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Efficient polymer-nanocrystal quantum-dot photodetectors
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We have realized highly efficient photodetectors based on composites of the semiconducting
polymer poly2-methoxy-5¢2'-ethylhexyloxy-1,4-phenylenevinylerie and PbSe nanocrystal
quantum dots. The external quantum efficiency in these devices is greater than 1 for electric fields
E~7x10° V/cm. The observed photocurrent gain could be attributed to the carrier multiplication

in PbSe nanocrystal quantum dots via multiple exciton generation, and the efficient charge
conduction through the host polymer material. This photocurrent gain is observed only when the
PbSe nanocrystal band gap is at least three times smaller than the optical energy gap of the active
polymer material. €005 American Institute of PhysidDOI: 10.1063/1.1872216

Conjugated polymers, nanocrystal quantum d@Bs), In this letter, we describe the fabrication and properties
and their composites have attracted the attention of researchf efficient photodetectors based on the conducting polymer
ers for the development of optoelectronic devices, such agoly[2-methoxy-52'-ethylhexyloxy-1,4-phenylenevinylerie
light-emitting diodes(LEDs),>*? photovoltaics** and optical (MEH-PPV) and PbSe nanocrystal QDs. The optoelectronic
information memory. The tunable band gap of QDs makes devices made of pure MEH-PPV have limited quantum effi-
them attractive for tailoring the visible and infrared absorp-ciency due to a low electron and hole mobility compared to
tion and emission of the light-sensitive layer of optoelec-those of inorganic materiafd When PbSe QDs are dispersed

tronic devices. Both conjugated polymers and nanocrystal the polymer host, with the absorption spectrum in the

are promising candidates for optoelectronic devices also b&/SiPIe range, we observe a dramatic enhancement of the
cause of their simple chemical syntheses and the easy prgt@ntum efficiency of the polymer-based photodetectors. We

cessing methods such as spin-coating or doctor-blading. show the photocurrent measurements for several devices

PbS, CdTe, and CdSe QDs have been investigated i(rzlonsisting of different polymer-nanocrystal mixing ratios
LEDs ar;d solar, cells~*® Efficient excitation transfer from a with polymer concentrations ranging from 50% to 100% of

. the total mass. We used two different sizes of PbSe QDs: one
conducting polymer to PbS QDs has been reported from phql-vith the IR absorption peak at 1100 nfh.13 e\} an(?the

toluminescence measuremehts comparison to CdSe or QD diameter~4.5 nm, and the second with the absorption
CdS QDs, the PbSe QDs show stronger quantum confingso oy "2t 1900 nnf0.65 eV} and QD diameter~8 nm. For
ment due.to their large exciton Bohr radius-6A0 nm and excitation wavelengths from400 to 800 nm, quantum effi-
low effective hole and electron masseghe band 9ap of iiencies greater than (Le., gain are observed only in de-
PbSe QD; is tunable fromy0.5to ~1.6 eV for QD diam-  ices with the larger PbSe QDs, as expected.

eters ranging from 9 to 3 nm. Recently, Schaberal. have Figure 1 shows the schematic diagram of the fabricated

demonstrated the carrier multiplication in PbSe QDs bydevices. The MEH-PPV/PbSe photodetectors were fabricated
monitoring their transient absorptidnThese transient ab-

sorption results have shown that the photogeneration of mul-
tiple excitons can occur via impact ionizatiéthe inverse of
Auger recombinatiot® for pumping photon energies 3E,,
wherekg is the band gap of PbSe QDs. For PbSe QDs with
the absorption peak of1900 nm and diameter of8 nm,

this corresponds to excitation wavelengths smaller than M JMEHPPV/PbSe
~630 nm, still in the visible range. However, for QD sizes ITO
<4.5 nm, corresponding to the absorption peak of
<1100 nm, the carrier multiplication should not occur for
excitations in the visible range. This phenomenon of carrier
multiplication can be exploited to realize efficient optoelec-
tronic devices.

