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ABSTRACT The use of thiol-terminated ligands has recently been reported to enhance 10-fold the power
conversion efficiency (PCE) of colloidal quantum dot (CQD) photovoltaic (PV) devices. We find herein that, in a
representative amine-capped PbS colloidal quantum dot materials system, improved mobility following thiol
treatment accounts for only a 1.4-fold increase in PCE. We then proceed to investigate the origins of the remainder
of the quadrupling in PCE following thiol treatment. We find through measurements of photoluminescence
quantum efficiency that exposure to thiols dramatically enhances photoluminescence in colloidal quantum dot
films. The same molecules increase open-circuit voltage (V, ) from 0.28 to 0.43 V. Combined, these findings suggest
that mid-gap states, which serve as recombination centers (lowering external quantum efficiency (EQE)) and
metal —semiconductor junction interface states (lowering V, ), are substantially passivated using thiols. Through
exposure to thiols, we improve EQE from 5 to 22% and, combined with the improvement in V,, improve power
conversion efficiency to 2.6% under 76 mW/cm? at 1 um wavelength. These findings are consistent with recent
reports in photoconductive PhS CQD photodetectors that thiol exposure substantially removes deep (0.3 eV)
electron traps, leaving only shallow (0.1 eV) traps.
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photovoltaic - ethanethiol - passivation - recombination

olution-processed solar cells are of

great technological interest due to

their low-cost fabrication and their
potential to provide efficient conversion of
solar energy.’ Organic solar cells made by
solution processing have already exhibited
6.5% AM1.5 solar power conversion effi-
ciency,? but under-utilize the 45% of terres-
trial solar radiation that lies in the infrared.
Infrared (IR) band gap quantum dots such
as PbS* "2 and PbSe'*~'° offer an attrac-
tive means of capturing energy in this por-
tion of the spectrum due to the ease of tun-
ing their band gap by quantum
confinement.'®'” The recent report of PbS
CQD PV devices with 4.2% monochromatic
PCE under 975 nm monochromatic illumi-
nation shows that the goal of efficient har-
vesting of near-IR radiation is seeing rapid
progress.’

Many recent advances in quantum dot

PV film properties and device performance
have been made using treatments that in-
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volve thiols.'®""31> A layer-by-layer dip-
coating process, starting with a porous ITO
substrate and alternating PbS nanocrystal
deposition and ethanedithiol (EDT) treat-
ment, led to PV devices with 1.3% PCE un-
der 12 mW/cm? illumination at 975 nm."°
Highly conductive and uniform films of
PbSe nanocrystals have been produced us-
ing a similar layer-by-layer dipcoating
method, this time on a planar ITO sub-
strate, with EDT as the insolubilizing
agent."> More recently, PbSe Schottky PV
devices produced by solid-state treatment
of oleic-acid-capped nanocrystals with ben-
zenedithiol reached 3.6% PCE under mono-
chromatic 12 mW/cm? near-IR illumina-
tion."® The latter report also showed a
tremendous increase in stability of device
efficiency, both in an inert ambient and in
room air, as a result of effective and robust
passivation attributed to the thiol functional
group.

In each of these reports, the beneficial
effects of thiol treatment on PV device per-
formance have been substantially attrib-
uted to a shortening of interdot
distance,'®""'>'> improved cross-linking
of dots,’®"""' and improved surface passi-
vation."? In the related field of photocon-
ductive photodetectors based on colloidal
quantum dots,"®? thiol treatments have
improved mobility but also reduced lag by
repassivating deep trap centers.?%?!

Here, we investigate a new route to pro-
ducing PbS CQD PV devices that represents
a simpler, faster route to device fabrication
than the best previous report.? In the course
of our study, we found that, in addition to
improving the mobility in films of PbS quan-
tum dots, treatment using ethanethiol leads
to an improvement in carrier collection far
greater than that expected from transport
considerations alone. We use a combination
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Figure 1. Current—voltage characteristics of devices treated
with various concentrations of ethanethiol.

of luminescence spectroscopy and device optoelec-
tronic behavior to elucidate the role of thiol-mediated
recombination-center passivation as a major contribu-
tor to thiols’ beneficial effects on performance.

