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We report measurements of photoconductivity and electric field induced photoluminescence quenching in
three-dimensional close-packed solids of colloidal CdSe quantum dots. Our measurements suggest that pho-
toexcited, quantum confined excitons are ionized by the applied electric field with a rate that depends on both
the size and surface passivation of the quantum dots. Separation of electron-hole pairs confined to the core of
the quantum dot requires significantly more energy than separation of carriers trapped at the surface and occurs
through tunneling processes. We present a simple resonant tunneling model for the initial charge separation
step that qualitatively reproduces both the size and surface dependence of the photoconductivity as a function
of applied field. We show that the charge generation efficiency increases with increasing temperature as
nonradiative and radiative recombination pathways increasingly compete with charge separation.

[. INTRODUCTION photoconductivity and fluorescence quenching measure-
ments on close-packed glassy solids of colloidal CdSe QDs.
Two- and three-dimensional arrays of quantum dotdn Sec. lll, the dependence of the photoconductivity on tem-
(QD’s) are of interest both as model “artificial solids” with perature, applied electric field, excitation energy, intensity,
potentially tunable optical and electronic propertiesd as QD radius interparticle separation, and surface passivation is
materials for possibie appiications in mern%)ryind b”eﬂy presented. In Secs. IVA-IV E, we d|SCUSS these re-
Computatiorﬁ_s Colloidal nanocrystais are promising sults in detail and show that photoconductiVity in QD solids
“building blocks” for fabricating such materials as these is consistent with electric field ionization of photoexcited,
“artificial atoms” exhibit size dependent, atomic-like energy duantum confined electron-hole pairs. Similar to photocon-
state§” and self-assemble into both glassy and crystallingductivity in many other molecular-like systems, the charge
close-packed solids:° In principle, interparticle couplings generation efficiency depends on the rate of charge separa-
in QD arrays could be engineered by modifying the size andion relative to the rate of geminate recombination of the
Chemistry of the QDS as well as the |ength and eiectroni(photoeXCitEd electron-hole pail’. In Sec. IV F, a Simple reso-
structure of the surface ligands. Promising results have aPant tunneling model is presented to describe the probability
ready been achieved with metal colloidal nanocrystafs of electron-hole pair separation as a function of applied elec-
including demonstration of a reversible metal-Mott insulatortric field. We show that the energy required for charge sepa-
transition as a monolayer of Ag nanocrystals was comfationin QD solids is much greater th&i at room tempera-
pressed on a Langmuir trough. ture. Thus although most of the experiments described in this
Semiconductor quantum dot arrays, in contrast to theiiPaper are performed at 10 K, the results are applicable to
metallic counterparts, offer the possibility of investigating 'oom temperature operation of the photovoltaic devices and
transport in an artificial solid in the limits of strong quantum light emitting diodes currently under study.
confinement and weak dielectric screening. While early work
has shown that quantum-mechanical coupling between adja- Il. EXPERIMENTAL DETAILS
cent semiconductor QDs is weak and excitations are largely
confined to individual QD$%!° long-range Coulomb inter-
actions between charge carriers are expected to play a sig- The preparation and structural characterization of glassy
nificant role in the transport properti&s.Semiconductor films of colloidal CdSe QDs have been described in previous
QDs also have potential uses in a variety of optoelectronipublications®!® However, because the method of sample
devices including light emitting diodé$;?® photo- preparation is critical for obtaining conducting solids and
detectors®?! and photovoltaic cell$>?3 Since the emission consistent surface passivation, we briefly reiterate our meth-
and absorption characteristics of a semiconductor QD deads:
pend on its size, the emission color and spectral response of Following the method of Murray and co-workefs®
these devices are tunable. A basic understanding of hoWwdSe QDs are prepared by the pyrolysis of organometallic
charges are captured by and escape from a charge neutmkcursors in a hot coordinating solvent of trioctylphosphine
QD, as well as the process of charge separation of a phot¢TOP) and trioctylphosphine oxidefOPO. The TOPO/TOP
generated excitation created within a QD, is essential for theurface ligands moderate the growth rate of the QDs, elec-
rational design of these optoelectronic devices. tronically passivate the surface of the QD, and sterically sta-
Photoconductivity is a valuable tool to probe charge sepabilize the QDs in solution, preventing irreversible aggrega-
ration, charge trapping, and carrier recombination mechation. The QDs are isolated from their growth solution and
nisms in materials. In this paper, we present steady statgize selected by repeaté®8Xx) precipitation fromn-butanol

A. Sample preparation
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dispersion using methanol as the nonsolvent. This processccounted for by measuring the emission from a reference
further narrows the size distribution and ensures the removalell containing a concentrated dye solutig®®hodamine 610

of excess TOP/TOPO, not bound to the QDs surfaces, thair 640. The spectral response is further corrected by excita-
can phase separate and crystallize in the solid. The resultingpn correction factors created for each of the dyes to account
powder is dried under vacuum and redispersed in a suitabl®r the ~10% error resulting from the difference in optical
solvent mixture(see below for drop casting. Tributylphos- path from the positions of the reference dye cell and the
phine (TBP)/tributylphosphine oxidéd TBPO), pyridine, and sample.

octanethiol capped QDs are prepared by repeated dispersion Multiple electrode separations are test@bm 1 to 20

and flocculation of the QDs from a neat solution of the newum); the results depend only on the applied field for samples
capping group, followed by washing to remove the exces®f different electrode separation, thus eliminating the con-
cap once the exchange is complete. Overcoating of barects as a significant source of the circuit resistance. Several
CdSe QDs with ZnS or CdS is performed using previouslyexperiments are performed to compare thé curve when

described method$:?’ both the active sample area and gold electrodes are illumi-
Close-packed solids are drop cast from solution on tmated to the -V curve when only the active sample area is
lithographically patterned sapphire or silicon substratess  illuminated. Since there are no qualitative differences in the

scribed below In order to minimize the exposure of the |-V characteristics that might indicate photoinjection from
sample to air, all electrical contacts are mam®r to film  the electrodes, for all subsequent experiments the entire elec-
deposition. For this report, a 9:1 hexane/octane solution isrode pattern is illuminated. Intensity dependent measure-
used for casting glassy films of TOPO/TOP, TBPO/TBP, andnents are acquired in nonsequential order using a neutral
octanethiol capped dots. Pyridine capped dots are depositelénsity wheel to modify the laser intensity.

