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Interdot interactions and band gap changes in CdSe nanocrystal arrays
at elevated pressure
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Three-dimensional arrays of organically passivated CdSe nanocrystals were investigated under
hydrostatic pressure using photoluminescer{i&) and absorption spectroscopies. Interdot
separations were varied coarsely by varying the organic ligand on the nanocrystal and finely by
applying hydrostatic pressure. The PL and absorption spectra of solutions and arrays of CdSe
nanocrystals capped by either tri-n-octylphosphine oxide or tri-n-butylphosphine oxide are the same
up to 60 kbar, which suggests that they exhibit no interdot coupling since the interdot separations
in the solutions {~50 nm are much greater than those in the arragsl(nm). While the variation

with pressure is roughly that expected from the increase in band gap energy of bulk CdSe with
pressure and the increase in confinement energies of electrons and holes with increased pressure,
there is still a significant difference in the energy of the PL peak and the first exciton in absorption
(the Stokes shiftfor both these solutions and arrays that increases with pressure. This is attributed
mostly to increased vibrational relaxation due to the movement of nuclei in the excited state. In
contrast, there is a distinct difference between the pressure dependence of CdSe/pyridine dots in
solution and arrays; the increase of the energy of the first exciton peak in absorption with pressure
becomes markedly slower above about 30 kbar in CdSe/pyridine arrays, and is lower than that in the
corresponding solution by-50 meV at 50 kbar and-70 meV at 60 kbar. Experiments with
CdSe/shell/pyridine dots, with large electron and hole barriers, cast doubt on the mechanism of
interdot electron and/or hole tunneling leading to a decrease in electron and/or hole confinement
energy. Also, interdot tunneling of single carriers may be inhibited by the charge separation energy.
The differences in the dielectric medium surrounding each dot in the solution and array explain their
different absorption exciton energies at ambient pressure, but not the changes at elevated pressure.
The observed loss of much of the pyridine ligands during array drying could be very significant, and
contact between pyridine-capped dots at elevated pressure may be importa2®01CAmerican
Institute of Physics.[DOI: 10.1063/1.1369405

I. INTRODUCTION tor dots. Collieret al* have reported quantum coupling due

There is much interest in the properties of individual to electron tunnglmg when t.hey tuneq the mterdo'F spacing
between organically passivated silver dots in two-

nanoparticles that are produced by the “bottom-up” growth™,. .
approach. For example, the band gap of CdSe nanocrysta%m(?ntsw?al a_rtr_aysffrom .12:“5 At_alnd dgliservedsaAnl(_agaI/
increases with decreasing nanocrystal size, leading to tunab sulator rar:j3| '?n oran mtgrlpar :g € |s|ange+) d.
linear optical properties? Furthermore, such semiconductor or semiconductor nanoparticies, agzatra.o served cou-
ing between CdSe nanoparticles in close-packed three-

guantum dots have generated interest as nonlinear optica| ional(3D hich ibuted lassical
materials because their oscillator strengths are concentrat ensional(3D) arrays, which was atti u;% to classica
dipole—dipole coupling described by i#ster:® There ap-

in discrete highly polarizable excitonic stafe§o enable ef- . . : , i
Jears to be little evidence of direct coupling of carriers be-

ficient use of these structures, dense collections of the cond icl h b i
nanostructures can be assembled and used only if the prOB(yeen semiconductor nanoparticles, such as by tunneling, at

erties of the individual dots are unaffected by their neigh-ambient pressurge. The photoconductivity .e'xperiments by
bors. This is one motivation for the study of dense COHeC_Leatherdalget al. 5“9995t that the probability ‘?f c.harge
tions of quantum dots. Another reason is precisely theseparation in photoexcited CdSe quantum dot solids is small.

interesting interactions that can occur and be controlled bef Systématic transition from individual to collective, delo-
tween neighboring dots. calized carrier states in clusters of CdSe nanoparticles was
Several types of site—site coupling have been observetgcently reported® this is not consistent with what is re-

in superlattices composed of both metallic and semicondud?°rted here, possibly due to differing conditions.
In this article we search for evidence of interdot cou-

) _ _ pling by quantum mechanical tunneling between CdSe nano-
yalso at: the Department of Applied Physics. particles by comparing the near-band gap optical absorption
Also at: the Department of Chemistry. . . .
9Author to whom correspondence should be addressed; electronic maifnd the photoluminescen¢BL) of nanoparticle assemblies.

iph1@columbia.edu This is done by comparing nanoparticles in dilute solution—
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where essentially no interdot coupling is expected—and idarger coupled clusters of dotwith smaller confinement en-
close-packed 3D arrays—where such coupling becomesrgies.

more likely. The possibility of interdot coupling is examined Quantum dot exciton PL in solution is generally Stokes
as a function of distance between particles. Coarse tuning chhifted from the exciton peak observed in absorptiohhis

the interdot separation is performed by varying the organishift may be due to both electronic fine structure relaxation
ligand that caps the dot. At ambient pressure, the interdoind vibrational(phonon relaxation due to the movement of
distance, measured from the outer surfaces of nearestuclei to new equilibrium positions in the excited state.
neighbor semiconductor nanocrystals is+1tl A for tri-n- (Deeper luminescence from defects, such as surface states, is
octylphosphine oxidéTOPO capping molecules and+71 also possiblg.Modeling in Ref. 17 suggests that both effects
A for tri-n-butylphosphine oxidé TBPO) and pyridine cap- Occur in the PL of CdSe dots at 1 bar and room temperature,
ping molecules!? Fine tuning is provided by varying the and are of comparable size. The vibrational Stokes shift is
applied hydrostatic pressure. For example, the interdot sep&4€ t© phonon motion along the LO phonon coordinate. It is
ration in CdSe/TBPO and CdSe/pyridine dot solids-i5 A difficult to d|recFIy obser_ve t_h|s process, because the ex-
or smaller at 70 kbar. The different capping molecules alsdected glectromc and.wbratlonal ;tructure that §hou|d be
lead to different electronic properties. TOPO and TBPOPresent in the absorption and PL is masked by inhomoge-

bond to surface Cd atoms via the lone electron pair on th@€0US (size distribution broadening in most experiments.
oxygen atom, with zero formal charges on the O and P atg)ur pressure studies provide a way to probe these effects in

. . . L bles.
oms. These ligands tend to confine the carriers within th&NSEM .
nanoparticle core. Pyridine bonds to the Cd atoms via the The Stokes shift also depends on the shape of the

TR nanostructuré’'® so PL could be a sensitive indicator of
lone pair of its nitrogen atort® The resonance structure of . )

- L : : . band changes in tunnelling between any assembly of dots,
the pyridine 7 ring is conducive to trapping holes, which

may help transport of photoexcited holes from the semicon'—nCIUdIng that between only two dots at the threshold of in-

ductor core of the dot for interdot coupling. Barriers to elec-terdOt coupling.

tron and/or hole transport can be constructed by analyzing

arrays of CdSe dot&he core overcoated with a shell layer ||, EXPERIMENTAL PROCEDURE

of CdS, ZnSe, or Zn&!-16 _ ,
Interdot coupling of electrons and/or holes will lower the ~ CdS€ nanocrystals of 3.3 nm diameteX5%-—7% dis-

quantum confinement energy of each, which can be seen RESIOn in radiusand passivated with TOPO were synthe-

photoluminescence and absorptigtransmission experi- sized according to the method of Murray al. Core/shell

ments if the coupling is sufficiently fast. Near a thresholdna“wpart'deS were also prepared, with a CdSe core that was

: : 15 16
ressure, interdot coupling may occur only in localized re_overcoated W't_h a-2-monolayer-thick ngz} _ZnSe, . or
P ping may y nS' shell, using the procedures described in the cited ref-

gions in an array, while at higher pressure it can occurZ

throughout the sample. This decrease in band gap can grences. For each core/shell system the aim was to have ap-