FIG. 1. (Color online The schematic layout of the ITO/PEDOT:PSS/MEH-
dElectronic mail: sselmic@Ilatech.edu PPV:PbSe/Al photodetector on a glass substrate.
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FIG. 2. TEM images of PbSe QDEL900 nn in the MEH-PPV host o -40 - E . =97 %
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on 25 mmx25 mm glass substrates precoated with a Voltage (V)

150-nm-thick layer of indium tin oxid&ITO). A 60-nm- G 3 Ph density of MEH-PPV/PbES00 nm photod
; i ; o1 A-dinyi . 3. Photocurrent density o - nm photodetectors
thick Iayer of pol)(2,3 dlhydrothlen(B,4 b-1,4-dioxin/ with 95 wt % (circles, 90 wt % (upward triangles 83 wt % (downward

poly(styrenesuprnabe(PEDO'_I’/PS$ was spin-cast on the triangles, 50 wt % of MEH-PPV(diamond$, and pure MEH-PP\(squares
ITO substrate in order to improve the charge transportinder the illumination with 510 nm monochromator light with a power den-
through the device. The active layer of the photodetector wasity of 68 uW/cn?. The dark currentsolid ling) for all devices is similar
also spin-cast from the MEH-PPV/PbSe mixed solution. Thend <1§ ; é*- 'tr;/se(t(:j ;Etﬁ#&gt E;igegsxst/ JO(rdg?kvigﬁilgthlgg \lett(g@roﬁ
MEH-PPV, a soluble derivative of pdly-phenylene vi- >duares 9wt -f W7 (dart ' o
nylene was used as a host for the PbSe QDs. PbSe QD’%EH‘PPV(Open squargsand dark currentsolid fing).
were capped with 2-nm-long oleic acid ligands. The MEH-
PPV was dissolved in chlorobenzene and purified with amonochromatic light are given in Fig. 3. For all the mea-
5 um syringe filter. The MEH-PPV and PbSe QDs weresured devices, the dark current wad 0 ’A at reverse bias
mixed to make films with 99.7, 99, 97, 95, 90, 83, andvoltages 0>V>-8V; that is, one to two orders of magni-
50 wt % of MEH-PPV. Another device with pure MEH-PPV tude lower than the photocurrent.
was fabricated for comparison. The average thickness of From Fig. 3 we see that there is a range of polymer
polymer-nanocrystal blended films was about 60 nm, agveights in the mixture, around 95+2 wt %, for which the
measured by a stylus profilometd@iencor Alpha Setup 500  photocurrent is optimal. This corresponds +®5 wt % of
The samples were stored in vacuum overnight to completel$he polymer and~5 wt % of the QDs. In contrast, the de-
remove the residue solvent. Finally, an aluminum top elecvices with~50 wt % polymer and 100 wt % polymer show
trode was fabricated using thermal evaporation through &maller photocurrents. When the amount of QDs is large
shadow mask. The active area of the photodetector was aboti 50 wt %), the photoconduction through the film de-
0.07 cnf(~3 mmx 2.3 mm). creases. We have measured the photocurrent in pure PbSe
Figure 2 shows the transmission electron microscop&Ds arrays separately, and it is several orders of magnitude
(TEM) images of PbSe QDs dispersed in MEH-PPV. Thelower than in the polymer-nanocrystal films. The presence of
molecular weight of MEH-PPVYM,,~ 86 000 indicates that significant amounts of the conducting polymer appears to
the average degree of polymerization of MEH-PPV-i834;  help the charge transport, while the exciton generation can
that is, 334 units in one molecule backbone. One repeatingccur in both the polymer and the QDs. We speculate that the
unit of MEH-PPV is~8 A.} The average molecular length concentration of QDs should be low enough to allow for
of MEH-PPV is ~267 nm. The size of PbSe QDs is 8 nm many QDs to be well separated. Figuréirse shows pho-
and the absorption peak is at 1900 nm. The PbSe QDs wetecurrent for four devices from 97 to 100 wt % of polymer.
capped with a 2-nm-long oleic acid ligand to prevent aggreThe photocurrent is largest for 97 wt % and decreases as the
gation and to provide a good dispersion of PbSe QDs irpolymer content is increased to 100 wt %.
MEH-PPV host. The external quantum efficiend#QE) of a photodetec-
The current-voltage characteristics were measured in afor is defined as EQERcl/eNP, wherel is the photocurrent,
with a picoammete(Keithley 6487 remotely controlled via P is the power of monochromatic light with wavelength
a general purpose interface b(Mational Instrument The  falling on the photodetectoh is Planck’s constang is the
samples were measured immediately after the external leaddectron charge, andis the speed of light in vacuum. In Fig.
were attached to the electrodes using a silver paste. The we show the EQEs of MEH-PPV/Pb%&900 nm and
sample degradation in air happens on time scales longer thadEH-PPV/PbSe(1100 nm composite photodetectors with
the time scales of our measurements. The monochromatitie same polymer weight percenta@® wt %), but two dif-
light was generated with a monochromat@hermo Oriel ferent QD diameters. The maximum EQE of the MEH-PPV/
coming from a 100 W tungsten lamp. The optical power wasPbSe(1900 nm, 95 wt % of MEH-PPYcomposite at -8 V
read with a multifunction optical power metdBpectra- is ~150%, more than three times higher than the maximum
Physicg. The photocurrent densities of MEH-PPV/PbSeEQE of a pure MEH-PPV devicgee Fig. 4. The maximum
(1900 nm; 99.7, 99, 97, 95, 90, 83, and 50 wt % of MEH-EQE of the MEHPPV/PbS¢1900 nm, 95 wt % of MEH-
PPV) photodetectors and a pure MEH-PPV device in thePPV) composite at -4 V is 30%. The gaine., EQE greater