from a 9:1 methanol and pyridine mixture on Si/Si€ub-

strates that are boiled in ultrapure water and then dried at C. Optical measurements

175 °C to make the oxide surface more hydropHifiGcan-

ning electron microscopy reveals that cracks form in the QD To dthf]IOp Ha ::omp:jetet_p!;:ture olft the chargel %ege“".‘tt;]o”
solid if it is not allowed to dry sufficiently before exposure to process, the photoconductivity results are correfated with a

vacuum. In films deposited and allowed to dry in inert atmo_variety of optical measurements. To measure the temperature

sphere overnight before testing, the degree of cracking igependence of the PL quantum yieldY), linear absorption

reduced but the qualitative electrical behavior and hotocon"fmd PL spectra for the films are measured using a 30(_) W
d P Idg—Xe lamp, SPEX 0.33 m monochromator, and an optical

ductive gain is the same as that measured for films teste . . \ .
immediately after deposition. All samples exhibit band edg ult!-chan.nel analyzer. The P.L is excited as before with a
photoluminescencdtypically 10% quantum vyield in the ow intensity IaS(_ar b_eam or W'th.a Hg-Xe lamp plus mono-
growth solution at room temperaturand minimal deep trap chromatqr comblnatlon. Quen'chmg of th'e fluorgscence Inan
photoluminescencéPL). QD radii and inter-particle spacing el_ectrlc field is m_easured using a far field eplfluor_escence
icroscope described elsewhéteThe fluorescence image

are quoted from published small angle x-ray scattering an ) .

transmission electron microscopy measurem&ft€QD ra- of the electrodes and sample is projected on to the entrance

dii in all cases include the surface layer slits of the monochromator, which are then narrowed so that
) nly the emission from the center region between the elec-

Polished sapphire optical flats or degenerately dope&

silicon substrates with either a 600 nm or 350 nm ther_’[rodes is collected. A mode locked Nd:YAG/dye laser sys-

mally grown gate oxide, are used as substrates for photc}—e_m and a time_ correlated_single photon coun_ting apparatus
conductivity measurements. Gold bar electrodes (2800 with ~150 ps time resolution is used for PL lifetime mea-
X 0.1um3 with separations varying from 1 to 20m are surements.
patterned on the substrates using standard photolithographic
techniques. Following the patterning process, the substrates IIl. RESULTS
are cleaned by ©plasma ash to reduce organic surface con-  igyre 1 shows the photocurrent spectral response for a
tamination before deposition of the QD solid. representative series of QD sizes. For each sample, the spec-
tral response is scaled to match the lowest energy feature in
the linear absorption spectrum. The well resolved, discrete
electronic transitions in the absorption spectra demonstrate
All measurements are performed under vacuum in a coldhe monodispersity of the QD sampfésThe shape of the
finger cryostat. Typically, dc photoconductivity of the QD photocurrent spectral response follows the linear absorption
solid is recorded while varying the applied field in steps ofspectrum, independent of applied field and temperatiire (
10* V/em with a 10 to 30 sec delay after each step to allow<150K). No photocurrent is observed for excitation below
the current to settle. A Keithley 6517 electrometer is used tahe band edge suggesting that optical excitation of charges
apply a bias voltage and measure current. The excitatiodirectly out of sub-bandgap trap states makes a negligible
source for the photoconductivity experiments is an argon iorcontribution to the photocurrent. The spectral response of the
laser with typical excitation intensity of-2.5 mW/cnf. QD solid is clear evidence that free carriers originate from
For measurement of the spectral dependence of the photocuquantum confined electron-hole pairs created within indi-
rent, a SPEX Fluorolog-2 spectrofluorimeter with a 450Wvidual QDs3!2
Hg-Xe arc lamp in combination with a 0.22 m double mono-  While there is close correspondence between the absorp-
chromator is used as the excitation sour@etensity~1  tion spectrum and the photocurrent spectral response near the
mW/cn?). The energy dependence of the lamp intensity isband edge, the spectral response slowly deviates from the

B. Photoconductivity measurements
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FIG. 1. Spectral dependence of photocurrent at 10 K. The sym- Applied Field (10° V/cm)
bols indicate the photocurrent at a fixed applied electric field of
T oo srecvon o voc oy, TEFOITER capped O ol cures are shoun for 10 25

P 9 Pl P ample. , 75, 100, 150, 200, 250, and 293(K) Thel-V curves from(a)
photocurrent spectral response is scaled to match the first absorg- s
. . . .. are each multiplied by a scale fact&(T), to show that they col-
tion feature. The QDs in each sample have the following radii: ; .
lapse onto a single universal curjéF). (c) Thel-V curves for a

A—175A,B—20.6A,C—25A, andD—30A. 18.5 A TOPO/TOP capped QD solid at 10, 50, 75, 100, 125, and
300 K [note this is a different sample than the datddnand (b)].

absorption spectrum as the excitation energy is increaseach curve has been multiplied by a scale factor to give the best fit

above the band edge. A similar trend has been previousli a single universal curve.

observed in photoluminescence excitation studies on dilute

ensembles of CdSe QDs and is consistent with an increase gbacing, temperature, applied electric field and excitation

the nonrad|'at|\./e rec'omblnatllon'rate (.)f the exciton at hlgherenergy?1 The photoconductive gain, even at high fields, is
energy excitation. Since excitation with energies well above

the band edge does not enhance the charge generation eﬁ’(—“y on the order of 10° charges/photpn. The dark current
ciency (number of charges/absorbed phdtarharge separa- IS approximately t\_/vo orders of magmtude smaller than the
tion must be a slower process than intraband relaxation to thehotocurrent and lies below the noise level for the measure-
lowest excited state. This result is not surprising given thd"€nt apparatug<0.1 pA. High sensitivity, dark current
fast intra-band relaxation times<300 fg reported for col- Measurements will be discussed in a forthcoming
loidal semiconductor QD¥ publication® In this paper, the total curretis equal to the
Figure 2 shows that the photocurrent varies linearly withPhotocurrent ..