The absorption and PL probes provide qualitatively dif—0_7/4_4 nm for both CdSe/ZnSe and CdSe/ZnS core/shell

ferent information on different time scales. Absorption aver-yois The overcoating by CdS and ZnS was deemed to be
ages over the entire optical path in the b_eam, and reflects thﬁiccessful and the PL intensities of both core/shell dots were
electronic and nuclear structure that exists before mstantq\/-ery large as expected, even with the pyridine ligands; the

neous photon absorption; it is also much less sensitive 18yercoating by ZnSe was thought to be unsuccessful because
defects. The PL may come from localized regions, due tQy 7nSe dot nucleation and CdSe/ZnSe was not analyzed any
inhomogeneous quenching and/or exothermic energy trangyyther. In some experiments the TOPO/TOP cap on the sur-
fer. Also, dephased PL on the nanosecond time scale reflecigee of these CdSe/TOPO or CdSe/shel/ TOPO particles was
electronic structure after local dielectric and phonon re|ax'exchanged to leave either a TBPO, pyridine or 4-ethyl pyri-

ation, in response to the changed electrostatic properties iffine capt®!® Table | lists the samples studied at elevated
the excited electronic state. One consequence of interdot rgressure.

diative transfef®is that excitation energy is transferred from Pyridine was chosen as a capping ligand because it is
smaller to larger nearby dotsvith smaller confinement en- small and the resonant ring structure could help promote
ergy and that it can be transferred to defect sites and b&ansport. The use of other small nitrogen-containing ligands
quenched before luminescence. Another difference is that Plvas also considered. CdSe/butylamine was prepared but not
can more sensitively sense the onset of interdot coupling at @amined at elevated pressure because the ligand binding
pressure at which there may be only many scattered regiongas seen to be unstabisee latex. Attempts to cap the dots

of localized coupling. This dispersed distribution of coupling by pyridazine(to increase the strength of ligand bindjramnd
would be a small component of the integrated absorptiompyrazine(to link neighboring nanoparticles by the same mol-
strength, but would be disproportionately large in PL be-ecule were unsuccessful.

cause of radiative transfer from the smaller uncoupled dots In the dilute solution runs, CdSe/TOPO dots were dis-
(with larger carrier confinement energiaés the arrays to the persed either in toluene or 4-ethyl pyridine and CdSe/
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TABLE I. Nanocrystals examined under pressure. All the arrays were loaded in liquid argon. The diameters are
that of the semiconductor part of the dot; for core/shell nanocrystals, the diameters of the core and total
core/shell dot are given.

Sample Diamete(nm) Data shown in Figs.
CdSe/TOPO solution in toluene or 4-ethyl pyridine 3.3 2
CdSe/TOPO array 3.3 2
CdSe/TBPO array 3.3 2
CdSe/CdS/TBPO array 2(@ore), 3.4 (total 1and 2
CdSe/pyridine solution in 4-ethyl pyridine 3.3 4 and 5
CdSe/pyridine solution in MeOH/EtOH 3.3 5
CdSe/pyridine array 3.3 4 and 5
CdSe/CdS/pyridine array 2(@ore), 3.4 (total) 6
CdSe/zZnS/pyridine array 3.@ore, 4.4 (total) 6
CdSe/4-ethyl pyridine array 3.3 6

pyridine dots were dissolved in 4-ethyl pyridine or 80% inspection suggested that the arrays did not dissolve in the
methanol/20% ethanol mixtures and then loaded into the didiquid argon.
mond anvil cell(DAC). 4-ethyl pyridine is a reasonable hy- Ruby chips were added during sample loading for pres-
drostatic pressure medium up to at least 100 ¥ltdand the  sure calibration measurements. Hydrostatic pressure was ap-
CdSe/pyridine nanoparticles are much more stable in it thaplied to these arrays in the DAC maintained at ambient tem-
in toulene?? it is also better than a methanol/ethanol mixture.perature to control the interdot distance; reference
Pyridine freezes at a low pressuyreughly at 10 kbagrand is  measurements were also made on dilute solutions of these
an unsatisfactory loading medium. The possiblity of ex-same dots for which the change in the50 nm interdot
change of surface pyridine for 4-ethyl pyridine cannot bedistance is insignificant. At each pressure, most of these so-
ignored, but it is not significant in evaluating these experi-lutions and arrays were probed by both absorption spectros-
ments since the particles are far apart in solution and theopy (420—720 nmand PL to study the band structure. PL
nature of the organic cap influences absorption [ftti€dSe/  was usually excited at 488 nm with an argon-ion laser; exci-
pyridine is not highly stable in the methanol/ethanol mixturetation at 325 nm with a He—Cd laser was performed to con-
and the nanodots may clump a bit. Visual inspection sugfirm that the PL spectra were independent of the excitation
gested that there was no precipitation, so large clusters likelwavelength. PL was not used to probe CdSe/pyridine, be-
did not form. In these dilute solutions the interdot separatiorcause it has extremely weak PL.or CdSe/TBPO arrays at
was roughly 50 nm. ambient pressure, to avoid possible photo-oxidation by laser
Self-assembled close-packed amorphous arrays of doexcitation before the DAC was sealed.
were prepared directly on the top surface of one of the dia-
mond anvilst»*? CdSe/TOPO, CdSe/TBPO, and CdSe/CdS/;;. RESULTS
TBPO arrays were each prepared using a concentrated drop _
(~20% by weight of the respective dots in 90% hexane/ Figure 1 shows the PL and absorption spectra as a func-
10% octane. All arrays of dots with pyridine or 4-ethyl py- tion of pressure for ;ore/shgll CdSe/CdS/TBPO arrays.
ridine caps were prepared by using the respective dots ihhese spectra are fairly typical for CdSe nanoparticles
solutions of pyridine or 4-ethyl pyridine. These drops spread
radially and most of the solvent rapidly evaporates leaving e
visually transparent films that were approximateil um sst (@) ----109Kkbar| 8}

I'.".l (b) - ==-10.9 kbar
thick (which is roughly the absorption depthThese films sol Bepeved IR R EEE T e
were dried under vacuum for 1-2 h and then were stored structural ——70.8 kbar i ———70.8 kbar

phase
under argon for 2—3 days; all of the solvent was removed - %®°[ wansition
10x

higher
pressure

very early during this procedure. Washing the dots during

the size selection procé$s?® is important in removing ex-

cess capping groups form the dispersion; otherwise free

TOP/TOPO crystallizes during the formation of the arfay.
After the array was formed, the DAC was loaded with

liquid argon to attain quasihydrostatic conditions. Organic

and inorganic solvents commonly used to load samples into . , . e

DACs were not used because they are known to swell the — **° 5°&avele::f; - 450 5°°Waf::ngm6f:m) 850

arrays, thereby increasing the interdot distaficéthile the

||qu|d argon may diffuse into the arrays into regions notFIG. 1. (@ PL and(b) absorption spectra of CdSe/CdS/TBPO nanocrystal

; ; ; ; ; arrays as a function of pressure; for clarity only selected spectra at interme-
OCCUpled by the capping molecules, it will not appreCIablydiate pressures are shown. These spectra are fairly typical for CdSe nano-

aff_eCt the interdigitation of the cappin_g mOIGCU_IeS of nea_resﬁarticles capped by TOPO or TBPO in dilute solution or in an array. Note
neighbor dots, and consequently the interdot distance. Visudaie structural phase transition from wurtzite to rock salt above 65 kbar.

% structurai
' phase transition

PL Intensity (A.U.)
Absorbance {(A.U.)
£
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245 < — CdSe/pyridine solution
(a) PL 4 . == CdSe/pyridine arrays
Y (shifted by 24 meV)
240 I 1
3°0
<
$ 2351 e
2 2 ol
) ¥
5 230 2
v ®  CdSe/TOPO solution 2.l
| A CdSe/TOPO arrays
& 225F x O CdSe/TBPO arrays
¥ CdSe/CdS/TBPO arrays
200 0 Expected band gap energy o ' R ! , ) :
’ of isolated CdSe nanoparticles 450 500 550 600 650
Fit to All data Wavelength (nm)
2‘1 5 1 L 1 2 1 " 1 i 1 1 1 " 1 L 1
0 10 20 8 40 50 60 70 FIG. 3. Absorption spectra of CdSe/pyridine in solution and arrays at am-
Pressure (kbar) bient pressure. The peak in the array is downshifted by 24 meV due to the
change of the dielectric constant surrounding each nanoparticle.
2557 (b) Absorption x :
P energy of the absorption spectra versus pressure of the same
2504 systems. Each plot in each figure presented here and later has
---------- been shifted vertically in energy by a small constant amount
%2 45 (up to ~10 meV) so that each overlaps at 1 bar. These dif-
= ferences are due to the slightly different particle sizes in each
g run and, consequently, their slightly different confinement
o 2:407 energies. The expected variation of band gap energy for iso-
2 ® CdSe/TOPO solution lated CdSe nanoparticles is also plotted. The most important
% 235 4 CdSelToPo arays tributi th depend f the bulk CdS
a O CdSe/TBPO arrays contributions are the pressure dependences of the bu e
¥  CdSe/CAS/TBPO arrays band gap energy and of the electron and hole confinement
2.30+ "';jETiez‘Z‘Lga"d 9ap er?e:gy energies. Both contributions increase with pressure; the band
of i1solate @ nanoparticies . .
el gap increasé~190 meV from 1 bar to 50 kbaris much
2285 +———T—T T 7T larger than that of the total confinement enetgy25 meV).

