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ABSTRACT

Arrays and lattices formed from nanoparticles (NPs) present unique opportunities for new optoelectronic materials whose properties can be
tuned by controlling the size of the individual NPs and their interparticle separation to effect strong inter-NP electronic coupling. Characterization
of the interdot coupling as a function of interdot distance is essential. Using time-resolved THz spectroscopy, we report a six-fold increase
in the transient photoconductivity in disordered arrays of 3.2 nm diameter InP NPs separated by 0.9 nm compared to arrays with 1.8 nm
separation. Photoconductivity in the arrays is compared to that of isolated NPs and InP epilayers. The epilayer samples exhibit bulk transport
behavior while the NP samples do not.

There has been an increasing amount of effort in the of collective behavior, such as long-range high-mobility
nanoscience community to design, construct, and characterizeeharge transport.

“artificial” solids formed from nanoparticles (NPs). Arrays  One of the fundamental parameters that governs long-range
and lattices formed from NPs exhibit properties that depend charge transport in NP arrays is the electronic coupling

not only on the size of the individual NPs but also on the petween the NPs. This interdot coupling is affected by the
interaction between NPs as their separation distance is variedg,iface of the NP. the interdot potential barrier height, the

The nature of charge transport in semiconductor nanoparticlegistance between the NPs. and their $iZEne coupling

arrays is of particular fundamental importance to the j,creases as the NP size and interparticle distance decrease.

advancement of various NP technologies. The surface quality and distance between the NPs are
Semiconductor NPs, also called quantum dots, have yoiormined primarily by the surface-capping material, which

received considerable attention due to their size-dependen an be an insulating organic ligand such as trioctlyphosphine

properties; a well-known example is that the band gap oxide (TOPO) and/or a capping shell of a second semi-
increases as the radius of the NP decreases, blue-shiftin onductor (coreshell quantum dots). The organic ligand

the absorption and luminescence spettfaP sizes smaller and/or the semiconductor shell protects the NPs from

than the Bohr radiusag) of bulk excitons strongly confine . . :
. . . agglomeration and chemical attack. It also passivates surface
the carriers and lead to the formation of discrete energy levels . :
states by reducing surface defects and provides a method

in the NPs. Two and three-dimensional NP arrays can exhibitf tuning the interdot lina b ing its lenath
collective behavior if individual NPs couple to one another, or tuning the Interdot coupliing by varying 1ts fength of
and these so-called “artificial solids” are the basis for many chemical nature.
proposed optoelectronic devieefor which the ultimate goal In this work, we investigate the interdot coupling by
is to produce materials that retain the tunable size-dependentneasuring the photoconductivity in disordered arrays of 3.2

properties of individual NPs while exhibiting some degree Nm diameter InP NPs as a function of separation distance
using time-resolved THz spectroscopy. Two different organic

h*?orreipontttiing éuthlorsa E-mail: anozik@nrel.nrel.gov; capping groups are used: hexylamine, which leads to an
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¥ University of Colorado. leads to an average interdot distance~df.8 nm. Isolated
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Gaithersburg, MD 20899. toluene were also studied. We find that the photoconductivity
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increases dramatically in the sample with a 0.9 nm separation
compared to the sample with an 1.8 nm separation. In
addition, transient photoconductivity in epilayers of InP with

8 and 18 nm thickness was measured. These samples exhibit
Drude-like conductivity indicative of bulk behavior, while

the NP arrays do not 000104 YA\ _18nm separation

0.9 nm separation
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Studies of metallic NP arrays have shown that the coupling 0.0015 T N\ Jsddaed

increases as the separation between the NPs is decreased. - - - - -
Collier et al. observed a reversible insulator-to-metal transi- 420 2 4
tion as the separation of Ag NPs was decreased by compres- Time (ps)

sion in a Langmuir trough?® Terrill and co-workers found
that the tunneling probability in Au NP arrays separated by
organic ligands increases exponentially with decreasing
interdot distancé Similar studies in semiconductor NP arrays
find that the photoconductivity is dominated by a tunneling
mechanism whereby the photocreated exciton is ionized and
the electron tunnels to an adjacent NP. The energy required
to ionize the exciton decreases with increasing NP size and
decreasing interdot distanB®revious studies of disordered

Figure 1. Difference plots of THz amplitude (pump eipump
off) at 1 ps pump-probe delay time. The traces have been vertically
offset for clarity.