excitation intensity. Linear dependence is observed over two The absolute magnitude of the photocurrent decreases
orders of magnitude in intensity, independent of electrodevith increasing temperatufé-ig. 3(@]. However, the shape

of the |-V characteristic is nearly independent of tempera-
ture. Figure &) shows the samk-V curves as in Fig. @),

Applied Field (10° V/cm)

FIG. 3. (a) Temperature dependence of the photocurrent for a 19

8r ] each multiplied by a scaling factor so that they collapse on to
[ a single universal curve(F) whereF is the applied field.
Zel Remarkably, there is virtually no change in the shape of the
5 [ |-V characteristics from 10 to 300 K. Figuréb3 is one of
B I the best examples of a universalV curve that we have
g’ 41 observed. For other samples, the shape of tvecharacter-
§ [ istic is weakly temperature dependent and the curvature of
22l thel-V characteristic decreases slightly with increasing tem-
E% [ perature[Fig. 3(c)]. No systematic trends with QD size or
. [ surface ligands have been identified that affect whether the

shape of thd-V characteristic is temperature dependent.
Figure 4 compares the temperature dependent scaling fac-

tor, 1/S(T) [used to scale thé-V curves as in Fig. ®)],

QY(T), and exciton lifetimer(T) relative to their values at 10
FIG. 2. Intensity dependence of the photocurrent at 10 K for K. The exciton lifetime, 7= 1/(k, +k,;) where,k, and Kk,

21 A radius QD solid. Symbols are the photocurrent at an appliedr€ the radiative and nonradiative relaxation rates, is mea-

field of (@) 250 kv/cm, (V) 200 kV/cm, (M) 150 kV/cm,(<$) 100 sured for a close-packed film of the same size QDs as used

kV/cm, and(A) 50 kV/cm. for the photocurrent measurements. Both(@Yand #(T) fall

Relative Intensity



2672 C. A. LEATHERDALE et al. PRB 62

1 - - [
10° |
:5: [
> 101 L
s E
>
% L
= 107
V 1/8(T) :
o1l ® (DA(10K) | :
i B QY(T)/QY(10K) 103 L
0.00 0.02 004 0.06 008 0.10
UT K Applied Field (10° V/cm)
FIG. 4. Temperature dependence of the scale fct(s(T)] FIG. 6. Effect of the surface ligand daV curve shape at 10 K

(V) from the data in Fig. @) compared to the temperature depen- o 20+1 A QDs with (#) TOPO/TOP,(A) TBPO/TBP,(O) oc-

dence of the PL lifetime®) and the PL QY(H), relative to their  (anethiol, and M) pyridine ligands. Error bars indicate the approxi-

values at 10 K. Lifetime and QY data is for a 18.2 A TOPO/TOP mate variance in the relative positions of each curve based on mul-

capped QD solid. tiple 1-V sweeps and multiple samples. Note data is normalized to
one at 400 kV/cm.

sharply with increasing temperature, consistent with an in- o .

crease in the nonradiative rate. Thel-V characteristics depend more strongly on interpar-

The shape of thé-V characteristic depends on QD size. ticle spacing than surface ligand functionality. Figure 6
Figure 5 showsl-V curves for a series of QD sizes and showsl -V curves where the size of the QD is kept constant

constant interparticle spacin@OPO/TOP ligands As the and the surface ligand is systematically varied. Exchanging
QD radius decreases, the curvature of th¥ curve in- the TOPO linkage(also 8 carbon chains(#) to an oc-
creases slightly. In order to account for small variations inf@nethiol linkage(©) does not affect thé-V characteristics
optical density and excitation intensity and to better examingignificantly. Changing to an aromatic while keeping the
changes in the shape of theV characteristics, each-v  inter-particle spacing constafpyridine (W) vs TBPO (A)]
curve is scaled by a constant factor so that the high field@!S0 does not affect theV characteristics significantly. It is
photocurrent is the same for all. Within the signal to noise clear that QDs passivated with shorter ligardgridine and
the photocurrent rises smoothly with increasing applied elec] BPO/TBP have larger photoconductance at low fields than
tric field, without any inflection points that could indicate the QDS passivated with longer chain ligan@BOPO and oc-
onset of saturation or a clear onset of the photocurrent. N&nethio). The results for overcoated QD solids also show

systematic trend in the photoconductive gain as a function of€ effect of increasing edge-to-edge separation of the CdSe
QD size is observed. cores. Overcoated samples consist of a CdSe core, with a

shell of a second, larger band gap semiconductor. Table |
shows that core-shell QDs have higher PL QY than bare
QDs, but the overcoated QD solids are less photoconductive.
Figure 7 shows the results of simultaneous measurements
of the band edge PL QY and the magnitude of the photo-
current as a function of applied electric field for a solid of
24 A radius, TOPO/TOP passivated QDs. The decrease in
the magnitude of the integrated PL intensityd(0)
—®(F)]/®(0), with applied field(inset of Fig. 7 has a
characteristic YW’ shape reaching a maximum of 6% in an
applied field of 150 kV/cm. In some samples, the dip ob-
served neart50 kV/cm is so large that the PL QY may
become slightly larger than the zero field PL QY before it
decreases again. In other words, the field appears to enhance
the PL at low fields but quenches it at high fields. No elec-
00 05 10 15 20 25 troluminescence in the dark has been observed for either type
of sample. The PL of single QDs, well dispersed on a quartz
substrate so that there can be no charge transport, is reduced

FIG. 5. Current versus applied electric field for QDs with ra- by less than 0.1% for applied fields of up to°>M0cm. The
dii(R) as follows:(®) 25 A, (V) 20.6 A, (W) 19 A, and(¢) 17.5A.  band edge PL shows no Stark shift or broadening that might
Samples are TOPO/TOP capped QDs with edge to edge spacirg@ccompany changes in the radiative rate. Therefore, the PL
(d)~11A. Measurements at 10 K. See text for description of thequenching observed with the QD solid must be due to sepa-
normalization. ration of excitons and not due to changes in the radiative or

decreasing
QD radius

I/I(Z.S x 10° V/em)

Applied Electric Field (10° V/cm)
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TABLE |. Effect of surface passivation on the charge generation efficiency of 20 A QD solids at 10 K.