0 10 20 30 40 50 60 70

(For CdSe/CdS nanacrystals, the presence of the CdS shell is
Pressure (kbar)

not expected to perturb this pressure variation muchboth
FIG. 2. (a) Peak energy of PL anb) the first excitonic peak energy of the Parts of Fig. 2, the solid line is a fit of all data in that part.
absorption spectra vs pressure for solutions and arrays of CdSe nanocryst&or each system the PL and absorption peaks both track the
capped by either TOPO or TBPO. Each plot in each figure has be(_en shifteBand gap of CdSe fairly well. There seems to be a divergence
yertlcally by up to~10 meV so that each overlaps at 1 bar. The solid curveof the absorption and PL peaks with increasing pressure.
is a least squares to the data in each part. The expected band gap energy of = . . O
isolated CdSe nanocrystals Pss plotted in both parts, which accounts for Figure 3 shows the absorption spectra of CdSe/pyridine
changes in the bulk band gap and confinement energies. in a dilute solution and CdSe/pyridine arrays at ambient pres-
sure. The absorption peak in the array is redshifted. This is
reproducible and is not attributable to oxidation, thermal ef-
capped by TOPO or TBPO that are in a dilute solution or arfects, or instrumental errors. No redshift was seen in the
array. (For clarity, spectra are shown only at selected inter-absorption spectra of CdSe/TOPO arrays, confirming a pre-
mediate pressures. Spectral peak energies from all pressungsus report
are plotted in later figuresBoth series of spectra show the Figure 4 shows typical absorption spectra of CdSe/
structural phase transition of CdSe to rock salt above 65 kbapyridine in dilute solution and in arrays as a function of
in the upstroké®2! In most cases, measurements were mad@ressure. No PL was seen in either case, as was expécted.
after each pressure upstroke up to a value below that of thié/hile the spectra for CdSe/pyridine in dilute solution vary
phase transition—to avoid the possibility of the hysteresis ofvith pressure the same way as those shown in Fig. 1, the
the structural phase transition during the pressurepectra of the nanoparticles in arrays look qualitatively dif-
downstroke—and then after each pressure downstroke. Iferent. Above about 30 kbar the energy of the first excitonic
these cases, data from the downstroke matched those fropeak increases much more slowly with increasing pressure
the upstroke. The energies of the peaks of the PL spectruthan for the nanoparticles in solutiqgand it may actually
and the first excitonic peaks of the absorption spectrum oflecrease with pressyrand this peak broadens. Figure 5
each sample at each pressure were determined by peak fitlots the peak of the first excitonic peak in absorption for
ting. Figure 2Za) shows the peak energy of the photolumines-several CdSe/pyridine runs; the fit to the absorption peak
cence versus pressure of CdSe/TOPO dispersed in dilute sdata of Fig. 2 is also plotted. The pressure dependence of the
lution, CdSe/TOPO arrays, CdSe/TBPO arrays, and CdSgleak in each CdSe/pyridine in solution run looks like those
CdS/TBPO arrays. Figure () shows the first excitonic in Fig. 2, while that of each CdSe/pyridine array run looks
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(a) CdSe/pyridine solution ] _
12 " 1.18 kbar 2.55 Absorption
; - - - 18.9 kbar ]
1ORY, . ... -344Kbar 2.50
—_ ’\\‘ higher pressure  _._._48 g kbar >
2 e 58.3 kbar 2 2.45-
Y 5
S S 2.40-
.e c
2 2
< L% 2.35 O CdSe/pyridine solution
¥ CdSe/pyridine arrays
2.30 v CdSe/pyridine arrays
® CdSe/pyridine arrays
0.0 . , . . Fit from Fig. 2-(b)
i + * * * 2.25 T M T M T M T T T T T ¥ T M J
450 500 550 600 0O 10 20 30 40 50 60 70
Wavelength (nm) Pressure (kbar)
1.4 idine arr FIG. 5. The first excitonic peak energies in absorption spectra for several
() CdSe/pyr dine array CdSe/pyridine runs. Note the significant difference between the solution and
1.0 —1 bar the array runs. Each plot has been shifted by up-tD meV so that each
’ - - - 13.0 kbar overlaps at 1 bar. The solid line is the fit to the exciton absorption data in
" -30.9 kbar (and also plotted inFig. 2(b).
1.04 = Tt :
= —~-—--483.6 kbar
. -D.'
< 0.8 N s W 62.2 kbar
§ ] R observations were not dependent on the history of incident
§06- light.
g In one run the CdSe/TOPO array was heated to 80 °C for
<044 1 h, and then examined at ambient temperature and elevated
] o pressure. At ambient pressure there was the usual near-band
0.2 ’*M_S«#@t gap PL peak as in Fig. 1, and a second weak broad PL peak
_ at longer wavelengths. The wavelength of the near-band gap
0.0

T " ' " T T " PL peak decreased with increasing pressure, as in Figs. 1 and
450 500 550 600 .

Wavelength (nm) 2; the center of the Iong—\{va\{eleng.th peak decreased from
about 700 to 630 nm, and its intensity first increased greatly
FIG. 4. Typical absorption spectra of CdSe/pyridiagin solution and(b) with pressure and then slowly decreased. These observations
in an array as a function of pressure; for clarity only selected spectra agire qualitatively similar to those for CdSe particles in glasses
intermediate pressures are shown. Note th&bjrihe spectrum at 43.6 kbar examined at elevated pressﬁ?emd are Iikely due to surface
overlaps that at 62.2 kbar.

defects.
Absorption in CdSe/pyridine arrays prepared under dif-
ferent drying conditions was also examined as a function of
very different. At 50 kbar the peak energy+$60 meV lower  pressure. Absorption at elevated pressure in arrays dried for
than the reference curve from Fig. 2 and at 60 kbar %  short times, 1-2.5 h, looked similar to that for CdSe/pyridine
meV lower. solution and the “standard” runs in Fig(ld. Those arrays
The pressure dependences of related systems were aldged for 6 and 14 days exhibited the same large deviation
measured: CdSe/4-ethyl pyridine and the core/shell systenfgom the absorption curve at elevated pressure as seen for the
CdSe/CdS/pyridine, CdSe/ZnSe/pyridine, and CdSe/ZnSZdSe/pyridine arrays in Fig. 5. However, there was large
pyridine. (Data for CdSe/CdS/TBPO dots were presented irhysteresis in the pressure downstroke, with exciton energies
Figs. 1 and 2. For each of these dots in solution, the lower in the downstroke than the upstroke at the same pres-
absorption—and for the cores/shell systems PL—spectraure, which was not seen in the runs displayed in Fig. 5.
looked the same as for other dots in solutions in Figs. 2 and  Attenuated total reflectiofATR) experiments in Fig. 7
5. The absorption and, when measurable, PL peaks of drieshow that pyridine does not bind very strongly to the dot, as
arrays of these nanoparticles are plotted versus pressure ifhdiscussed later; capping by butylamine was seen to bind to
Fig. 6, along with the respective data fits from Fig. 2. The PLCdSe nanoparticles even more weakly than does pyridine.
data for core/shell/pyridine arrays look similar to those for
TOPO and TBPO capped dots in Fig. 2. The absorption peak
data look similar to those for CdSe/pyridine arrays in Fig. 5.IV. DISCUSSION
The.CdSe/pyridine' in 80% methanol/20% ethanol solution, Overall observations
run is also plotted in Fig. 6.
At times, spectra were taken several times at the same The band gap of CdSe nanoparticls"°can be related

pressure. These spectra were the same, suggesting that thesehat of bulk CdSeEy approximately by
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— CdSe/pyridine array
245} (a) PL 149 —~-(a) 0.8 - — —CdSe/ZnS/pyridine array
I { s & . (b) ---------- CdSe/butylamine array 1036