InP nanocrystals were synthesized by reacting Jmth
P[Si(CH)3]3 in a solution of trioctylphosphine oxide (TOPO)
and trioctylphosphine(TOP) in a rigorously air-free and
water-free environment. Size selective precipitation was used
. X oo . to narrow the size distribution of the NP colloid preparation
InP NP arrays find that the peak in the excitonic absorption to less than 10%. The TOPO cap was exchanged for the

§p?cttrlén(; rted:rsr?ms ;nhqﬁt_)roadens ;elaéwe to .that. (t)f the alkylamines by a simple ligand exchange procedure. Solid
ISolated dots. 1he redshilt Increases for decreasing INterpary ¢ o¢ arrays of NPs were formed by carefully and slowly
ticle spacing, indicative of delocalization of the excitonic

funct dthe f i f extended stafe evaporating the colloidal dispersion in an octahexane
wave function and the formation of extended states. solution onto a quartz substrate. The NP film thicknesses

Time-resolved THz spectroscopy (TRTS) is a powerful \yere measured with a profilimeter to be on average®
and relatively new method for measuring the transient 5nq 15um for the 0.9 nm separation and 1.8 nm separation,
photoconductivity in semiconducting nanomaterials becauserespectively, and were highly nonuniform. The interdot
it provides a noncontact electrical probe with subpicosecond gistance in arrays of NPs with different organic capping
temporal resolutio® 12 Charge carriers are created in the groups was estimated from previously published data for
NPs by absorption of above-band gap photons, and theseclose-packed NP arrays capped with organic ligdhéfs.
newly created carriers are subsequently probed with a THzZjowever, since hexylamine is a weak stabilizer with a
pulse. The pumpprobe delay time is varied to map outthe  re|atively low boiling point, the NPs may partially lose their
time-dependent far-IR (THz) response. The probe THz pulsesgrganic ligands so that the interdot distance may be slightly
have bandwidth extending from 5 to 100 tim(0.15-3 shorter than that estimated from the ligand length. A loss of

THz). The full complex-valued generalized permittivi/,  jigand upon evaporation was recently reported for a close-
of the material under investigation is recovered and is related packed film of 2.1-nm CdSe NPs, and it was found that this
to the complex conductivity by € = s + id/eow, Wherees facilitated interdot electronic couplir§ The isolated samples

is the static dielectric constary, is the permittivity of free were dispersed in toluene and measunedil mmthick
space, and is the radial frequency. Carrier scattering times cyyette. Details of the NP colloid and array preparations are
in semiconductors are typically on the order of 10 fs to 1 presented in refs 4 and 17.
ps, causing large variations difw) at THz frequencie® 3 The InP films of 8 and 18 nm thickness were prepared by
The experimental apparatus has been described in detaichemical etching of epitaxial multilayer samples grown by
elsewhere and will not be repeated h&r& summary, the metal organic chemical vapor deposition. The multilayer
visible pump (400 nm) and THz probe pulses originate from structures consisted of the thin InP film grown on a @3
an amplified Ti:sapphire source producing 100 fs pulses with thick InGaAs etch-stop layer that was lattice-matched to a
800uJ/pulse at 800 nm. About 5@/pulse of 400 nm light ~ (100) InP substrate. The sample was mounted with clear wax
(doubled fundamental) is lightly focused onto the sample to a thin glass slide with the InP substrate exposed. Selective
with a spot size of about 6 mm diameter; all of the visible etchants were used to remove the InP substrate and the
photons are absorbed by the sample. The spot size of thanGaAs layer, (HCI for InP, 2:1:10 N¥H/H,O,/H,0 for
pump pulse is larger than that of the THz probe spot size InGaAs), leaving the thin InP epilayer supported by the glass
(3—4 mm). The THz probe pulses are generated via optical slide.
rectification in a 1-mm ZnTe crystal and are detected via  Transient THz difference scans (pump-on minus pump-
free space electrooptic sampling in another 1-mm ZnTe off) at a 1 pspump—probe delay time for the three NP
crystal. A lock-in amplifier is employed with an optical samples are displayed in Figure 1. The response of the
chopper that modulates the visible pump pulse; transient sample with 0.9 nm separation is six times greater than that
signals on the order of 1 part in 16an be measured with  of the sample with 1.8 nm separation (which is essentially
S/N ratios on the order of 1 to 3 (in a single scan with a 10 identical to the response of the isolated NP sample). This
ms time constant) with this technique. indicates an enhancement in the photoconductivity, with a
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concomitant increase in THz absorption, when the inter- 0.0014
particle distance is small enough to allow coupling. 0.0012 4 (a)