CdSe edge Charges per photon
Surface passivation spacing(A) PL QY (%) @ 250 kVicm
TOPO/TOP 11 2 8E-5
Octanethiol @2 0.85 5.%-5
TBPO/TBP 1 1 1.£-5
Pyridine =1 ~0.01 8.E-6
3 monolayers CdS ~31 24 <5E-6
+TOPO/TOP
3 monolayers ZnS ~26 7 <5E-8
+pyridine

nonradiative rates of recombination. In samples with poowhereAn and Ap are the densities of photogenerated elec-
surface passivation, “deep trap” PL is observed far to thetrons and holes respectively apg andu, are the respective
red of the band edgéig. 8). At 10 K, quenching of the deep mobilities. Both the density of free carriers and the mobility
trap PL is observed before quenching of the band edge emisaay depend on the applied electric field. In insulators, con-
sion is detectabléinset of Fig. 8. ducting polymers?® molecular solid¥ and other low mobil-
The trends described in this section are reproducible anily materials, the density of free carriers is often strongly
have been repeated several times with different sample séeld dependent and limited by the rate of geminate recom-
ries. The absolute magnitude of the photocurrent, howevehination of the photoexcited electron-hole pairs. In systems
may vary by as much as a factor of two for the same nominalvhere the rate of intra-band relaxation is much faster than
sample preparation. Variations in sample thickness, degrethe rate of charge separation, the charge generation effi-
of excess cap, as well as the macroscopic defect density iciency (number of free carriers/absorbed photdepends on
the films may contribute to this variability. the branching ratio between the rate of geminate recombina-
tion and the rate of charge separatiori’as

IV. DISCUSSION ke(F,T)

D) = E Tk (T k() @

A. Theoretical overview

The increase in conductivityAo) of a material under In Eqg. (2), geminate recombination is expressed as the sum

steady state illumination is generally given by of k, andk, . (assumed to be weakly field dependekt is
the rate of charge separation under the applied electric field,
Ao=e(Anu,+Apup), (1) andT is the sample temperature. The field dependence in

originates from the rate of charge separation.
T In Secs. IV B through IV E we show that for QD solids,
the strong field dependence of the photocurrent, the correla-
tion between the temperature dependence of the photocurrent

10" pre Ty
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2
vV v
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FIG. 7. Fluorescence quenching at 10 K for a well-passivated P SN BRI B SRR B
24 A TOPO/TOP capped QD solid. Spectra are taken in steps of 1.4 1.6 1.8 2.0 2.2 2.4
2.5x 10* V/cm starting at 0 V/cm. In the inset, the fractional change Energy (eV)
in integrated PL intensity-|A®|/®(0) (®) and measured photocur-
rent (V) in units of absolute charges per absorbed phdtbe ex- FIG. 8. Fluorescence quenching at 10 K for a poorly passivated

ternal efficiency are plotted on the same scale. The thin line at19 A TOPO/TOP capped QD solid. The inset shows a blowup of
103 indicates the maximum fluorescence quenching of a singléhe band edge PL. Quenching of the deep trap luminescence is
isolated QD in a similar electric field. observed before any quenching of the band edge PL is detectable.
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and the exciton lifetime, and the correlation between the Plbetween the magnitude of the photocurrent and the tempera-
guenching and the photocurrent amplitude are all consisteritire dependent behavior has been found for different
with the model described by EQ). Throughout the discus- samples, ruling out both these possibilities.
sion we assume that each QD is never more than singly Weak temperature dependence without an increase in
charged because of the large Coulomb charging energgharge generation efficiency could be explained by thermal
(measured to be at least150 meV for 4-5 nm diameter population of various QD surface defect states. In CdSe
CdSe QDs above a conducting substrdteSince the charg- QDs, the deep trap Plbelieved to be surface relatetias
ing energy is much larger than the available thermal energipeen observed to increase between 10 at8) K before
at room temperature, each QD will never be more than singlyapidly decreasing agaffi.We show evidence in Sec. IVC
charged until the entire QD array has been filled. that charge separation of surface trapped carriers occurs at
lower energy than separation of carriers confined to the core
of the QD. Thermal population of surface defect states may
B. Temperature dependence increase the number of charges that escape from the QD via
When limited by geminate recombination, the yield of this low energy pathway. At the same time, defect states may
carriers is strongly affected by the exciton lifetime. If the rate@lso act as centers for nonradiative exciton recombination.
of geminate recombination is much greater than the rate ofhus, the net yield of carriers may not be increased even
charge separation, E2) can be factored so thap(F,T)  though charge separation may be possible at lower applied
=7(T)ke(F) where 7(T) is the exciton lifetime (#=k, fields.
+ky,). The |-V characteristics in Fig. (8 are well de-

scribed by the product of a field dependent functig®) that C. Fluorescence quenching

gives the shape of theV characteristidFig. 3b)] and a Charge separation decreases the PL QY of charge neutral
temperature dependent functidg(T) that controls the am- QDs by providing an additional nonradiative pathway for
plitude of thel -V curve. Figure 4 shows that3(T) is simi-  destruction of the excitons. A classic test for geminate re-