2.40F ~ 129 =% (c) §os- 1446 1445 1087 1 1010
- = e ] c 1600\
S bt —o—(d) &
2 N £
2 = 1.04 <]
B 235 g 3
QO = <
S 230 S 0.81
x . o ~ 1
§ 8 0.6 1600 1400 1200 1000

. < Energy (cm”)
_ . © | 9y
o 225 ;{ ® (CdSe/CdS/pyridine arrays ] ¥ee
¥ CdSe/ZnS/pyridine arrays S 044k "3 3&%_ - %
ool Expected band gap energy 2 1 ‘f& ~ A
: of isolated CdSe nanoparticles 0.2 &M A
[ Fit from Fig. 2-(a) 1y T e -
215 ] A 1 L 1 " 1 i L " 1 n 1 1 0 O_ ﬁ', ; ; ;

0 10 20 30 40 50 60 70

Pressure (kbar) 0 100 200 300 400

Time (hours)

FIG. 7. Evolution of the height of ATR peaks during the drying of an array
from nanoparticles in solution fof), (b) the 1445 cm* bound pyridine
peak for respectively CdSe/pyridine and CdSe/TOPO in pyridine solution,
(c) the 1446 cm* bound pyridine peak for CdSe/ZnS/pyridine in pyridine
solution, andd) the 973 cm* bound butylamine peak for CdSe/butylamine

in butylamine solution. Each trace is normalized to unity at the maximum,
and represents the fraction of bound sites. The exchange of surface TOPO
for pyridine is very fast in casé). The inset shows the spectra f@, (c),

and (d), respectively, 20, 14, and 7 min into the drying. The 973 tm
butylamine peak has decayed greatly in 7 min. The peaks at 1010, 1036,
1067, and 1600 cit are also due to pyridine bound to the CdSe dot.

25571 (b) Absorption

2.50 1

Energy (eV)
[\M] N [\>]
w » A
[4)] o (4]

] 1 1

CdSe/pyridine solution in
MeOH/EtOH mixture
A CdSe/a-ethyl pyridine arrays

2.30 1 ® CdSe/CdS/pyridine arrays

¥ CdSe/znS/pyridine arrays and the last term due to the correction of the local dielectric
- — Fit from Fig. 2-(b) constant is estimated to be50 meV in a solution withe
25 0 1‘0 " o0 30 4'0 " 50 60 7'0 =2.151(TOP). The last two terms represent the Coulomb

Pressure (kbar) attraction energy in the presence of the large dielectric dis-
continuity at the quantum dot surface. The net Coulomb en-
FIG. 6. (a) PL peak energies an(h) absorption peak energies of quantum

dot arrays and solutions vs pressure for CdSe/shell/pyridine and CdSe/. 19y 1S less than it would pe n a CdSe macroscoplc solid
ethyl pyridine nanocrystals. Each plot in each figure has been shifted by upl€rm 3 only because the dielectric solvation energy of the

to ~10 meV so that each overlaps at 1 bar. The solid lines are the fits frolfw0 charges decreases in the presence of the low dielectric
the respective PL and absorption exciton energy data in Fig. 2. Note that theonstant Capping molecules and solvent. As the charges are
absorption peak energies (o) are different from those in Fig.(B), while 1\ing rapidly due to confinement energy in the dot, the
the PL peak energies i@ are similar to those in Fig.(3). . L . .
high frequency, visible dielectric constants of CdSe and or-
ganics should be used in these terms. Equatipmives the

5 5 5 2w aion energy of the absorption exciton peak; it does not include
(1 1 1.8° e S . . ; .
Eg"=Eq+ =t —]- + =2, ay|l= dielectric or phonon relaxation after photon absorption.
2R 1M myp/ &R Ri=1 TR Each of the terms in Eq1) can vary with pressur®.

(1 The main variation with hydrostatic pressure is in the band

with a,=[(e—1)(n+1)]/[e,(en+n+1)]. Ris the radius gap energy of bulk CdSEg.27 Using the characterization

of the nanoparticlee, is the dielectric constant of the nano- Eq(P)=Eg (1 bar)+ «P+BP? the PL measurements of
particle, e is the dielectric constant of the surrounding me-Ref. 27 on bulk CdSe found:=5.8x 10" 2 eV/kbar ands
dium, e=e€,/€;, e is the elementary charge, aglis the =—5.0X 10~ ° eV/kbar for measurements from 1 bar to the
magnitude of the distance that the wave function peaks from-30 kbar phase transition pressure for bulk CdSe. Extrapo-
the center of the spherical parti@&he bar over the fourth lated to even higher pressure, this leads to increases by about
term denotes an average over the wave fun(&rﬁhe second the same 190 meV from 1 bar to 50 and 60 kbar. Next most
term in Eq. (1) is the quantum energy of localization for important is the variation in confinement energy with the
electrons of masm, and holes of mass, , the third term is ~ change in nanoparticle radilswith pressure. This is deter-
the Coulomb attraction between electron and hole, and thetined from the dependence of the voluMg = R®) with P
fourth term is the dielectric solvation energy IGsshe band  in Murnaghan’s Equation  V(P)=V (1 bar]1

gap of bulk CdSe is 1.74 eV at 1 bar. The total confinement+ PB’/B]~ 8", whereB (=370 kbar for wurtzite Cd9&" is
energy at ambient pressure is about 680 meV, of which 56€he bulk modulus an8’=dB/dP (=11 for CdSé.?! From 1
meV is from electron confinement and 120 meV is from holebar to 50 kbalR decreases by 3%, and the confinement en-
confinement. The Coulomb attraction energy-203 meV, ergy increases by 25 meV assuming that the effective
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masses are constant. The dependences ahtheande on  for 3 days is lower than that in solution by70 meV, which
pressure are likely less importar{fhis is not certain; for is a significant fraction of the confinement energy of either
example, the dependences in bulk InP are not insignifi€ant. carrier. The absorption energies at high pressures for CdSe/
Also, see latej.Consequently, the change in energy with  pyridine arrays are still larger than the PL energies seen in
other than the band g&ponfinement, exciton and solvation the other CdSe dot systems studied that luminesce.

energy is approximately equal to the measured change in  The only run of CdSe/pyridine in solution whose results
band gap energy with change of radius at 1 bar. This variadiffered from all of the other solution run@nd the TOPO
tion of band gap energy witR is plotted in Fig. 2. All band and TBPO array runswas that in 80% methanol/20% etha-
gap changes except for those of arrays of nanoparticlegol solution(Fig. 6). Since CdSe/pyridine is not highly stable
capped by pyridine or 4-ethyl pyridine are quite reasonablyn this methanol/ethanol mixture, the nanodots may clump a
modeled by this variation. The net Coulomb enef@yms 3  bit, even with their pyridine caps. This may be an indication
and 4 should increase as pressure increases, because as €fidocalized interdot tunneling in solution.