Figures 2a and 2b display the frequency-dependent change A g'gg(l)g
in optical density AOD) and change in phaseAd), %020006 i
respectively, of the THz probe pulse 1 ps after photo- 0.0004 ‘/~../"\
excitation of the sample. The frequency dependence provides 0.0002 - ’ Isolated
detailed information about the conduction mechanism. We 0.0000 - s ,\“\/\
model only the 0.9 nm sample, treating it as a dielectric stack 000024 £ . '18nm -
composed of air/photoexcited NPs/nonphotoexcited NPs/ oooe | ® ' ' ' '

quartz, with a complex-valued transmission coefficient that
depends on the properties and thickness of each tayer.
The far-IR parameters of quartz have been measured in a 0.002 4
separate experiment, and the nonphotoexcited NPs have a
refractive index of 3.08 and negligible absorption and 0000 | i
dispersion. If we assume that all the incoming pump photons ' Isolated '
create electronhole (e-h) pairs and that only one-¢h per 00 o s 5 W
NP is created, then there are the equivalent®® NP layers ' ' ' i '
excited. Thus, the thickness of the photoexcited layer250 Frequency (THz)

nm (60 x 4.1 nm). This is a reasonable assumption since Figure 2. The change in ODAOD), panel a, and change in phase

the absorption cross section for InP NPs is 34.6'%A (Ag), panel b, 1 ps after photoexcitation for the three NP samples.
Contributions from multiply excited NPs are negligible. Solid line is for 0.9 nm separation, dashed line is for the 1.8 nm
Incorporating an exponential decaying distribution of excited separation, and the detiot-dashed line is for the isolated NPs.
NPs would give a negligible correction to the calculafibtf, ~ The smooth solid lines are the calcula®®D andA¢ from the
and for simplicity we treat this as equivalent to a slab of best fit of the Drude-Smith model to the 0.9 nm separation data.

A

7

e ——

photoexcited NPs. 0.0 @
The Drude-Smith model of photoconductivity is used to —-; 0.2 N
describe the photoexcited NP: o 82 1 D
5 g 0.8 - ~ N~
2 c ] 5 1.0 ' ~N
U(CU) - (1 — ia)r) + 1— i(U‘L'J (1) -g .12 4 0.9 nm separation array N

O .14 N .
where 7 is the carrier scattering timey is the radial . ' ' ' ' (®)
frequency,c is the persistence of velocity parameter, and E 1200 1 .
w? = N&/(egm¥) is the plasma frequency, whei¢ is the S ——— “‘ﬁv 3
carrier densityg is the charge of an electron, andt is the g i 8 nm thick epilayer .
effective mass of the carrier. The carrier density is assumed § 400 | & g
to be 1V whereV is the volume of the NPs. The term outside E _ M&
the brackets in eq 1 is the standard Drude conductivity, and ° Ll T
the second term within the brackets allows for deviations 6‘? o6 o W I
from Drude-like behavior. The Drude model alone cant Frequency (THz)

reproduce the measured data in either of the NP arrayed

fetribhg ; ; :« Figure 3. Panel (a) displays the real (solid line) and imaginary
_samples, e(\j/e_T_hWheT a@?'it;”luuoj OOf sca;terlng tl.mesd IS (dashed line) conductivity for the 0.9 nm separation NP array based
mporporate - The value af( . ¢ ) can gassomate on the parameters from the best fit of the Dru@®mith model to
with the degree of backscattering that a carrier suffers after the data shown in Figure 2. Panel (b) displays the experimentally

a collision. Whenc = 0 we recover the Drude model, and determined photoconductivity (RE[ — @, Im[G] — O) for the 8

when ¢ = —1 carriers undergo complete backscattering, nm thick epilayer sample. The solid and dashed lines are real and
which also corresponds to Anderson localizafi®#.During imaginary conductivity, respectively, from the best fit of the Drude
: model.