lar in shape to both(T) and the PL QYT) in the absence of combination limited photoconductivity is that the charge
an applied field. Similar Q¥T) behavior has been observed separation efficiency derived from the magnitude of fluores-
in a number of TOPO/TOP capped samples making us corcence quenching and the number of charges per absorbed
fident that the similarity between 3(T) and the QXT) is  photon collected at the electrodes are proportional. In QD
not merely fortunate coincidence. Bothand the QY de- solids (Fig. 7), we show that the photoconductive gain and
crease with increasing temperature consistent with an inthe quenching of the band edge PL both change by approxi-
crease in the nonradiative recombination rate within the parmately 2 orders of magnitude over the experimental range of
ent QD applied fields. They are also both strongly field-dependent
If we tentatively assign B(T) to the exciton lifetime then  and have nearly the same shape at high fields, consistent with
the shape of the-V characteristic must be related to the field a geminate recombination limited system.
dependent charge separation rate. In Fig) §F) is nearly In many systems, the decrease in PL QY can be used as a
temperature independent suggesting that charge separatidftect, quantitative probe of the internal charge separation
proceeds via tunneling. A tunneling mechanism is consistengfficiency, independent of mobility and carrier lifetime
with the large barriers that confine the electron and hole teffects®” This is not the case if the presence of free carriers
the QD. In optical absorption measurements, only a small rethtroduces new nonradiative pathways for exciton annihila-
shift (~2 nm) of the QD linear absorption spectrum is ob- tion. Efficient Auger-like nonradiative recombination where
served from dilute solution to close-packed filfisA large  the exciton energy is transferred to a third carrier is believed
red shift would be expected if the electron or hole wavefuncto make charged QDs essentially “dark” in emission com-
tions had significant leakage through the potential barrierpared to neutral QD&:*?In this model, the PL efficiency of
The binding energy of the quantum-confined exciter200  the QD solid should be inversely proportional to the density
meV for a 20 A QD is also much greater than the available of charge carriers in the QD solids since each exciton ion-
thermal energy at room temperature. Thus, one would nakzation event creates two charged QDs. Auger recombination
expect thermally assisted ionization of excitons to contributenay also be more efficient in QDs where the charge occupies
significantly to the photocurrent. a delocalized QD core electronic state rather than a localized
A large number of samples shawV characteristics that trap state. The total PL quenching may thus depend on the
are well described by(F) 7(T) and are consistent with tun- rate of charge separation, the charge density within the QD
neling between QDs. In a few cases however, the shape &blid, and the fraction of charged QDs where the charge is
the I-V characteristic is weakly temperature dependent andelocalized over the QD core.
the photocurrent at low applied fields increases slightly with  Without an independent measure of the carrier density,
increasing temperatufeee Fig. 8)]. If kg is comparable to  we cannot directly extract the charge separation rate from the
the exciton recombination raté(+ k,,) then it is not pos- fluorescence quenching data. However, we can still make
sible to factor the expression fer and a weakly temperature some qualitative observations about the charge separation
dependent -V characteristic might be observed. However, process. In order to observe significant PL quenching
the carrier yield should also be substantially increased com=>1%), either the rate of charge separation is comparable to
pared to that for samples like the one in Fig&)3and 3b), the radiative and nonradiative recombination rates or there is
leading to larger photocurrents. This is not observed. Simia non-negligible, field dependent density of charged QDs in
larly, if the mobility of free carriers was thermally activated, the sample. The first scenario can be ruled out from the small
increased photocurrent would be expected. No correlatiosharge generation efficiency as discussed in the previous sec-
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tion on temperature dependence. Thus, we are left with thproperties of the QD solid are qualitatively consistent with
conclusion that while charge separation is a relatively slowthis model, further measurements of the photoresponse time
process, there must be a significant charge density within thas a function of excitation intensity and temperature are re-
sample that quenches the PL. The characterisiif 'shape  quired to confirm the presence and chemical nature of traps
of the PL quenching data suggests that the charge density iis the QD solid.
initially decreased by the applied field and then increases
again as the field is increased further. More experiments are E. Field dependence
required to understand this unusual behavior. ) ) ) )

The band edge PL in CdSe QDs was recently assigned to In this section we argue that the primary action of the

recombination of electrons and holes in spherically Symme,[gelectric field is to overcome the Coulomb attraction of the

ric QD core electronic statéd.Work by Lifshitz et al. sug- initial electron-hole pair and not to significantly lower the
gests that low energy broad “deep trap” PL originates fromconfinement barrier. The maximum potential dropped across

the recombination of shallow trapped electrons and deepV© adiacent QDs in any of the experiments is 0m9.25
trapped holeé? In Fig. 8 quenching of the deep trap PL is eV—much less the potential thgt must c_onfme the electr_on
observed at lower fields than quenching of the band edge Pi2nd to the QD. Instead the electric field brings an unoccupied
This suggests that it is harder to separate excitons confined §jat€ into resonance with the QD containing the exciton so
the core of the QD than electron-hole pairs where one ofhat one of the charges can escape. Figure 5 shows that the

both carriers are separately trapped at the surface of the pafurvature of thd -V characteristic increases with decreasing
ent QD. The wave function overlap is greater for electron-D radius, consistent with an increase in the energy required
hole pairs delocalized in the core of the QD than for carrierd® Overcome the binding energy of the photogenerated
localized in surface trap states. Consequently, the energy rélectron-hole pair. _
quired to overcome the Coulomb attraction should be greater 1he dependence of the photocurrent on surface passiva-

for the electron-hole pairs strictly confined to the core. Thistion and interparticle spacinghown in Fig. 6 and Table) |
is discussed further in section F and in the calculations ofU99est that these parameters affect the rate of charge sepa-
Appendix A. ration. For example, the probability to tunnel through alkane

ligands is proportional t@ *9 wherea~1 A~1.1! Thus if
the density of states remains the same on changing the sur-
. . ) _ face ligand from TOPO to TBPO, one would expect approxi-

The intensity dependence of the photocurrent provides iNmately a 42 increase in tunneling probabilityd gpo
formation about both the photocarrier generation mechanism 7 A, dropo~11A). In Fig. 6, we observe an approxi-
and the recombination mecha_nisms for free_carrie;rs. I_:igure gqatew 10< increase in tunneling probability at low fields. A
shows that the photocurrent in the QD solid varies linearlygistribution of tunneling distances would make the tunneling
with intensity consistent with a single photon mechanism foryopapility less sensitive to the average interparticle spacing
electron-hole pair generation and dissociation. Linear inteng,an expected from the simple theory.
sity further implies that either there is no recombination in  The carrier generation efficiencies with core-shell QDs
the bulk of the sample, or that recombination is first orderyre also in qualitative agreement carriers tunneling out of the
with respect to the concentration of free majority carriersops. For QDs overcoated with 3 monolayers of Zns3.1
(quasi-monomolecular recombinatjon o A per monolayer, conduction band offse0.9 eV) and then