RESULTS AND DISCUSSION

Investigation of EQE and Open-Circuit Voltage in Controls and
in Thiol-Treated Photovoltaic Devices. Schottky PV devices
were made by spin-coating a layer of butylamine-
exchanged nanocrystals (see Methods section for de-
tails) onto precleaned ITO substrates. To study the ef-
fect of ethanethiol treatment on device performance,
nanocrystal films were wetted with a dilute solution of
ethanethiol in acetonitrile for 30 s prior to top-contact
(Al/Ag) deposition.

Figure 1 shows current—voltage (/—V) curves of
Schottky PV devices, treated with various concentra-
tions of ethanethiol in acetonitrile, under 76 mW/cm?
monochromatic illumination at 975 nm. It is clear that
ethanethiol treatment results in an increase in both
short-circuit current (J,.) and V,_ for treatment concen-
trations up to 0.02%. Fourier transform infrared (FTIR)
spectra indicated less than 10% reduction in oleic acid
content following ethanethiol treatment for thiol con-
centrations up to 0.02% (see Figure S1 in the Support-

Figure 2. SEM images of PbS nanocrystal films treated with (a) 0.01% and (b)
0.05% ethanethiol, showing the formation of nanocracks in the overtreated
film. The scale bar (bottom right) is 100 nm.
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ing Information). Treatment with the optimum thiol
concentration (0.01%) resulted in a PCE of 2.6% under
76 mW/cm? illumination at 975 nm, compared to 0.19%
for the untreated controls. The EQE improved from 5
to 22%, while the V__increased from 0.28 to 0.43 V. It
should be noted that, while these PCE values are mod-
estly lower than the best reported value for a PbS CQD
PV device,’ the present investigation concerns the de-
velopment of a much more rapid fabrication procedure
(enabled by using the 2 h ligand exchange process de-
scribed in the Methods section, as opposed to the 3 day
procedure described previously®). This enables investi-
gation of physical mechanisms and trends underlying
the enhancements provided by thiol exposure com-
pared to controls.

Treating with concentrations higher than 0.02% fre-
quently led to a dramatic reduction in both V,_and J,,
consistent with a low shunt resistance in devices. Scan-
ning electron microscope (SEM) images of these over-
treated devices (Figure 2) show that, relative to a device
treated with an ethanethiol concentration of 0.02%,
overtreated films exhibit the formation of cracks. It is
believed that overtreatment leads to stress in the film
which is relieved by the formation of these cracks. These
cracks may become filled with Al during top contact
deposition, leading to shorting in the device.

Measurement of Electron and Hole Mobility Increase Resulting
from Thiol Treatments. Thiols have been shown to affect
significantly the electrical properties of nanocrystal
films. To evaluate the role of this effect in our system,
we measured the effect of ethanethiol treatment on the
majority carrier (hole) and minority carrier (electron)
mobilities using the carrier extraction by linearly in-
creasing voltage (CELIV)?? and time-of-flight (TOF) tech-
niques, respectively. Figure 3 shows the hole mobility
as a function of ethanethiol treatment concentration.
Relative to untreated control devices, the mobility in-
creases up to 4-fold for the highest treatment concen-
tration, from 1.1 X 10~ % to 4.3 X 10~ * cm?/Vs. This in-
crease in mobility may be attributed to a decrease in
interparticle spacing or a decrease in trap state density
or depth in the treated devices. The electron mobility of
control and ethanethiol-treated devices were found to
be (2.6 + 0.5) X 10 *and (1.0 = 0.4)
X 107% cm?/Vs, respectively. While it
is possible that the electron mobility
could be reduced by the introduction
of electron trap states following thiol
treatment, we feel that the time-of-
flight mobility measurements are best
treated as a rough gauge of electron
mobility and conclude only that the
electron mobility has not been sub-
stantially influenced by thiol
treatment—but it is clear that it is
not, within experimental error,
increased.

)
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Figure 3. Hole mobility in PbS films as a function of
ethanethiol treatment concentration.

Evaluation of Depletion Region Deepening Due to Thiol
Treatments. In addition to its dependence on carrier
transport, Schottky PV device performance is affected
by changes in the depletion width and built-in poten-
tial (V,,;). We sought to investigate whether thiol treat-
ments widened the depletion region, resulting in a
larger drift-enabled collection volume. For this study,
we employed capacitance—voltage (C—V) measure-
ments.® From such measurements, we found that
ethanethiol treatment resulted in a 30% decrease in
zero-bias capacitance and an 80% increase in V. The
parameters extracted from these measurements, to-
gether with the corresponding PV performance param-
eters, are shown in Table 1. Using these zero-bias ca-
pacitance values, together with the static permittivity
extracted from CELIV measurements, we estimated the
depletion widths in the control and ethanethiol-treated
devices to be 140 and 200 nm, respectively.