CdSe and organics become more dense, the concentration of

electrons and thus the visible dielectric constants will in-

crease. As the compressibility of the organics is much higheP- Stokes shift

than that of CdSe, the fractional increase in the Organic di- At ambient pressure the Stokes shift between absorption
electric constant might be larger than that of CdSe. and PL is~60 meV. It increases dramatically with pressure,

In each run with TOPO or TBPO capping molecules thepy ~57 meV at 50 kbar. This large pressure-induced Stokes
pressure dependence of the first excitonic peak in absorptioghift is seen for all samples that emit PL, i.e., dots capped by
and the PL peak each was the same for the solution and arrgoPO or TBPO and CdSe/shell/pyridine dots. This large in-
of the same type of nanoparticl€§dSe/TOPO, CdSe/CdS/ crease in Stokes shift is seen in both dilute solutions and
TOPO, CdSe/TBPD which suggests no observable carrier arrays, and is therefore unlikely due to nonhydrostatic effects
coupling between dots. In each case the variation with pregsolutions and arrays are loaded in the diamond anvil cell
sure is that expected from the increase in band gap energy gffferently) or contact between the nanocrystals. It is un-
bulk CdSe with pressure and the increase in confinemenjikely due to surface states since it is seen for both core-only
energies of electrons and holes with increased pressur@nd core/shell dots, and the interfaces critical for PL are very
which results from the smaller dot dimensions. Trackingdifferent in these two casésore/organic ligand interface for
with the expected gap looks better for the PL peaks than fogore-only dots and core/shell interface for core/shell ddts
absorption. However, this is not certain because of the exs likely due to “bulk” states.
trapolation and the uncertainty in thheand 8 coefficients for Two possible contributions to the Stokes shift a:a
bulk CdSe, which could be measured up to only about 3(urely electronic shift due to the splitting of exciton states
kbar due to the structural phase transition in bulk CdSe. into “bright” and “dark” excitons (electronic Stokes shift

These absorption and PL peaks varied differently withand(2) vibrational (phonon relaxation due to movement of
pressure, especially above 40 kbdig. 2). From least- nuclei to new equilibrium positions in the excited sté&ie
squares fit of all the data, theand B coefficients for the PL  brational Stokes shift Each contribution can change with
peaks in Fig. a) are a=4.15+0.16x 10 3 eV/kbar and3  pressure. Reference 29 found good agreement between the
=—2.69+0.24x 10" ° eV/kbaF, and those for the absorp- theory of the nonresonant Stokes shift at ambient pressure
tion peaks in Fig. () are «=5.36+-0.20<10 % eV/kbar  with experiments by considering both contributions, en-
and 8= —2.83+0.30x 10" ° eV/kbaf. The Stokes shift be- semble averaged over the experimental and shape distribu-
tween absorption and PL is seen to increase dramaticallijons of the dots.
with pressure. The expected change in the purely electronic component

Since the pressure dependences of both PL and absorpf this nonresonant Stokes sfffwith pressure is estimated
tion were the same for the dilute solution and the arrays irconsidering the nanocrystal states for monodisperse and
these cases, the method of preparing the arrays directly amonoshaped 3.3 nm diameter dots using the theory presented
the diamond anvil apparently does not lead to nonhydrostatim Ref. 30, without phonon corrections. Dots with ellipticity
stress conditions. 0 (spherica), 0.28 (prolate, and —0.28 (oblate are consid-

A distinct difference in the pressure dependence of theered. The splitting of the highest strongly absorbing exciton
absorption spectra of arrays and solutions was seen only fatate and the lowest exciton stafgonabsorbingis calcu-
CdSe nanocrystals capped by pyridine. The pressure depelated for pressure-induced changes in dot size and effective
dence of the first excitonic absorption peak in isolated CdSehasses, and possible changes due to dot shape. This corre-
pyridine looks the same as that in all runs of CdSe/TOPGsponds to the B— +2, 1Y—0", and ¢~ + 2 splittings in
and CdSe/TBPO. However, the exciton energy with pressurthe spherical, prolate, and oblate dots respectively, and 35.3,
curve levels off for the CdSe/pyridine array; it is possible29.6, and 76.8 meV Stokes shifts respectively at 1 (@2nly
that it decreases with pressure. This was only observed ithe highest very strongly absorbing state is used, which
absorption since no PL could be observed from the pyridineslightly overestimates the shiffs.
capped particles. At ambient pressure the confinement ener- Smaller dots with larger confinement energy have larger
gies of electrons and holes in CdSe nanoparticles of 3.3 nrBtokes shifts® As pressure is increased from 1 bar to 50
diameter are~560 and 120 meV, respectively. At 60 kbar kbar, an increase in the Stokes shift of only 1.4 meV is
the absorption exciton peak in CdSe/pyridine in arrays drieeéxpected for spherical dot8.3 meV for prolate and 3.6 meV
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for oblate. The Stokes shift also depends on the ratio of theapparently measured in absorption. These processes would
light and heavy hole effective mass®g,/m;,, (0.28 at 1 bar  have to occur before hole transfer to the pyridine ligand,
for bulk CdSe@.?° The three-band Kane model is used towhich is known to occur in 0.5 ps for dissolved détén the
estimate this ratio at elevatéy it predicts thatmy,,, does not TOPO-coated dots, where the TOPO layers remain intact in
change withP anddmy, /d P=m|h(a/Ega”‘).3l From 1 barto the arrays, neither energy transfer nor charge separation is
50 kbar,m,,, /m,,;, increases by a factor of 1.13, which causesthis fast. Also, charge separation by tunneling to a neighbor-
the Stokes shift to increase by 0.8 meV for spherical dotsng dot is known to be endothermic by about 0.3 eV due to
(decrease by 2.8 meV for prolate and 0.9 meV for oblate electrostatic effectd;this process should not occur at room
Collectively, the radius and effective mass effects increaséemperature as long as the capping layer remains intact. En-
the Stokes shifts respectively by 2.2, 0.4, and 2.6 meV foergy transfer to a neighboring dot is resonant and not exo-
spherical, prolate, and oblate dots, which are much smallehermic, but it is hard to imagine how it could be this fast
than the~57 meV increase that is seen here. This assumesnless there were a partial chemical bonding between the
unchanging exciton radius, which dependsrog/my,. As-  two dots, with loss of capping molecules in between.

suming the increasing,/m;, with decreasing volume calcu- In the case of very small interdot spacings, with only
lated for InP?® pressure-induced increases in the electronigartial pyridine capping in pyridine arrays, rapid electron or
Stokes shift would be smaller, and sometimes the shift woulthole tunneling can be considered a possible cause of our
decrease witlP. exciton absorption observations. Rapid electron and/or hole

A large increase in the purely electronic component ofcoupling between neighboring dots through the organic
the Stokes shift, consistent with observations, would be pretigands capping the respective particles, could lead to a de-
dicted if the dots became progressively more oblate withcrease in the electron and/or hole confinement energy in Eq.
pressuré? The x-ray diffraction studies of Ref. 32 report no (1). This could occur by quantum mechanical tunneling
change in dot shape with pressure, except at the phase tragirough the barriers provided by the organic capping mol-
sition between four-fold and six-fold coordination. The ecules on adjacent dots or by thermal excitation and subse-
Stokes shift observations reported here could be consistegtient hopping above these barriers, as in thermionic emis-
with very nonhydrostatic conditions, but such nonhydrostasjon. Such tunneling could account for the decrease of the
thlty is inconsistent with the observations of similar StOkeSband gap energy with pressure relative to the observed ener-
shift increases with? in solutions and arrays. Similarly, large gies for isolated dots. Concomitantly, this decreased lifetime
increases in the electronic Stokes shift would be possible ifyould account for the broadened exciton width. If interdot
PL were selectively quenched in more prolate dots at highegoupling increases as the dots get closer—with no concomi-
P; however, this would suggest a narrowing of the inhomo-ant change in barrier height—the coupling would be due to
geneous PL spectrum at elevatdwhich is not observed. tunneling rather than thermal hopping.

