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Photoconductivity from PbS-nanocrystal/semiconducting polymer
composites for solution-processible, quantum-size tunable
infrared photodetectors
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We report photoconductivity at infrared wavelengths, 975—-1300 nm, from a polymer/nanocrystal
quantum dot composite. Biased films of the conjugated polymer [Dahethoxy-5-
(2'-ethylhexyloxyp-phenylenevinylengd (MEH-PPV) sensitized with PbS nanocrystals-5 nm
diametey demonstrate photocurrent at wavelengths beyond the response of the polymer and
corresponding to the absorption of the nanocrystals. The photocurrent is attributed to absorption in
the nanocrystals with subsequent hole transfer to the polymer and had an internal quantum
efficiency of ~5x10°® to ~10°° charges/photon at 5V bias. @04 American Institute of
Physics [DOI: 10.1063/1.1792380

In semiconductor nanocrystdNC) quantum dots, the polymer/NC composite. Since conjugated polymers typically
confinement of charge carriers to length scales less than theve better hole than electron mobility, photoconductivity in
exciton-Bohr radius allows investigation and exploitation of polymer/NC composites mandates energy alignments that fa-
material behavior in the size regime between the atomic andor transfer of the photogenerated hole to the polymer. This
bulk. Tunability of the NC band gap via the quantum sizerequires that the highest occupied molecular orlgkEdMO)
effect has attracted attention for visible and infrared lightlevel of the polymer lie closer to vacuum than the valence
emitting diodes™ visible lasers:® visible and infrared band of the NC. The Cd chalcogenides have bulk ionization
modulators.® and visible photovoltaic’ potentials between-6.4 and~7.3 eV, while that of PbS is

The use of NCs size-tuned to provide absorption onsets-4.95 eV. A variety of polymers are readily available with
in the infrared is appealing for applications in sensing, nightHOMO levels that provide the correct band alignment with
vision, biomedical assays in the second water winlomnd ~ Cd chalcogenides. However, the low ionization potential of
telecommunications. In the present work, we demonstrat€bS limits the number of readily available conjugated poly-
photoconductivity in the infrared using a nanocomposite ofmers that provide a favorable energy alignment. The polymer
PbS-NCs in pol{2-methoxy-5¢2’-ethylhexyloxy- ~ used herein is MEH-PPYFig. 1 insej, which has a HOMO
p-phenylenevinyleng (MEH-PPV). The resulting ability to  level variously reported betweer4.9 and ~5.1 ev?*%
detect light in the infrared using processible, physically flex-Whether this polymer forms a type-I or type-Il heterostruc-
ible materials would be attractive for large-area, low-costture with PbS-NCs is unknown due to the uncertainty in the
detector-based device realization, especially when compara@cuum-referenced band edges of both the organic and inor-
to the lattice-matched, rigid-substrate, epitaxial growth re-ganic componengsee the inset to Fig.)3Furthermore, the
quirements imposed by traditional IlI-V semiconductor- Possible formation of a dipole layer at the interface, which
based detectors. would change the effective band alignment, and the variation

To date, work on photoconductivity in such nanocom-in energy levels with NC size add complications to the de-
posites has focused on cadmium chalcogenide nanocrystals,

which absorb in the visible region. Wang and Herron re- 0.6-

ported the first demonstration of photoconductivity in a poly- MEH-PPV

mer doped with semiconductor nanoclust@s9 in 199212 054

Since then, others have studied charge separation in 1807ni

polymer/NC composites using Cd chalcogenide NES. g 044

Studies of photoconductivity in pure CdSe-NC films have § ]

also been reported in both sandwich and lateral § ©3]

structures>’ Visible photoconduction in PbS in a purely & - 1962nm

inorganic syster]r*? and the photorefractive properties of ’

bulk-like PbS crystals studied in the infratéchave also 0.1.522nm emm/\mine-capped NC

been reported. The present work demonstrates infrared pho- ] _2,"&2':,,?,?;,?\,

toconductivity from a solution-processed polymer/NC com- 0.0+ i . :

posite. 400 800 1200 1600 2000
Compared with Cd-based chalcogenides, PbS presents a Wavelength(nm)

challenge in seeking to achieve exciton dissociation in a
FIG. 1. Absorbance spectra for octylamine-capped PbS-NC in solution

