramer and E. H. Sargent, ACS Nano 5, 8506 (2011).

5. G. Chen, T. P. Beebe, J. E. Crowell, and J. T. Yates, J. Am. Chem. Soc.
109, 1726 (1987).

20G. 1. Koleilat, X. Wang, A. J. Labelle, A. H. Ip, G. H. Carey, A. Fischer,
L. Levina, L. Brzozowski, and E. H. Sargent, Nano Lett. 11, 5173 (2011).

2ISee supplementary material at http://dx.doi.org/10.1063/1.4757866 for
XPS spectra and composition analysis of Ag-doped PbS CQDs.

Downloaded 10 Oct 2012 to 142.150.235.171. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1038/nnano.2012.63
http://dx.doi.org/10.1021/nn3008788
http://dx.doi.org/10.1126/science.1116703
http://dx.doi.org/10.1021/nn100335g
http://dx.doi.org/10.1002/adma.201104497
http://dx.doi.org/10.1038/nmat3118
http://dx.doi.org/10.1021/nn800336b
http://dx.doi.org/10.1002/adma.201101783
http://dx.doi.org/10.1021/nl302436r
http://dx.doi.org/10.1063/1.328272
http://dx.doi.org/10.1021/nl802476m
http://dx.doi.org/10.1063/1.2896295
http://dx.doi.org/10.1126/science.1196321
http://dx.doi.org/10.1002/adma.200305395
http://dx.doi.org/10.1021/nn901564q
http://dx.doi.org/10.1021/nl2041589
http://dx.doi.org/10.1021/nl201682h
http://dx.doi.org/10.1021/nn203438u
http://dx.doi.org/10.1021/ja00240a021
http://dx.doi.org/10.1021/nl202337a
http://dx.doi.org/10.1063/1.4757866