the fit, we vary the scattering time, the persistence of

velocity parameterg, and the thickness of the nonphoto- the relationship between the conductivity ah@D andA¢

excited layerdy,, whereas the thickness of the photoexcited for the epilayers is less complicated, and we therefore first

layer is fixed at 250 nm. The smooth solid line through the extract the conductivity and then fit the Drude model to the

0.9 nm separation data in Figure 2 displays the best fit results.extracted values. The real conductivity of the arrays increases
Figure 3a displays the calculated photoconductivity based from 0.013 to 0.0342~'cm™?, but this variation is too small

on the fit for the closely spaced array shown in Figure 2. to be seen on the scale of the plot in Figure 3a. The values

For the arrays, the conductivity cannot be extracted becauseof the best fit parameters amh, = 4.3 (0.1)um, ¢ =

a numerical inversion of the corresponding relationship with —0.99994 (0.00001), and = 17.258 (0.082) ciV ! s™1,

AOD andAg¢ is not stable. Therefore, we fit the above model where the mobility is related to the scattering time by

to AOD andAg¢ to extract the photoconductivity. In contrast, er/m*, and m* = 0.07 me for InP, with a corresponding
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0.002 ;'9 nm
&
g %
0.001
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Figure 4. Pump dynamics of the three samples along with least-squares fitting results of a triexponential eef@myexp(—t/t;) + a,
exp(—t/ry) + az exp(—t/z3)] ®G, where®G represents convolution with a Gaussian. SymbolsGre 0.9 nm separatiori] — 1.8 nm
separationa — isolated samples, and — 18 nm epilayers (scaled by 0.02). Solid lines represent the triexponential fits. Panel (a) displays
the transients out to longer pump-delay times while panel (b) displays the short time transients.

scattering time of 0.69 fs. A value afthat is nearly—1 Table 1. Extracted Parameters from Nonlinear Least Squares
suggests that the long-range transport is severely restrictedFit to Data Shown in Figure 4 (numbers in parentheses are 1
This model cannot be adequately fit to the isolated NPs anduncertainties)

1.8 nm separation samples due to their extremely low 0.9 nm 1.8nm isolated
absorption. 7 133(0.04) 042(0.11) 0.715(0.12)

A typical dc-measurement of the conductivity, such as a 1, 33.(1) 6.3 (1.0) 13.7 (3.8)
four-point probe or time-of-flight measurement, assumes that =3 2035(10) 465(35) 880 (180)
olw = 0) = eoa)’z)r = eNu, whereas the DrudeSmith a 0.49(0.01)  0.53(0.04)  0.60(0.02)
model predicts a dc conductivity of(w = 0) = eNu(1 + a . 8-;2 (0.01) 8-;? (0.02) g-ig (0.01)
c). Therefore, a dc measurement of photoconductivity in the @=1-a~a) ' ' '
Ir1|13 arrays would yield a mobility of 1.6 107 cm? V™ a Gaussian onset with 600 fs full width at half-maximum,
s the fitted value ofu reduced by a factor of (¥ c). which represents the instrument response funéfidrable