This increase in the depletion width of the device is
consistent with a reduction in trap state density, as the
presence of a large number of traps is known to affect
the amount of band bending that occurs within the
semiconductor bulk (rather than (undesirably) at the
metal—semiconductor interface). Figure 4 is a sche-
matic diagram of the energy levels in a Schottky diode
device with and without a large density of surface states
in the semiconductor. Figure 4a depicts the band bend-
ing in a control device, where a large density of inter-
face traps limits the band bending in the bulk, while Fig-
ure 4b shows the greater degree of band bending

TABLE 1. Effect of Ethanethiol Treatment on Device
Performance, Capacitance (C,), Built-in Voltage (V},;), and
Acceptor Density (N,)

EQE (%) Vye (V) C, (nF) Vi (V) N, (x1079)
control 24 0.24 35 0.25 1.9
0.005% 6.4 0.36 2.6 0.46 2.5
0.01% 16.1 0.43 25 0.45 2.1
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Figure 4. Schematic diagram showing the reduced band
bending in a device with many interfacial traps (a) relative
to one with fewer traps (b). Symbols denote the vacuum
level (E,, ), conduction band (E_,), Fermi level (E), valence
band (E,,), metal work function (®,,), and total band bend-
ing (qVy).

expected in a device where a significant number of
these surface states have been passivated (e.g., by
ethanethiol).

Investigation of Impact of Thiols on Carrier Lifetime. Carrier
lifetime also directly impacts device performance by im-
proving both the drift length in the depletion region
and the diffusion length in the quasi-neutral region.®
V,. decay measurements were obtained in order to es-
timate the lifetime of carriers under operating condi-
tions. A transient 975 nm light pulse with an “on” inten-
sity of 76 mW/cm? was used to excite the sample. The
pulse width was chosen so that the voltage in the de-
vice saturated within the first 10% of the pulse’s tempo-
ral width, ensuring that steady-state had been reached
well prior to pulse turn-off and V. decay evaluation.
Under these conditions, the carrier concentration at the
instant the illumination is switched off should corre-
spond to the carrier concentration in an operating de-
vice at open-circuit conditions, and the initial decay life-
time of the measured voltage should correspond to
the carrier lifetime. Figure 5 shows the V_ transients
measured using this technique for a control device
and an ethanethiol-treated device. The initial decay be-
havior is similar for both devices, but the control de-
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Figure 5. Open-circuit voltage decay following a 76 mW/
cm? light pulse showing the long-lived tail in untreated con-
trol devices, indicative of increased trapping.
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TABLE 2. Calculated Drift Length, Diffusion Length, and
Depletion Width for Control Devices and Ethanethiol-

Treated PV Devices

control

ethanethiol-treated

drift length, electrons 3.8 um 1.5 um
drift length, holes 2.1 pm 6.3 um
diffusion length 240 nm 140 nm
depletion width 140 nm 200 nm

vice exhibits a much longer lived tail than the
ethanethiol-treated device. This long-lived component
is believed to be a signature of trapped charges in the
control device, which require more time to migrate by
(activated) hopping in order to recombine.

Effect of Charge Extraction Enhancement on PV Performance.
We now evaluate, within a simple physical model of de-
vice operation,® the extent to which the observed 4-fold
improvement in EQE may be ascribed to each of three
potential mechanisms:

Increased Drift-Transported Collection Volume Resulting from
a Deepening of the Depletion Region. Table 2 shows the in-
crease in depletion region thickness. Approximating
the absorption profile throughout the device as uni-
form (which would if anything overestimate the role of
collection from the depletion volume), the increased
depletion region width accounts for at most a 1.4-fold
increase in EQE. This upper limit assumes that there is
no collection of carriers from the quasi-neutral region
(QNR) of the device, so that the calculated 1.4-fold in-
crease in depletion width is projected to produce a cor-
responding increase in EQE. In reality, there could be a
significant contribution from the quasi-neutral region,
as is the case in PbSe CQD devices,"® which would re-
duce the impact of expanding the depletion region.