We eliminate the first possibility by considering the de- capped with pyridine ligandsdt~7 A), we observe that the
pendence of the absolute photocurrent on electrode spacir@g;,arge generation efficiency is at least 1808maller than
for fixed electric field and photon flux. If there is no carrier ¢5; pare TOPO capped QDs. For CdS overcoated QDs,
recombination in the bulk of the sample and the carrier moyypere the CdS conduction band is nearly matched to the
bility remains the same, then the total number of charge calcgse conduction ban@ffset ~0.2 eV), we observe that the
riers between t_he eleqtrqdes should increase with increasi%harge generation efficiency is only t6smaller than for
electrode spacing. Within our sample-to-sample reproducpare TOPO capped QDs. The observations for the core-shell
ibility, we observe no depender)ce of the magnitude of theyps are consistent with findings in polymer QD composite
photocurrent on electrode spacing, for gaps between 1 andep's where improved efficiencies were observed with CdS
20 um, suggesting the photocurrent is not transit time lim-5yercoated QD¢Ref. 45 in comparison to ZnS overcoated

ited. , particles®®
In a trap-free insulator where the number of thermally

generated carriers is much less than the number of photoge-
nerated carriers, a square root dependence on intensity is
expected from bimolecular recombination of the photogener- Geminate recombination systems have customarily been
ated electrons and hol&$First-order recombination kinetics treated using the formalism developed by OnsHgend ex-

can predominate if there are many more recombination certended by a number of othet§®4°In the simple Onsager
ters than there aréree majority carriers* Optical studies model, the probability of geminate recombination depends
have suggested that there are deep hole traps and shall@mm the Coulomb energy of the initially thermalized electron-
electron traps at the surface of colloidal QfSsThe deep hole pair compared to the strength of the applied electric
hole traps could both limit hole mobility and act as recom-field. While this qualitative picture is applicable to QD sol-
bination centers when filled. Shallow electron traps couldids, none of these Onsager-type models account for cases
limit the free electron concentration such that monomolecuwhere the Coulomb energy of the initial ion pair is much
lar recombination kinetics could predominate. While thegreater than the available thermal energy. At 10 K, the bind-

D. Intensity dependence

F. Tunneling model for charge generation



2676 C. A. LEATHERDALE et al.

k¢ 2 Case 1

Core to Core

Case 2
d Trap to trap
. e
THe
Iy v FIG. 10. Cartoon of the possible mechanisms for charge sepa-

ration in QD solids. In case 1, charges tunnel directly between

delocalized states. In case 2, the electron and hole are trapped on
G separate surface sites and one charge tunnels to the surface of an
adjacent QD. Combinations of these mechanisms are also possible

Koy as indicated by the center arrows.

FIG. 9. Cartoon of the energy cost required to separate the inihole pair and the interaction of each charge with its respec-
tial electron-hole pair:y is the energy cost, d” is the distance tive image charges.
between adjacent QDs, awfs the potential barrier which confines The details of how the net energy cost is calculated are
the electron or hole to the Q.[ab is related to the energy difference given in Appendix A. Figure 1(t) shows the net energy cost
?ﬁ;ﬁfgﬁéh&f‘ﬁa g?ﬁgﬁg‘f‘gﬂ‘h‘?g%;‘:]itit:pg;;hleajleim;”e as a function of QD size and interparticle spacing for core-
text. ' to-core and trap-to-trap tunneling.. ansistent w?th the data in

Figs. 7 and 8, the energy cost to ionize the exciton decreases
with increasing QD size and decreasing inter-particle spac-

ing energy of the confined exciton is much greater tk@n  ing. The model predicts that tunneling from traps is a much
therefore within the Onsager model, the probability of chargdower energy process than tunneling directly from core elec-
escape is negligible except at extremely high fields. Tdronic states and that the size dependence is relatively weak.
model the field response of the photocurrent, we develop &igure 11b) shows the potential energy as a function of
simple two-site resonant tunneling model to account for theapplied field in terms of the number of sites away from the
essential physics in the initial separation of the exciton. Theparent QD. Once sufficient field is applied that one charge
calculations that follow provide intuition on how the shapecan move one site away from the parent QD, the probability
of the -V response should vary with changes in the experif0 move further away is much greater than the probability to
mental parameters. move back aqd carriers are swept by the electric field

Figure 9 summarizes the tunneling model in a simple carthrough the solid. _
toon. A quantum-confined exciton is created with generation 1© fit the experimental-V curves and extract an experi-
rateG by absorption of a photon with energy greater than thd"ental value fory, we model the transition rai&) between
band gap. This exciton rapidly relaxes to the lowest excited
state of the QD where it can undergo radiative recombina- ¢4 [ T T
tion, non-radiative recombination or ionization to create two
adjacent, charged QDs. The probability that one charge es
cape depends on the heigl) and width of the tunnel bar-
rier (d) as well as the energy offséf) between the initial
and final state. Increasirlg,, or k, decreases the probability

10 [
03[ ]

o
n

st (eV)

that one of the carriers escapes the parent QD. A two-sit

€S

nearest neighbor tunneling model is sufficient to describe the?

essential physics because the intersite spacing is almost &
orders of magnitude larger than in molecular systems. As ¢
result, the probability for a charge to tunnel or hop more than
one site away from its initial site in a single step is negli-
gible.
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We consider two possible mechanisms for a charge escar 15
Number of sites away from origin

ing from the QD (Fig. 10. In the first case that shall be
referred to as ‘‘core-to-core,” both the electron and hole are