dark and under the illumination with a 510 nm, G8V/cn?  than 100% at —8 V applied to the ITO electrode was ob-
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160 - o, S T with smaller PbSe QDs. For these devices, we used QDs
140 O,o’ % 2061} with diameters~4.5 nm, corresponding to the main absorp-
J \o § tion peak at~1100 nm. Because the estimated onset energy
120 - /o’ §°-4 for carrier multiplication in these QDs is-2.38 eV or
100 o/° \3 ~367 nm, the photocurrent gain should not exist for the light
] e FLo2y excitations in the wavelength range from-370 to
g 80_\00,0/0 poga \ oo ~800 nm. In Fig. 4 we show the experimental results con-
W ool a /AAAAAA A.A\AO 300 400 500 600 700 firming that the efficiency is less than 100% for the MEH—
o \/ ad PPV/PbSe (1100 nm, 95 wt% of MEH-PPY composite
404 DDDDD.D.nunuD%\A —o—1900nm 95% w photodetectors. We observed similar results for devices with
200 \ —2—1100nm 95% w 90, and 83 wt % of the polymer. The EQE of all the devices
201 W\ L —2—MEHPPV (1100 nm with the polymer weight percentages of 95, 90,
ol BYaatsiasatasnns’ and 83 is significantly less than 100%, so that no gain is
observed.

400 450 500 550 600 650 700 750 800
Wavelength (nm)

In conclusion, we have realized efficient polymer-
nanocrystal QD photodetectors for visible light based on a
semiconducting polymer and QDs, with absorption in the
FIG. 4. Comparison of external quantum efficiencies of the MEH-PPV/PbSeyjsible and infrared ranges, respectively. By choosing a suit-

QD photodetectors at -8 V: pure MEH-PPgquares MEH-PPV/PbSe ; ; . _
(1100 nm (triangles, and MEH-PPV/PbS€1900 nm (circles. Inset: UV- able S|fztehof QDs, Wte cdan .tallor. tr;ﬁ ph_ot_glresponswny spec
visible absorption spectrum of MEH-PPV:PbSe blended films on glass slideyum Or the composite devices In the visible range.
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