Increased Efficiency of Collection from the Depletion Region
due to Increased Drift Length for One or Both Carriers. Included
in Table 2 are the drift lengths for electrons and holes in
control versus ethanethiol-treated devices. The drift
lengths for electrons and holes (=1.5 pwm) both dra-
matically exceed the device thickness (=250 nm). The
observed changes in mobility and carrier lifetime are
concluded to have little impact on efficiency of collec-
tion from the depletion region since this value is already
near unity.

Increased Diffusion-Transported Collection Volume Resulting
from an Increase in Electron Minority Carrier Diffusion Length. As
seen in Table 2, the estimated electron minority carrier
diffusion length is modestly decreased as a result of
thiol treatments. Thus, in this study, thiols appear to
provide no benefit to carrier collection from within the
quasi-neutral region.

In sum, thiol-treatment-induced increases in carrier
mobility and in depletion region depth account at most
for a 50% improvement in EQE. These effects fail, on
their own, to account for the observed 300% increase
in EQE upon thiol treatment.

www.acsnano.org
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Figure 6. Photoluminescence quantum efficiency as a func-
tion of ethanethiol concentration in the nanocrystal
solution.

Photoluminescence Studies. The photoluminescence be-
havior of quantum dots is known to depend strongly
on the density and nature of surface states.>*?° Since
thiols are known to passivate surface states on many in-
organic semiconductors,>°~ 33 we studied the lumines-
cence from nanoparticles in octane solution as a func-
tion of ethanethiol concentration in an effort to
elucidate the effects of ethanethiol on luminescence-
quenching surface states. Figure 6 shows the solution-
phase photoluminescence quantum efficiency (PLQE)
as a function of ethanethiol concentration in the (oc-
tane) solution. It is apparent that the presence of
ethanethiol has a dramatic impact on the PLQE, which
increases from below the detection limit of our system
(~0.5%) to more than 13%. We observed the same
trend when treating nanocrystal films using thiols in
the solid state, noting a 5-fold increase in thin-film PL
brightness following optimum ethanethiol treatment.
While the solution PLQE data suggest the form of an ad-
sorption isotherm, higher thiol concentrations resulted
in the nanocrystal’s flocculation (possibly due to the re-
moval of enough oleic acid ligands from the surface of
the nanocrystals that the stability of the colloid is com-
promised), preventing the determination of an asymp-
totic limit to the PLQE.

Effect of Thiols on Exciton Dissociation Efficiency. The PLQE
evidence both in solution and in the solid state point
to a major added factor in the role of thiol treatments
in PV device EQE: the efficiency of exciton dissociation
must be increased by thiol treatment.

The EQE, Mo, ermar Of Our device can be separated
into three multiplicative components:>*

Nexternal = MabsMdiss lextr

The absorption efficiency, 1, is simply the frac-
tion of incident light absorbed by the device. The two
remaining terms each correspond to a distinct time
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Kar ~ Kaiss < Kr

Figure 7. Schematic diagram showing one example of a
nonradiative decay pathway, where a single deep trap level
facilitates recombination between electrons in the conduc-
tion band and holes in the valence band. It is possible that
the nonradiative decay occurs via a number of discrete trap
levels in the band gap or even Auger recombination.

scale: ng;s represents the exciton dissociation quan-
tum yield on the time scale of the radiative lifetime,
typically in the 100 ns to microsecond regime for PbS®>
and PbSe>® colloidal quantum dots. Thus, this term rep-
resents excited carriers’ survival through the first hun-
dreds of nanoseconds following their creation. The ex-
traction efficiency, ., quantifies the efficiency with
which dissociated carriers are transported, through drift
and diffusion, to their extracting contacts. We have
found that these transport processes of dissociated
(possibly shallow-trapped) carriers appear to occur
more on time scales of many microseconds and greater.