(thick weight, uppey, MEH-PPV/PbS-NC blend on IT@medium weight,
dauthor to whom correspondence should be addressed; electronic maimiddle), and pure MEH-PPV on IT@thin weight, lowey. The inset shows
steve.mcdonald@utoronto.ca the chemical structure of MEH-PPV.
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FIG. 2. Photocurrent as a function of pump power at 5 V sample bias forFIG. 3. Absolute values of dark current and photocurrent as a function of

polymer/NC blends(solid lines and pure polymeKdashed lines Three e bi he i : h . ing th .
separate polymer/NC blends with the same NC concentration are shown oamp € bias. The inset is a schematic demonstrating the apprommatg energy
evels for MEH-PPV and bulk PbS. The arrows stress the uncertainty in

|nd|ca_1te the repeatablll_ty .Of the result. The pump wavelength is 975 "Mpese levels. The schematic also demonstrates the proximity of the HOMO
allowing selective excitation of the NCs. The inset shows the device . ; .

level in the polymer to the valence band in bulk PbS, which adds to the
structure. T

uncertainty in the type of heterostructure present. The energy levels shown

for PbS are for the bulk material, but these levels will shift away from the

. . .. bulk values in the nanocrystalline form, further complicating the issue of the
termination of the type of heterostructure. Thus, in additionheterostructure.

to demonstrating the potential for device applications, the
present work provides insight into the type of heterostructure
present. the near-infrared pump. In contrast, the composites show sig-
The PbS nanocrystals were synthesized via the solutioRificant photocurrent, indicating infrared sensitization of the
phase organometallic approa@irhe as-prepared NCs were polymer by the NCs. The response is linear at lower intensi-
passivated with a capping layer of oleate ligands, 18-carboties and sublinear at higher intensities, in agreement with
chains, which coordinate to the Pb sites. In order to provide@ther work on related systems, consistent with bimolecular
better charge transfer from NC to polymer, a postsyntheti¢ecombination at higher intensitié$The observed photocur-
ligand exchange was performed to replace the bulky oleatg&nt indicates an internal quantum efficien@e., the num-
with shorter 8-carbon octylamine ligandsOctylamine-  ber of charges collected at an electrode divided by the num-
capped NCs were dispersed in either toluene or chloroforrer of photons absorbed in the deviag ~5x107° to
and combined with a solution of MEH-PPV to give a known ~ 10°° charges/photon with a 5 V bias.
weight percent. The sample reported here contained Figure 3 shows the variation in photocurrent with sample
~60 wt % of NCs. The composite solution was then spin-bias under~90 mW pump power and 50 kHz modulation;
coated onto an ITO slide, forming films of thickness also shown is the dark-V curve. The photocurrent increases
50—70 nm. 3 mrh metal contacts were then deposited bywith applied bias in a similar manner to the dark current; the
thermal evaporation: a-100 nm Mg layer followed by a asymmetry is due to contact work function offset.
~25 nm gold capping layer. The final device structure is  The spectral response of the device was investigated to
depicted in the inset to Fig. 2. Samples were stored under provide further corroboration that the NCs were acting as a
nitrogen environment. sensitizer for the polymer. A wavelength tunable picosecond
Absorbance spectr@ig. 1) of NC solutions, pure poly- laser system operating at a repetition rate of 1 kHz was used
mer films, and composite films were obtained using a Cary@s an excitation source. The average power delivered to the
500 UV-Vis—NIR spectrophotometer. The spectra confirmsample was~5 mW at all wavelengths. The response is
that in the long wavelength region beyond the absorption oshown in Fig. 4. The photocurrent increases with the absorp-
the polymer, the NCs were responsible for absorption in thdion of the NCs, while negligible response occurs at wave-
polymer/NC blend. The increased absorption of the blend inengths beyond the onset of absorption in the NCs. This pro-
the 300—400 nm region, compared to the pure polymer filmyides further evidence that the photocurrent is indeed due to
is also due to the NCs. infrared sensitization of the polymer by the NCs.
Photoconductivity measurements were performed by The same material system, MEH-PPV/PbS-NC, has pre-
measuring, using a lock-in amplifier, the voltage across aiously been used to demonstrate electroluminescéiite
1 kQ load resistor in series with the device. The pumpdemonstration of both electroluminescence and charge sepa-
source was a 975 nm fiber-coupled semiconductor laser wittation in the system is consistent with a marginal type-I/
adjustable power in the range 0—400 mW. The pump wagype-Il band offset between PbS and MEH-PPV.
directly modulated at 50 kHz. The 975 nm pump wavelength  In summary, we have presented photoconductivity in the
allowed selective excitation of the NCs in the polymer/NCinfrared using a conjugated polymer/NC composite. The
composite. Measured photocurrent versus pump intensity alEH-PPV/PbS-NC system shows photoconductivity at
+5 V sample bias is presented in Fig. 2. NC/polymer com-wavelengths where only the nanocrystal component is ab-
posites are shown as well as pure MEH-PPV controlsorbing. This photoresponse corresponds to infrared sensiti-

samples. The control samples show negligible response tration of the polymer by the NCs. Upon illumination, pho-
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