. hericall T icle-i here” FIG. 11. (a) Calculated energy cost to separate electron-hole
In spherically symmetric, “particle-in-a-sphere’ states. OI"fapairs confined to the corgircles and trapped on the surfa¢ei-

charge tunnels directly into another spherically symmetriGygies as a function of QD radius. Closed symbols are for 11 A
state in the adjacent QD. In the_ second case referred to &Pacings and open circles are A spacing.(b) Calculated po-
“trap-to-trap,” both charges are in trap states at the surfacential energy, relative to the energy of the bound exciton, as a
of the particle. One charge then tunnels into a trap state at thinction of the number of sites between the electron and hole in a
surface of the adjacent QD. In both cases, the energy cost f@iD solid with 11 A interparticle spacing and 20 A QDS. Symbols
charge separation arises from the energy required to ovegre for applied site to site energies of 0 mé®), 50 meV(V), 150
come the Coulomb interaction of the photoexcited electronmeV (<), and 250(H) meV.
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state 1 and 2 using a golden rule approximation. Appendix Bieight (¢) and a phenomenological parametea’* that
gives the details of the calculations used to develop thelescribes the amount of tailing of the density of states into
model. The three fitting parameters are the energy differencihe energy gap. The final result used to fit the data is the
between the initial and final statds), the tunnel barrier following:

p( —4v2h2d m_¢) 3’2_(m(¢—|— y—ev))S/Z )
A3mier—y) || 72 72
()= — , ®
1+exp< - )
a

where v is the site-to-site potential. Figure 12 shows the sample-to-sample variation observed might be due to varia-
calculated -v curves based on this tunneling model for two tions in the degree of surface passivation or oxidation that
different inter-particle separations. The data is scaled on tenay shift the balance between core-to-core and trap-to-trap
the site-to-site potential by dividing the applied voltage bytunneling. Quantitatively there are some problems with the
the approximate number of QDs between the electrodes. Thigiodel. For example, the escape rate)(predicted from the
assumes that the potential is dropped uniformly across thfit parameters is much too large: If the attempt frequency for
sample. The width of the tunnel barrier is fixed at the meaa charge to escape from the QD is approximately propor-
sured edge-to-edge spacing between the QDs. The valye oftional to the orbital frequency~103Hz), and the average
is allowed to vary but the ratio of the energy cost for thetransmission probability for a 0.84 eV barrierisl0™#, then
TOPO vs TBPQ(1.14 to 1 is fixed at the approximate ratio for TOPO capped particles, this yields a value fqr of
calculated from Eqs(A2a) and (A2b) in Appendix A. A 10°s % Using Eq.(2) this implies efficiencies of nearly
single tailing parameter&” and barrier heigh(0.84 eV) are  100% (given 25 ns lifetime at 10 K This value is too high
chosen to best fit all the data. The barrier height is chosen teompared to what is observed in Fig(26%). Better agree-
give the same change in transmission probability as a fungnent with the observed photoconductive gain is found if the
tion of alkane chain length as has been reported for darkeight of the tunnel barrier is increased. However, then the
conductivity —~measurements on  close-packed  goldhpsolute value of the photocurrent is predicted to be much
nanoparticles! For the scaled data the goodness of fit iSmore sensitive to the inter-particle spacifd) than is ob-
sensitive to ‘a” and y but is relatively insensitive to the served. Part of the difficulty may arise since the WKB model
value of ¢. assumes a continuum of states above the barrier that is inap-
The model qualitatively reproduces the field dependenc@ropriate for a molecular tunnel barrier. To compensate for
of the photocurrent. For the best fit, the valuesyddre in-  the low density of states for the molecular tunnel barrier, the
termediate between the trap-to-trap and the core-to-core ”rrhpparent barrier he|ght may need to be smaller. Alterna-
its (~150 meVj. The intermediate value foy may suggest tively, the difficulty in producing a unique fit may arise from
that both pathways are active in the QD solids. The S|Ighthe Comp|ementary nature of thex™ and ¢ parameters. A
large tunnel barrier height can be somewhat compensated for
100 F T ] by increasing the &” parameter to increase the density of
: ] available states at low energy.
] Without an independent measure of either the density of
] states or the energy levels in the organic molecules with
] respect to the “conduction band” and “valence band” edges
] of the QD, more quantitative analysis is not possible. The
. primary utility of the model is to provide intuition on how
] the shape of thé-V curve should vary with changes in ex-
] perimental parameters. For example, decreasing interparticle
] spacing or increasing the QD size gives risd 19 curves
: ] that are more linear and more photoconductive at low fields
[ o ] (see Figs. 5 and)6 Reducing the number of intermediate
10°F . . trap states, for example by overcoating the QDs, should pro-
- - — mote core-to-core tunneling, a pathway leading to highly
nonlinearl-V curves and low photoconductivity except at
high applied electric fields. Consistent with the model, Table
FIG. 12. Comparison between the détgmbolg and the tun- | shows that very little photoconductivity is observed with

neling modellines) at 10 K. Data is for 20 A QDs witio) TOPO  the overcoated QDs compared to the nonovercoated samples.
(d~11A,y=0.170 and (¥) TBPO (d~7 A,y=0.150 surface The model also predicts that ligands that act as shallow traps

ligands. In the modelg is fixed at 0.84 eV, and &” is fixed at ~ for one carrier and not the other promote initial charge sepa-
0.060. ration of the exciton leading to higher efficiency and weaker

10°

10! £

W v

102

0.01 0.10
Site-to-site potential (V)
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G. Final comments

Semiconductor QD solids present a unique opportunity to APPENDIX A
study the dynamics of charge separation in systems where )
the initial separation of the electron-hole pair can be well Generally, the energy cost for charge separation can be
controlled. The calculations in Sec. IVF show the impor-Written as the difference betwedt, andE,;
tance of the relative dielectric constant of the QD versus the
surrounding matrix for nanometer scale systems as well as
the importance of interface states. The large dielectric con-
trast of the semiconductor core versus the organic ligands Eo=Ecout Ecet Esh (Alb)

leads to a large polarization energy that increases _the enerWhereEc is the direct Coulomb interaction between the elec-

co%tet(s) S.te;p?rr%testhcecggsmgfe)f[ﬁge2.ﬁ:egr%‘ézzlf przlgente d tron and holeE,, is the polarization energy arising from the
espl uce Imp ael p 9 Thteraction between the each carrier and the image charge of

qualitatively describing the charge separation process, it the other carrier, and the electron and hole self-charging en-

clear that many theoretical challenges remain to develop grgies ar€. . andEy,,, respectivelyE, is commonly known

complete description. In particular it is not clear where theas the exciton binding energy. B, the Coulomb interac-

applied potential is dropped, i.e., across the QD or across t ) : ; .
organic. The calculations of the Coulomb interaction O:}?on between (_:harges_ in adjacent QEEC&“'). 'S approxi-