As m,,, is unaffected by thiol treatment, and m,,,, is
increased at most 1.4-fold by thiol treatment; the in-
crease in external quantum efficiency must arise from
a considerable increase in m;q.-

The increase in m;., is supported by the observed in-
crease in PLQE, as the two phenomena are determined
by many of the same processes. In the solid state, the
dissocation efficiency is affected by the dissociation rate
(kgiss) as well as the rate of competing radiative (k,)
and nonradiative recombination (k,,,) processes (Figure
7):

METHODS

Chemicals. Lead(ll) powder (PbO, 99%), oleic acid (OA, techni-
cal grade 90%), hexamethydisilathiane (TMS), 1-octadecene
(ODE, technical grade 90%), toluene (anhydrous), methanol (an-
hydrous), isopropanol (anhydrous), and ethyl acetate were pur-
chased from Sigma-Aldrich and used as received. Butylamine
was purchased from Sigma-Aldrich and distilled prior to use.

Nanocrystal Synthesis and Isolation. The synthesis of PbS nanocrys-
tals with an excitonic peak between 1500 and 1650 nm was per-
formed using the standard air-free Schlenk-line technique. A
stock solution of lead oleate (SS) was prepared by pumping the
mixture of 4.0 mmol of PbO (0.9 g) and 63.0 mmol of OA (17.8 g)
at 80 °C within 16 h. The sulfur precursor was made by mixing
2.0 mmol TMS with 10 mL of ODE in a nitrogen-filled glovebox.
Twenty milliliters of SS was stirred vigorously while being heated
to 150 °C under argon in a three-neck flask equipped with a con-

1 _ kdiss
s kdiss + kr + knr

while in the solution, the PLQE, np,, is determined only
by the relative radiative and nonradiative rates:

The increased PLQE in solution and in the solid state
after thiol treatment suggests that the nonradiative re-
combination channels are being suppressed, and the
reduction in the nonradiative rate is on the order of the
PLQE increase (=10). This reduction in k,,, leads to an in-
crease in the dissociation efficiency and to the other-
wise unanticipated increase in external quantum effi-
ciency. The observed EQE increase can thus be
associated with a roughly 3-fold increase in the disso-
ciation efficiency, with the remaining, smaller, increase
ascribed to extraction efficiency. Within the context of a
recombination model as presented in the
Shockley—Read —Hall model,?” the nonradiative recom-
bination rate in the bulk is proportional to the mid-
gap trap state density, and as such, the increase in PLQE
and exciton dissociation is also in agreement with the
increased V.

CONCLUSION

We have identified herein a major missing piece in
the physical origins of high performance in colloidal
quantum dot photovoltaic devices. The search for this
missing piece was motivated by the failure of (modest)
changes in measured carrier extraction alone to ac-
count for (major) improvements in EQE resulting from
thiol treatments. We have proposed that the internal
quantum efficiency of a PV device sees major influence
on two time scales: one representing the competition
between rapid, and undesired, trapping to mid-gap re-
combination centers; and the other representing the
slower time scale competition between carrier extrac-
tion and carrier recombination from shallow traps.

denser and thermocouple. The sulfur precursor was swiftly in-
jected into the flask. The solution turned brown immediately af-
ter injection. The reaction was quenched by applying an
ice—water bath. To isolate the nanocrystals, a mixture of 5 mL
of anhydrous methanol and 5 mL of anhydrous ethyl acetate was
injected into the flask and the dispersion centrifuged. After re-
moving the supernatant, the mixture was re-dispersed in tolu-
ene and re-precipitated with methanol. The final PbS nanocrys-
tals, with an average diameter of ~6 nm, were re-dispersed in
toluene.

Butylamine Ligand Exchange. Nanocrystal ligand exchanges were
performed in a N, glovebox (<20 ppm O,). One milliliter of oleic-
acid-capped nanocrystals was dispensed into a 15 mL test tube.
One milliliter of butylamine was added and the solution mixed
with a pipet. After ~1 min, the nanocrystals were precipitated by
adding 12 mL of methanol. The nanocrystals were recovered by
centrifuging for 1 min, pouring off the supernatant, and drying

A
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under vacuum for 5 min. Butylamine was added to the dried
nanocrystals to give a solution concentration of 100 mg/mL, and
the solution was mixed vigorously until the nanocrystals had
completely re-dispersed (~5 min). The nanocrystals were then
precipitated with 12 mL of isopropanol, centrifuged 1 min, the
supernatant decanted, and the remaining nanocrystals dried un-
der vacuum again (5 min). The dried nanocrystals were com-
pletely dispersed to 100 mg/mL in butylamine again, and then
precipitated with minimal isopropanol (approximately a 1:1 ra-
tio by volume). After centrifuging, the lightly colored superna-
tant was poured off and the nanocrystals were dried by hand
pumping 50 times with a pipet and large bulb. The dried nano-
crystals were then dispersed in octane to 150 mg/mL. FTIR spec-
tra of films of unexchanged and exchanged nanocrystals (Fig-
ure S2 in the Supporting Information) indicated that only ~40%
of the oleic acid ligands were removed during the exchange.