The change of the electronic Stokes shift with pressureis 5 Band alignmentInterdot tunneling depends on the
not expected to be large, and it appears that the increase gyriers seen by electrons and holes and the interdot distance,
Stokes shift with pressure represents an increase in the vibrgsich depend on pressure. The interdot energy level struc-
tional (LO phonorn) Stokes shift. It is difficult to model this e is determined by the capping molecules and other pos-
because the strength of the coupling is not understood well &iple parriers, such as that due to oxidation at the surface.
1 bar, and appears to vary widely dot to dot in single nanorigyre ga) shows the bands in CdSe and levels in pyridine
crystal studies. The coupling is very sensitive to wave func‘assuming alignment of the vacuum levels. The top of the
tion details in model calculations. It is unknown how it var- ,51ence band and bottom of the conduction band in CdSe are
ies with pressure. _ shown for bulk CdSédashed lines and the lowest hole and

A third possibility for the Stokes shift should also be gjecron confined states are shown for the CdSe nanocrystal.
considered. Since the fr_actlonal compression of the cappingiih alignment of the vacuum levels there appears to be no
molecules and solvent is large, the organics may be Morga rier for electrons to go from CdSe to the lowest unoccu-
strongly coupled to the nanocrystal exciton-ab0 kbar, as  pied molecular orbital of pyridine, and there is a large barrier
they are squeezed into the nanocrystal surface, than at 1 bgh; holes to go to the highest occupied molecular orbital of
In this case the dielectric relaxation of the polar cappinghe pyridine. This would suggest that electron tunneling from
molecules may contribute to the Stokes shift; this type ofyqt to dot would see only the barrier between the pyridine
effect is modeled in the Marcus theory of solvent relaxationjgands on nearest-neighbor dots. The band alignment will be
around dissolved moleculé3Again it would be difficult o gitterent after the transfer of electrons associated with pyri-

model this quantitatively. dine bonding to the CdSe nanocrystal, with a decrease in the
hole barrier and possibly the formation of an electron barrier.
C. Mechanisms for interdot interactions Interdot tunneling through resonant pyridine states is pos-

sible and it could change with pressure; it is difficult to as-
sess its importance. Figuré® depicts the alignment of bulk
One possible explanation for this unusual observation irbands of CdSécore with either CdS, ZnSe, or Zn&hel)
CdSe pyridine arrays might be rapid charge separdtiote  at a bulk planar interfad&!>353¢which is discussed further
or electron tunneling to a neighboring gar energy migra- late). When coupled with Fig. @), this figure gives the
tion (both hole and electroramong dots, on the femtosec- barrers for interdot carrier tunneling between core/shell dots.
ond time scale with interdot couplings of order 50 meV asGiven the uncertainties in the energy level diagrams in Fig.

1. Quantum mechanical interdot coupling
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|* - 1D KP model, V=2 eV, §(1 bar)=3.5 A
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(b) shell core shell 0 10 20 30 40 50 60 70
Pressure (kbar)
0.94 eV e
CdSe/ZnSe FIG. 9. Tunneling models, two coupled 1D square wells and 1D Kronig—
007eV _r—_ vB Penney models, with various barrier heights are shown. In the Kronig—

Penney models the electron masses are i1 2the electron effective mass
of CdSe, in the wells anth, in the barriers. Also plotted are the deviations

032eV —__r— cB of experimental first exciton absorption peak energies for the CdSe/pyridine
CdSe/CdS run denoted by asterisks in Fig. 5 from the solid line fit in Fi¢h)2The
042eV _r—_ vB normalized experimental data are well fit by-&xp{—K &P)—d]}, with d

=4.8 Aandk=3.42 A Y for §(1 bar)=7 A, andd=2.4 A andk=6.85 A1
with §(1 bar)=3.5 A. The variation of barrier widtli= interdot spaciny
1.44 eV —1_J cB S(P) with pressure is from the case of solid benzyl between the dots in Fig.
CdSe/ZnS 10. All energies are normalized by the electron confinement energy 560

V.
0.60ev _I L v e

FIG. 8. (8 Band alignment of CdSe/pyridine assuming the lineup of 8 . - - - o
vacuum levels(b) Band alignments of the core/shell systems assuming noeﬁteCtS‘L or the exciton fine structure, it should semiquantita

strain, with listed band offsetsee Refs. 35 and 36 tively predict confinement energy changes. Note that the
fractional changes in confinement energy in these 1D models
and symmetric 3D cases are the same.
) ) Also plotted in Fig. 9 are the deviation of the experimen-
8, the interdot tunneling model used here assumes squagg first exciton absorption peaks for the CdSe/pyridine run
barriers of variable height between the nanoparticles. denoted by asterisks in Fig. 5 from the solid line fit from Fig.
b. Model The results of model calculations for ground- 5 () ‘hormalized by the electron confinement energy at 1 bar.

state confinement energy changes expected by quantum mgre exnerimental results are larger in magnitude than those
chanical tunneling are shown in Fig. 9. These are based on

models of two coupled one-dimensiondD) square wells
and a 1D Kronig—Penney model of an infinite series of such

coupled wells to determine the ground state of the system. In ] \'\\

each case the barrier is of constant heighand the well 64 "‘"Q":': .............................

separation isS. In these calculationsy is not assumed to 1 Tm e TT—
vary with pressure, while the separation between dotar- 51 T . T T
ies with pressure. This variation is shown in Fig. 10, and is 4_' el

described in the Appendix.

Interdot spacing (A)

Electron tunneling is assumed in Fig. 9, and the electron 3 I
confinement energies are plotted normalized to the electron 1 . '
confinement energy at ambient press(580 me\j. Results 27 Scaling for solid benzy!

. R Scaling for liquid benzene
are plotted for barriers of 2 and 3 eV, assuming electron 14 = = = Array with solid benzyl between dots

masses of 0.12n, (the effective mass in bulk Cdge the - -« Array with liquid benzene between dots
wells and the free electron mass, in the barriers. The in- oO+—T——"————T 7T T T
: ; : A 0 10 20 30 40 50 60 70

terdot separation at 1 bar is taken to be either 7 A, that for Pressure (kbar)

either pyridine or TBPO capping—and which corresponds to

about two molecules separating nearest neighbor dots—aiG- 10. Interdot separation as a function of pressure modeling the interdot
; medium as either solid benzyl or liquid benzene, as described in the Appen-

3.5 A, which would correspond to about one molecule sepal

o . L dix. Also shown is how a lengthfo7 A in these two media scales with
rating neighboring dotgThe reason for this is given latgr.

_ =19 TS i ) pressure in the bulk(Any phase transition in the liquid benzene is not
While this simplified analysis does not include cluster shapeéncluded in these models.
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of the model for the relatively small barriers and smallerthe CdSe/CdS interface has type | band alignment, as shown
interdot separations at ambient pressure. Moreover, the shapeFig. 8b). Reference 37 suggests it has type Il alignment.
of the experimental and model pressure dependences arowever, what is more significant here is that all of the

very different. calculations suggest the CdS shell causes the confinement of
The normalized experimental data are well fit by the fitholes in the CdSe core.
1—exp{—K &P)—d]}, with d=4.8 A andk=3.42 A" for The application of pressure could potentially change the

S8(1bar)=7 A, and d=2.4 A and k=6.85 A! with  magnitude and signs of these band offsets. Reference 38
5(1 bar)=3.5 A—and withs(P) varying as the case of solid shows that the band gap of ZnS increases faster Rifl
benzyl between the dots in Fig. 1R.s a fitting parameter =6.4x10 2 eV/kbap than that of CdSe. The calculations in
that has the form expected for tunneling with a critical dis-Ref. 39 suggest that this is true, and that both the conduction
tance ofd. This is a phenomenological fit, which is less and valence band offsets at the CdSe/ZnS interface increase
grounded in theory. with P (with the relative change of the conduction band off-
c. Assessing the importance of array periodicifhe  set being larger than that of the valence bafthis suggests
distances from a dot to the six nearest-neighbor dots shoulidhat the confinement of electrons and holes would increase
be the same for a perfect array, and these distances shouldthin the core in CdSe/ZnS dots as pressure increases.
decrease by the same fraction with increased pressure. For The similar anomalous change in absorption exciton en-
the corresponding six pairs of dots in a glassy array, some argy versusP for arrays of CdSe/pyridine and CdSe/CdS/
these interdot distances will be the same as in the closeyridine in Figs. 5 and 6 would suggest that any observable
packed perfect array at each pressure, and some will beinneling would be by electrons and not by holes. However,
larger. Much of the confinement energy for either carrier issimilar observations are also seen for CdSe/ZnS/pyridine ar-
lost by the interaction of two neighboring dots—say tworays. The band alignment for planar CdSe/ZnS interfaces
nearest neighbors in an amorphous array. This can be sesnggests that the larger-band gap ZnS shell provides a barrier
by the generalization of the confinement term in E.to  for electrons and holes, which would greatly decrease the
spheroids of semiminor radiwsand semimajor radius: interdot tunneling by either carrier.
0,2 The PL peak energy versistraces for the CdSe/shell/
__ 7 h pyridine arrays in Fig. @) are approximately the same as
2my(ab)?? those for the solution runfin Fig. 2(@)]. Since the loss of

