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C
olloidal nanocrystals (NCs) are a
popular emerging building block
for solution-processed electronics,

including thin-film transistors1,2 and circuits,3,4

photodetectors,5�7 light-emitting diodes,8�10

and photovoltaics.5,11 In most cases, NCs are
synthesized in nonpolar organic solvents
and stabilized by aliphatic ligands (e.g., oleic
acid), which are removed or replaced to
enhance charge transport between NCs in
the solid state.12 This approach has gener-
ated materials with performance compar-
able to or better than other emerging
thin-film materials, including field-effect
mobilities of >30 cm2 V�1 s�1 or photovoltaic
power conversion efficiencies of >8.5%.4,13

However, the chemical pathway from
insulating NC solids capped with aliphatic
ligands to high-performance NC solids dif-
fers substantially depending on the end
application and the relevant figure of merit.
In particular, those ligand-exchange strate-
gies that lead to state-of-the-art photo-
voltaic performance commonly show typical
field-effect mobilities orders of magnitude
lower than thebestNCfield-effect transistors
(FETs). The converse comparison is even
more stark: none of the ligand-exchange
strategies yielding NC solids with mobilities
above 10 cm2 V�1 s�1 have yet demon-
stratedmeasurable photovoltaic efficiencies.
Recently, Zhitomirsky et al. have argued that

* Address correspondence to
jbaxter@drexel.edu,
cbmurray@sas.upenn.edu.

Received for review November 25, 2014
and accepted February 2, 2015.

Published online
10.1021/nn506724h

ABSTRACT Colloidal semiconductor nanocrystals have been used as

building blocks for electronic and optoelectronic devices ranging from field-

effect transistors to solar cells. Properties of the nanocrystal films depend

sensitively on the choice of capping ligand to replace the insulating synthesis

ligands. Thus far, ligands leading to the best performance in transistors

result in poor solar cell performance, and vice versa. To gain insight into the

nature of this dichotomy, we used time-resolved terahertz spectroscopy

measurements to study the mobility and lifetime of PbSe nanocrystal films

prepared with five common ligand-exchange reagents. Noncontact terahertz

spectroscopy measurements of conductivity were corroborated by contacted van der Pauw measurements of the same samples. The films treated with

different displacing ligands show more than an order of magnitude difference in the peak conductivities and a bifurcation of time dynamics. Inorganic

chalcogenide ligand exchanges with sodium sulfide (Na2S) or ammonium thiocyanate (NH4SCN) show high mobilities but nearly complete decay of

transient photocurrent in 1.4 ns. In contrast, ligand exchanges with 1,2-ethylenediamine (EDA), 1,2-ethanedithiol (EDT), and tetrabutylammonium iodide

(TBAI) show lower mobilities but longer carrier lifetimes, resulting in longer diffusion lengths. This bifurcated behavior may explain the divergent

performance of field-effect transistors and photovoltaics constructed from nanocrystal building blocks with different ligand exchanges.
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present limitations for NC solar cells arise from high
trap state density in NC films, which dictates that
increases in mobility offer negligible return in photo-
voltaic performance.14 We used time-resolved photo-
conductivity measurements to analyze this problem.
Time-resolved terahertz spectroscopy (TRTS) uses

a noncontact, ac probe to measure the dynamics of
sample photoconductivity, providing additional and
complementary information compared to contacted
device measurements.15,16 TRTS probes transient local
conductivity on subpicosecond to nanosecond time
scales that are relevant to carrier dynamics in semi-
conductor NC films. In our experiments, a pump pulse
above the band gap energy is followed at variable
delay times by a terahertz probe wave packet. The
additional charge carriers generated by the pump
pulse attenuates the terahertz probe by an amount
proportional to the photoconductivity of the sample.
TRTS and the related technique of time-resolved
microwave conductivity (TRMC) have been applied to
quantum dot films in a number of instances previously
to examine ultrafast carrier relaxation (<10 ps) and
longer-lived photocurrent.17�26

We performed TRTS measurements on PbSe NC
films that were treated with five different ligand ex-
changes: sodium sulfide (Na2S), ammonium thiocyanate
(NH4SCN), 1,2-ethylenediamine (EDA), 1,2-ethanedithiol
(EDT), and tetrabutylammonium iodide (TBAI). This list
of ligand exchanges captures a cross-section of litera-
ture strategies used in state-of-the-art transistors and
photovoltaics. To compare TRTS with contacted elec-
trical measurements, we performed the TRTS measure-
ment within a van der Pauw pattern of electrodes. We
find that Na2S and NH4SCN show higher conductivities
but shorter lifetimes, whereas EDA, EDT, and TBAI show

lower conductivities but longer lifetimes, resulting in
longer diffusion lengths. These results help to elucidate
the divergent nature of performance improvements
in transistors with Na2S and NH4SCN treatments and in
photovoltaics with EDT and TBAI treatments.