Schottky PV Device Preparation. Commercial ITO-coated glass
(Delta Technologies, 100 €, 1 in. X 1 in. squares) substrates
were cleaned prior to film deposition by sonicating 30 min each
in a 1% Triton-X/deionized (DI) water solution, isopropanol, and
DI water. Cleaned substrates were then dried under a stream of
N, and placed in a vacuum antechamber for 30 min to be loaded
into a N, glovebox (<5 ppm O,). Butylamine-exchanged nano-
crystal solutions (150 mg/mL in octane) were spun onto the sub-
strates at 500 rpm for 60 s. The resulting films were 230 = 20
nm thick as measured by a Dektak profilometer. Samples were
removed to air briefly before loading into an Edwards 306 evapo-
rator and pumped down to a pressure of 1 X 10> Torr; 150
nm of Al was deposited followed by 150 nm of Ag, both at a
rate of 0.5nm/s. A shadow mask was used to define a 4 X 4 ar-
ray of 2 mm diameter circular contacts.

Ethanethiol Treatment of Nanocrystal Films. Films were treated in
air immediately after spin-coating, prior to top contact deposi-
tion. The as-spun films were removed from the glovebox and
placed in a covered Petri dish. Four hundred microliters of an
ethanethiol/acetonitrile solution was pipetted onto the sample
surface, making sure to cover the entire film. After 30 s, the treat-
ment solution was poured off and the sample dried under a N,
stream. Top contacts were then deposited as described above.

Device Characterization. /—V measurements were performed us-
ing a Keithley 2400 sourcemeter. /—V sweeps were generally per-
formed between —1 and +1 V, with a step size of 0.02 V and a
wait time of 100 ms at each point. Devices were illuminated from
the ITO side, through a circular aperture with 2.5 mm diameter,
using a 975 nm laser diode from QPhotonics. The output of the
laser was fixed, and the illumination power was varied by using
neutral density filters. C—V measurements were performed using
an Agilent 4284A precision LCR meter. All measurements were
performed in the dark in a shielded and grounded enclosure. For
CELIV measurements, an Agilent 33120A function generator
was used to generate a linearly increasing voltage pulse with
an amplitude of 4 V and a rise time of 10 ps. The carrier extrac-
tion profiles were measured across a 50 () load with a Tektronix
TDS220 digital oscilloscope. For V, transient measurements, de-
vices were illuminated with a square wave light pulse gener-
ated by driving a QPhotonics 975 nm laser diode with an Agi-
lent 33220A function generator. The light pulse duration (3 ms)
was chosen such that the devices reached their V. value (as de-
termined from their /—V curves) during the first 10% of the light
pulse, to ensure the steady state had been reached before the
pulse was switched off. V. decay transients were recorded on a
Tektronix TDS 5104 digital oscilloscope with a T MQ input im-
pedance. For TOF mobility studies, devices with thick nanocrys-
tal layers were made by placing several drops of nanocrystal so-
lution onto the ITO substrate and waiting 30—60 s for some of
the solvent to evaporate prior to spinning. These thick devices
(>1.3 wm) were excited through the ITO contact using a
yttrium—aluminum—garnet (YAG) laser operating at 532 nm
with a 400 ns pulse width and 1 kHz repetition rate. The de-
vices were biased with a Keithley 2400 sourcemeter, and a Tek-
tronix TDS 5104 digital oscilloscope was used to measure the
current transient output across a 50 (2 load.

Photoluminescence Quantum Efficiency Following Ethanethiol
Treatment. A 10 mg/mL solution of PbS nanocrystals in octane
was prepared and 300 pL placed into each of two cuvettes. The

www.acsnano.org

PLQE of each was measured, and then a known volume of
ethanethiol/octane was added to one cuvette while an identical
volume of octane was added to the other as a control before
measuring the PLQE of each again. This procedure was repeated
until the ethanethiol concentration passed a critical point at
which the nanocrystals aggregate and no longer remain in
solution.
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