The confinement energy decreases by 37% from an isolaté)cy”d.me on the outer surface of the semiconductor is ap-
proximately the same for the core-only and core-shell quan-

sphereb=a to wo merged spheres of radiampproximated tum dots, this would imply that there is no significant devia-

by a spheroid wittb=2a. Consequently, similar strong evi- . . .
: . .._tion from hydrostatic behavior, unless any such local
dence of interdot coupling could be expected from either

. _—nonhydrostaticity leads to PL quenching locally.
completely ‘ordered 3D arrays or from thoroughly dried Overall, the core-shell dot results cast doubt on the tun-
amorphous arrays. nelling mechanism
d. SummaryWhile the phenomenological fit agrees with 9 '
observations, the Kronig—Penney quantum mechanical mod-

Ee

els of interdot carrier tunneling do not. 3. Energy transfer
Long-range energy transfer between CdSe dots by
2. Implications of the core [shell nanocrystal results dipole~dipole coupling® could also be a factor in the CdSe/

pyridine array results. This has been observed in array of

The use of core/shell nanocrystals can provide a test ofyse/TOPO nanoparticlé€. However, such dipole—dipole
the tunneling hypothesis precisely because the shell can d@bupling does not influence the absorption spettralso,

crease the magnitudes of the electron and/or hole wave fungince no PL is seen from CdSe/pyridine, the nonradiative
tions at the outer semiconductor surface and lessen the profraiime is so fast that dipole—dipole coupling is unlikely to

ability of interdot coupling. be important in interdot coupling®
Figure 8b) depicts the alignment of bulk bands of CdSe

(core with either CdS, ZnSe, or Zn&hel)) at a bulk planar
interface using calculated valence band offsets and assumirfb
no strain**1>2>3¢Gjven the~560 meV confinement energy The CdSel/pyridine array results could also arise from the
of electrons and-120 meV confinement energy of holes in contact between bare nanoparticles, with consequently less
core-only dots, this suggests that a CdS shell is a small bacarrier confinement energy and nonhydrostaticity in pressure.
rier for holes and no barrier for electrons, a ZnSe shell is arhis could lead to the fusion of nearest-neighbor nanopar-
big barrier for electrons and no barrier for holes, and a ZnSicles into larger particles. Such fusion would be expected to
shell is a barrier for both electrons and holes. The hole conbe irreversible. However, in most runs the peaks during the
finement properties of CdS and ZnS shells and the completgressure downstroke matched those during the upstroke,
ness of the shells seem to be proven by the very strong luwhich would argue against clumping. Nonhydrostatic effects
minescence of CdSe/CdS and CdSe/ZnS core/shell particlespuld occur between bare particles without fusion, as with
even with pyridine capping. Still, there are definite uncer-powder media; however, it is expected that loading by liquid
tainties about these band alignments, aside from the incluAr would lessen this effect, with Ar flowing into the inter-
sion of strain. For example, most calculations suggest thattitial regions. Still, this is not definitive proof that bare sur-

Contact between particles
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faces are not in contact and the possibility of contact of the

semiconductor cores needs to be considered further. Note
that any sort of inhomogeneity in conditions, such as in spa-

tial variations in properties such as pressure, could lead to
the observed broadening and shifts.

The pyridine capping molecules are much more weakly
bound to the surface than are TOPO or TBPO. It is possible
that if surface-bound pyridine leaves the dot surface, neigh-
boring CdSe/pyridine could come into contact at high presFIG. 11. Schematic of those pyridine sites on neighboring dots that can be
sure. Recently, the authors followed these pyridine |igand§1vo_lved in co_ntact betweer] the dots, including the foux@) inner gites
during the drying of.CdSe/py'ridine dots in.pyridine solution m’;gg &T;: frla?\t\]/tn igrgé:?g'ng onegray) on each dot described in the
on a ZnSe element in a Fourier-transform infrared spectrom-
eter by using ATR spectroscofyThe inset to Fig. 7 shows

the ATR spectrum of a-1-um-thick array of CdSe/pyridine dered array, there are fewer than six “nearest’-neighbor
after the solvent has evaporated; in these thick films the pydots and this probability is smaller. ATR tracks the fraction
ridine solvent evaporates in 20—30 min. The main part of theyt pyridine ligands that remairi~30%*=8%). Still about
figure follows the 1445 cm' peak of bound pyridine as a 109 of the surface sites are still bound by the larger TOPO,
function of drying time. For these thick films, which approxi- even after exchange with pyrididé2*4°This also decreases
mate the thickness of those used in this study, much of thghe probability of contact. Even with the crudeness of this
initial pyridine capping was lost during the typical 3 day model, it is clear that contacting of bare particle sites in the
drying time, but about 30%8% remained? Pyridine  CdSe/pyridine cannot be ignored if only30% of the cap-
ligands were seen to leave thinner films faster than fronping pyridine molecules remain.
thicker films, so more loss of pyridine capping is expected  with fewer capping ligands, the distance between neigh-
from the top of the film than from the bottom. In Fig. 7 itis boring dots is smallefat ambient pressure and at higher
seen that pyridine leave the outer surfaces of the ZnS shell igressurels even with no contact. The interdot separation of
CdSe/zZnS dots, where pyridine likely binds to the Zn sitesCdSe/pyridine is likely much less th& A atambient pres-
at about the same rate as for CdSe core dots. sure. If tunneling occurs between the dots it could be across
The bare CdSe surfaces of a pair of nearest-neighbasne (or no) pyridine molecules, instead of the two expected
dots can touch when they both lack organic ligands locally inf there pyridine ligands at each site. This is why the case of
the contact region. The probability of this occurring is esti-an ambient pressure separation of 3.5 A was also analyzed in
mated with a statistical model that assumes that the dots afig. 9.
spherical(which is not rigorously trug the adsorption sites The ATR result® suggest that in the CdSe/pyridine ar-
form a quasisquare lattice on the spheshich is not rigor-  rays dried for 1-2.5 h about 70¢44.0% of the surface pyri-
ously trug, and the pyridine molecules desorb from randomdine remains after drying and there is essentially no pyridine
positions on the dotwhich may be reasonableThere are solvent remaining. The similarity of the high pressure results
about 200 surface atoms on the surface of these 3.3 nm dier such arrays and those of Figh2 may mean that there is
ameter CdSe dots, approximately 100 Cd and 100 Se atomso interdot coupling through the two pyridine molecules
In the synthesized CdSe/TOPO nanoparticles all of these Cspacing adjacent dots. In the arrays dried for 6 and 14 days,
sites are thought to be capped70% by TOPO and-30%  there is an estimated 16% and 13% capping by pyridine,
by TOPSe'! Another study suggests that only TOPO, andrespectively(in addition to the residual TOPOThe large
not TOP, binds to the nanocrystal surfdéeRefluxing in  hysteresis seen in these runs may indicate that there is dot
pyridine removes about 85%—-90% of the TOPB%**°Py-  contact and that this contact is irreversible when the pressure
ridine is thought to bind only to the Cd sit&$lt is assumed is lowered, i.e., clumping. It could mean that in the Fig. 5
that all of the 100 Cd sites are terminated by a moleculeuns with 3 days of drying there is particle contact at higher
initially (for now let us say only pyridine and that after pressure that is reversible or there is interdot tunnelling and
drying a fractionx of the sites remain capped. A geometrical no contact.
model shows that nearest-neighbor dots @asually touch Terms 3 and 4 in Eq(l) should be sensitive to partial
at bare CdSe regions if each of the eight Cd sites in theontact between particles at50 kbar, and could account for
overlapping 22 square arrays of Cd sites on neighboringthe changes seen in absorption. Pyridine is more volatile than
dots are not capped by pyridiiEig. 11). This probability is TOPO, and leaves the arrays under pronounced drying. Fol-
y=(1—x)8. Even when this occurs, the dots do not touch iflowing long drying at elevated temperature, the high pressure
there is a pyridine molecule both in any one of the eightdata develops hysteresis, which suggests that compression
nearest-neighbor sites surrounding the 2 square array on creates partial bonding between particles. If the local dielec-
one dot and the corresponding site on the other(Bligt 11).  tric neighborhood contains more CdSe and less pyridine,
The probability that this occurs is=1—(1—x?)8. With six  then term 4 will become less positive, and the Coulomb en-
nearest-neighbor dots surrounding each dot, the probabilitgrgy will increase towards its value in pure CdSe. This pos-
that a given dot will touch a neighbor is-11-y(1 sibility is quantitatively considered in the next section.
—2)18. Forx=0.25, 0.30, 0.35, and 0.40 these probabilities ~ Overall, the possibility of significant interdot contact
are 30.9%, 15.2%, 6.5%, and 2.5% respectively. In a disoreannot be excluded. It could be responsible for the unusual
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observations for CdSe/pyridine arrays at high pressure.  nanoparticlegin polymer hosts, etg,. which suggested inter-
dot coupling. No such broadening is seen here. The absorp-