) - mated by the interaction energy of two point charges in a

charges on adjacent QDs are nontrivial and may need to be ~ . . 52

medium of average dielectric constant, (-~ 3¢y).>“ We ne-

addressed using numerical methods. Finally, a more COMilect the interaction of each carrier with the image charge of
plete description of the potential energy near the interfac he other carrier when the charges are in adjacent QDs.

and the relative positions of the HOMO and LUMO for the For the case of core-to-core tunneling, each charge is as-

organic moleculesoundto the surface of the QD are re- sumed to be in a spherically symmetric state and the ener
quired for quantitative evaluation of the tunneling probabil- = P Y Syl . 9y
cost (y=E,—E;) can be derived using the results of

E;=Ec+Ep+Eget Eqp, (Ala)

. Brus’***and Babic>®
V. CONCLUSIONS 17w P ( 1 1e) ) 2 N
Photoconductivity in QD solids is the result of field as- Y 4megeqpR  4meglEgp  Ean 2eqpR
sisted ionization of a photoexcited exciton in its lowest ex- (A2a)
cited state. Charge separation competes with rapid radiative 5 5
and non-radiative recombination which both act to decrease E—_ -q N q (A2b)
the internal charge generation efficiency. Charge separation 27 Amegead 2R+d) ZsQDRSS’

proceeds primarily via a tunneling process and the field de-

pendence of the photocurrent depends on the energy requiré‘d1ere

to separate the electron-hole pair. A resonant tunneling _
model for charge separation qualitatively reproduces the QDo _, (I1+1)(eqp—&ave 1( sin(x)
size and surface passivation dependence of the photocurren§S . =0 (eavet | (2avet £ap)) Jo X
Regardless of whether charges escape from trap states or

from QD core electronic states, the energy required foln Egs. (A2a) and (A2b), eqp is the bulk, high frequency
charge separation is considerably larger than the availabldielectric constant for CdSe (6:¢) (Ref. 56 andR is the
thermal energy, even at room temperature. It is clear thatadius of the QD. It is assumed that the quantum confinement
carrier access to the surface of the QD can improve thenergy is the same in boty, andE, (valid within the strong
charge separation efficiency provided the surface does naonfinement regimeas well as the self-charging energies for
also present sites for non-radiative recombination. The preelectron and hole. The latter approximation means that the
cise mechanism underlying the fluorescence quenching is nself-charging energies will cancel in the expression for
understood at this time. It may be related to the density offhe expression foE, is approximate and should be consid-
chargegboth free and trappedn the QD solid. The inten- ered an upper bound only. A correct calculation of the inter-
sity dependence of the photocurrent indicates there is carriexction energy of two delocalized charge distributions at such
recombination in the sample that reduces the external effishort range requires a quantum mechanical calculation that is
ciency. beyond the scope of this work.

2
) X2|+2dX.
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For the case of trap-to-trap tunneling, the situation isexperiments are at low temperature and low excitation inten-
somewhat simpler since the electron and hole can be treatesity, Eq. (B1) can be approximated by assuming that only
as localized point charges. If trapped charges are localized astate 1 is initially occupied and there is no thermal popula-
unpassivated Cd or Se atoms on opposite sides of the QEipn of higher excited states. For simplicity, the back transi-
the energy for charge separation is given using the results dfon rate is assumed to be zero. The energy in the initial state

Shimet al.®’ is held fixed at zero for all applied biases and only the energy
) of the final states is allowed to vary. EquatioRl) then
£ -q simplifies to

1=
8
WSOSQDr k(y)ocT(O,V)gz(—‘y—Fe\/), (BZ)

wheree is the elementary charge,is the energy in the final

state at zero applied bias, and’*the potential difference
(A3a) between the centers of adjacent Qi site to site poten-

tial). For plane waves incident on a barrier of width) { the
QPe—1)(1+1) (r)ZI transmission probability is given by the followingyvVKB

£ 8megeop(el +1+1)R R approximation:

2 d\/Zmi
; (A3D) |T<E>|2”exp[—2 |'N57 @00-Epax

a Admeged 2R+ )’

where ise = eqp/e e andr is the radius of the semiconduc- We assume a square tunnel barrier of height Applying a
tor core including the surface, minus the ionic radius of thelinéar potential, the tunneling barrier is given by
Se?ion (1.98 A58 E; is the sum of the Coulomb interac-

tion for two charges on opposite side of the QD plus the H(X)= o— X (B4)
polarization energy for these two localized chardesis the

self-charging energy for a singly charged dielectric spher
with a point charge near the surfa¢glus the Coulomb in-
teraction with the point charge on the other spher@ this
case is a lower bound on the energy required for charg
separation. If the static dielectric constants for the semico
ductor and organic components are ugaebably more ap-
propriate for tunneling from localized stajethe energy cost
will be increased.

R (e—1)(21+2)r*+2
T 2megeop e+ D)(21+ 1)+ 1R

E2:2

. (B3

For high, narrow barriers, the transmission probability varies
approximately linearly with applied voltage. For tunneling
through organic ligands, we usar” equal to the rest mass

Bf the electron. The existence of a finite size distribution in
Nthe sample transforms the discrete density of states in the
individual QDs into an effective continuum in the QD solid.
We assume a continuum density of states of the form

= (B5)

1
APPENDIX B 92(E)=
l+ex;{

Using the golden rule approximation, the transition rate

(k) between two states can be written as the following: Y i
The parameter &” controls the amount of “tailing” into the

o energy gap. Physically a large value for™ means that
k“j T(E)91(E)g2(E)[F1(E)—F2(E)]JdE, (B1)  there is a high density of trap states or a broad distribution of
o QD sizes and interparticle spacings in the sample. This func-
whereT(E) is the transition probability through the barrier, tional form for the density of states is only valid for applied
g(E) is the density of states, arfeE) is the Fermi distri- fields less thany; in the real system the density of states
bution function in state 1 or 2, respectively. Since all theshould continue to increase with increasing energy.
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