Thus, the “dc” mobility in the arrays is reduced by a factor 1 yresents the results of the nonlinear least-squares fit.
of 6.3 x 10° compared to that in the epilayer sample. A dc  The sjow onset of photoconductivity in the epilayer sample
probe is sensitive to long-range mobility, whereas the THz (~3 ps) compared to that of the NPs results from carriers
probe reveals both long-range and local mobility. While the \ith about 1.6 eV of excess energy. The pump photons have
long-range transport is limited by inter-NP transport and 3 1 v of energy, and the band gap is 1.35 &/ut the
hopping or tunneling of the carriers over large molecular yertical transition is not from the valence band maximum
distances, our measurements suggest that carriers remaigg, the entire 1.75 eV excess energy is not available to the
locally conductive at high frequencies within one NP, or gjacirons. Nonetheless, the electrons are created high above
among several when they are electronically coupled. the conduction band minimum, and they have sufficient
In contrast to the NP arrays, photoconductivity in the InPenergy to scatter into the lower mobility L and X valleys.
epilayers does conform to the Drude model. Figure 3b The THz response, which is sensitive to carrier mobility,
displays the extracted photoconductivity and a fit of the probes the population of carriers in the high mobillty
Drude model to the conductivity for the 8 nm thick sample. valley. Detailed rate models incorporating relaxation of the
A mobility of 650 cn? V~! st with a carrier density of 1.02  carriers within thel valley, and scattering between the L,
x 10" cm3 is obtained, which is consistent with literature X andT valleys, have been successful in interpreting similar
values?? The conductivity is extracted from the measured dynamics observed in GaA%23
AOD andAg¢ as described in refs 10 and 11. The 8 and 18  |n contrast, the onset of the photoresponse of the NP arrays
nm epilayer samples show no substantial differences in theiris much faster, limited by the instrument response time.
photoconductive responses. The carriers behave bulk-like,Carriers excited in isolated NPs with excess energy quickly
even when confined to less than the Bohr radags= 10.8 (~300 fs) relax to their lowest excited st&fegnd the arrays
nm) in one dimension. behave nearly identically to the isolated NPs. For the closely
Figure 4 displays the time-dependence of the average THzspaced NP arrays, the fastest time constant is 1.3 ps, which
response following photoexcitation of the NP samples and is longer than that for the arrays with 1.8 nm separation (0.4
the 18 nm thick epilayer, normalized to a reference THz ps), and it is 0.7 ps for the isolated NPs. Carrier trapping
pulse. The data are collected by monitoring the peak of the occurs predominately at the surface of the NPs, but the
THz pulse as a function of pumprobe delay® The carriers scatter from the surface many times before trapping
response of the 18 nm epilayer is 500 times greater thanoccurs!? The fact that the trapping time is lengthened for
that of the NPs and has been scaled appropriately. Thesmall interparticle separations indicates that the tunneling
reduction in the photoconductivity of the NP array is due to probability between NPs has increased, which is consistent
confinement of the carriers in three dimensions. Each datawith the enhanced THz absorption of the closely spaced
set was fit to a triexponential decay function convoluted with arrays. The two longer time constants in the fit are also
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greater for the closely spaced arrays. These time constants (7) Terrill, R. H.; Postlethwaite, T. A.; Chen, C. H.; Poon, C. D.; Terzis,

represent carrier trapping that occurs in NPs with a smaller

number of surface defects. The fraction ofte pairs that
are rapidly trapped, given by the paramedgris slightly
decreased in the closely spaced arrays.

In conclusion, we observe a clear enhancement in the

photoconductivity in arrays of 3.2 nm diameter InP NPs

when their average separation is decreased from 1.8 to 0.9
nm. Understanding the onset of collective phenomena in such D

A.; Chen, A. D.; Hutchison, J. E.; Clark, M. R.; Wignall, G.;
Londono, J. D.; Superfine, R.; Falvo, M.; Johnson, C. S.; Samulski,
E. T.; Murray, R. W.J. Am. Chem. S0d.995 117, 1253712548.

(8) Leatherdale, C. A.; Kagan, C. R.; Morgan, N. Y.; Empedocles, S.
A.; Kastner, M. A.; Bawendi, M. GPhys. Re. B 200Q 62, 2669-
2680.

(9) Smith, B. B.; Nozik, A. JNano Lett.2001, 1, 36—41.

(10) Beard, M. C.; Turner, G. M.; Schmuttenmaer, C.Phys. Re. B
200Q 62, 15764-15777.

Beard, M. C.; Turner, G. M.; Schmuttenmaer, C.JAAppl. Phys.
2001, 90, 5915-5923.

materials is essential. We have shown that TRTS is @ New (12) Beard, M. C.; Turner, G. M.; Schmuttenmaer, CN&ano Lett2002

and powerful probe of the photoconductivity in these

materials, and a more complete investigation of these

observations is underway.
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