5. Changes in the surrounding dielectric medium tion spectrum of the nanoparticles in highly dried arrays and

) o ] solutions are the same, aside from the dielectric shift in
A possible cause of the CdSe/pyridine results is thq:ig. 3

change with pressure in the organic dielectric medium, in the = 11,4 probability of charge separation and collection in

fourth term of Eq.(1). At ambient pressure, the first_ exciton CdSe dot solids is apparently very small, as measured by
peak occurs at the same energy in CdSG/TOF;O in solutiogystoconductivit® At high electric fields (250 kvicm
and in arrays, as was earlier seen by Kagaal" In con-  fe\yer than 11074 charges are collected per photon. The

trast, the first exciton absorption peak at. 1 bar occurs at ,zénergy needed to separate an electron-hole pair in a given 3
meV lower energy for the dried CdSe/pyridine arrays than in, ., qiameter CdSe dot to produce an electron and hole in

solution(Fig. 3). This shift might be explained by the differ- eighnoring dots is calculated to be0.3 eV for carriers

ent dielectric environment in the arrays. By using theqnfined to the core anet0.1 eV for carriers trapped on the

volume-averaged dlelgctrlc constant of 46 o.f the fcc' Strucyrface® Such separation energies would be expected to de-
ture of dot arrays and mterédee dot pynd(mlsl_ng tgg high crease with pressure because of the smaller separation be-
frequencye=7.74 for CdS& and 2.28 for pyridin€;’ and  yyeen the dots and the increased dielectric constant of the

the model for the relative volumes of CdSe and pyridingjnerqot medium. These energy barriers would also be impor-
from the Appendi term 4 predicts a shift of 26.7. meV t0 (ot in the current study unless the exciton itself can tunnel

lower energy in the array§rom 47.5 meV in pyridine solu- .o got-to-dot. Exciton tunnelingwhich is distinct from
tion to 20.8 meV in the array which is consistent with ob- 5 qiative transfarwould also lower the carrier confinement
servations. If only 35% of the pyridine ligands remain andenergy: it cannot be sensed in photoconductivity and also
there are no voids, then a larger shift of 37.6 eV to Iowermay be improbable. At low applied electric fields the photo-
energy(to 9.9 me\f would occur. _ current is larger by an order of magnitude for CdSe/TBPO
_ As pressure is increased, the solvation energy term pregn g cqse/pyridine than in CdSe/TOPO solids. This is due to
dicts a further decrease in the energy of the exciton absorRpe smaller interdot separation in the former systems and is
tion peak. The changes in the dot radius and relative volumes,nsistent with tunneling through alkanethiols, which occurs
of the semiconductor and organic phases are given by Mutz i, o probability of ~exp(—&/D) whereD~1.2 A% If D
naghan’s equation and the Appendsolid benzyl model 505 not vary with pressure, this relationship suggests that
The increase in the dielectric constant of the organics W'”I:hanging the interdot distance from 7 to B® A will in-
pressure i_s slower than the decrease in volffriejs esti- crease the probability of tunneling by5 or 30. Coating
mated to increase by a factor of 1.5 from 1 bar to 50 kbarcyse/myridine by three monolayers of ZnS decreases the col-
The CdSe dlelect.rlc constant is assumed not to change bgs.teq charge per photon by at least a factor of 160, due to
cause of the relatively small decrease in CdSe volume. Terny,o large energy barrier for the carriers. Similarly, one would

4 in the dilute solution of 47.5 meV at 1 bar becomes 48.9¢,hact that interdot coupling as sought here would be de-
32.2, and 33.1 meV at 50 kbar when, respectively, including a55e( greatly by such ZnS shells.

the changes in dot radius only, organic dielectric constant

only, and both effects. In the array it is 20.8 meV at 1 ball’suggest that the unusual absorption measurements at high

and becomes 19.3 and 14.3 med6.7 and 11.8 meV for the  jrasqire in CdSe/pyridine arrays cannot be attributed to car-
Tait model in the Appendixat 50 kbar when, respectivel ; ; : ;
PP ' P Y: rier coupling. The importance of contact of the semiconduc-

including the changes in dot radius and volume fraction only,,. < ,rfaces of neighboring dots cannot be excluded.
and these plus the organic dielectric constant cha(igee

decrease oR with P causes term 3 in Eq1) to decrease by

6.3 meV for both dilute solutions and arraySo, the differ- V. CONCLUDING REMARKS

ence in this term between the solution and array goes from ) )

26.7 meV at 1 bar to 29.6 and 18.8 m&®3.2 and 21.3 The PL and absorption spectra of solutions and arrays of
meV) at 50 kbar, when including, respectively, only radius €dS€/TOPO or TBPO nanocrystals are the same up to 60
and volume changes, and then also dielectric constaﬁil?ar- Consequently, they exhibit no evujence of interdot cou-

changes of the organic. The changes of dot radius and rel®ing. In each of these systems,.the varlat'lon with pressure is
tive volume with pressure increase the difference by 2.9 me\oughly that expected from the increase in band gap energy
(6.5 meV), much less than that observed: when the dielectri®f Pulk CdSe with pressure and the increase in confinement
constant of only the organic is also included, the differencéN€rdies of electrons and holes with increased pressure,

actually decreases with pressure. This change in the suihich results from the smaller dot dimensions. However, the
rounding dielectric medium witl® does not seem to be sig- difference in the energy of the PL peak and the first exciton
nificant here. in absorption for these solutions and arrays increases with

pressure. The observed large increase in this Stokes shift
with pressure is attributed mostly to an increased vibrational
Stokes shift. In contrast, there is a distinct difference be-
Artemyev et al.™” observed that at ambient pressure thetween the pressure dependence of isolated and arrays of
CdSe/pyridine absorption exciton peaks are much broadetdSe/pyridine. While the pressure dependence of the first
for arrays than for structures with dispersed CdSe/pyridinexciton in absorption in isolated CdSe/pyridine looks the

In summary, the CdSe/ZnS/pyridine array experiments

6. Further discussion
| 10
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same as that in all runs with CdSe/TOPO and CdSe/TBPQnined from Murnaghan’s equation, and is small enough to
the increase of exciton energy with pressure becomes marke ignored here. Equation of state parameters are not avail-
edly slower above about 30 kbar in CdSe/pyridine arraysable for the ligands of interest. For pyridine, parametrs
Since no PL could be observed from the pyridine-capped=61.26 kbar andB’'=7.168 for solid benzyt® and c
particles, this was only observed in absorption. This different=0.111 andb=0.874 kbaf® for liquid benzene were used.
dependence could be attributed to several factdysrapid  This givess(P), which is plotted in Fig. 10; it is used in the
electron and/or hole coupling between neighboring nanopamodel of the confinement energy. If the medium between the
ticles through the organic ligands capping the respective padots in the array is not filled entirely by the capping mol-
ticles leading to a decrease in electron and/or hole confineecules,s decreases even faster with The assumption of a
ment energy(2) nanoparticle nanoparticle conta®) fusion  liquid phase is valid only up to the phase transition to the
of nearest-neighbor nanoparticles into larger particles, and/@olid phase. Moreover, there is great uncertainty in using
(4) nonhydrostatic pressure conditions. Several experimentaquations of state designed for bulk materials for essentially
observations suggest the last two factors are not importansingle layers of organic molecules. Also plotted in Fig. 10
Experiments with CdSe/shell dots, with large electron andor reference is the corresponding change in linear dimen-
hole barriers, cast doubt on the tunneling mechanism. Thsions in pure bulk solid benzyl and liquid benzene at el-
energy required for separating charges from one dot tevated pressure.

neighboring dots decreases with pressure, but may still be The results of this model are used in the tunneling cal-
significant. The differences in the dielectric medium sur-culations shown in Fig. 9.
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