RESULTS AND DISCUSSION

TRTS Photoconductivities, Mobilities, and Time Dynamics.
For TRTS measurements, NC films were fabricated
air-free using layer-by-layer spin-coating and ligand
exchange. The different ligand-exchange processes
used in this paper were chosen to reflect various
strategies for fabricating high-performance NC-based
electronic devices. Na2S and NH4SCN are used in high-
performance transistors of lead and cadmium chalco-
genides.27�32 EDA provides a more direct comparison
with TRTS measurements of Murphy et al.17 and TRMC
measurements.22,24 EDT and TBAI were chosen be-
cause they are popular ligands in high-performance
PbE photovoltaics.13,33,34

Figure 1a shows the near-infrared (NIR) absorption
spectra of the five thin-film samples with a solution-
phase absorption measurement of the as-synthesized
5.5 nmPbSe NCs (see Supporting Information Figure S1).
Ligand-exchanged films show broadening and a red-
shift of the 1s excitonic absorption, typically attributed
to increased interparticle coupling and increased di-
electric constant, and a decrease of the intensity of
hydrocarbon stretches at 3400 nm relative to the 1s
absorption, reflecting displacement of oleic acid.35

Repeating layer-by-layer deposition between 3 and 9
times resulted in films that were between 250 and
700 nm, as measured by atomic force microscopy
(see Supporting Information Table S1 and Figures S2
and S3). In all cases, the optical density of the films

Figure 1. (a) NIR absorption spectra of the as-synthesized PbSeNCs in solution andNH4SCN, Na2S, EDA, EDT, and TBAI ligand-
exchanged films. The data are offset vertically. (b) Data from TRTS photoconductivity measurements of ligand-exchanged
films, scaled by the terahertz reference. Peak mobility values calculated from these data are reported next to each of the
curves. (c) Peak TRTS photoconductivities (red bars) and van der Pauw conductivities (blue bars). Inset is a photograph of the
van der Pauw substrate with square electrode patterns at 5 mm spacings.
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exceeds 1.5 at thepumpwavelength (720 nm), ensuring
nearly complete absorption of the pump pulse.
Although optically smooth, low-magnification SEM
images do show cracking of the films (Supporting In-
formation Figures S4 and S5), which may cause diver-
gence of long-range (contacted) and short-range (e.g.,
TRTS)measures of conductivity. Small-angle X-ray scatter-
ing measurements (Supporting Information Figure S6)
show that NCs in all cases are close-packed glasses, with
substantial interparticle necking in the cases of Na2S and
NH4SCN, similar to literature observations.36�38

Carrier dynamics were examined by TRTS using
methods and analysis similar to those previously
reported.16,17,39,40 The photoexcited change in the
terahertz electric field, measured at the peak of the
difference signal in the time domain and at pump�
probe delay time tp, termed ΔE(tp), is related to the
sample photoconductivity according to eq 1:

σ(tp) ¼ � ΔE(tp)
Eref

� 2neffcε0
d(tp)

(1)

in which Eref is themagnitude of the electric field of the
terahertz reference pulse, neff is the effective refractive
index determined following literature procedures (see
Supporting Information),17 c is the speed of light, ε0 is
the permittivity of free space, and d(tp) is the photo-
excited sample thickness, which varies with time
depending on the diffusion of photoexcited carriers.41

To determine an appropriate d(t0) to estimate the peak
conductivities and sample mobilities, we first deter-
mined an empirical extinction coefficient at the pump
wavelength for each film. Extinction coefficients for
different exchanges varied from ɛ = 7.0 � 104 cm�1 to
ɛ= 2.5� 105 cm�1 (base e), which is consistent with the
predicted extinction cross section and which varies in
qualitative agreement with the index of the ligand
environment (Supporting Information Figure S7).42

Because we do not directly account for scattering
and reflection losses (∼10% when measured, see
Supporting Information Figure S8), the empirical ex-
tinction coefficients are upper bounds. In our experi-
ments, we assume that every absorbed photon
generates one electron�hole pair and that electrons
and holes, which have similar reported mobilities,43

both contribute to the conductivity. Measurements of
films without ligand exchange (Supporting Informa-
tion Figure S9) confirm that the measured TRTS signal
arises from inter-NC transport and not intra-NC con-
ductivity. To estimate conductivity and mobility from
TRTS measurements, we define d(t0) to be three times
the skin depth (3/ɛ). d(t0) is in the range of a few
hundred nanometers (see Supporting Information
Table S1). The total carrier density averaged over this
photoexcited slab is calculated asN= 2(1� e�3)I0/d(t0),
where I0 is the incident flux. Across the samples,
the carrier concentration we estimate varies from
1.2 � 1018 cm�3 to 4.0 � 1018 cm�3 and the average

number of excitons per NC varies from ∼0.2 to ∼0.6.
We found that the sample responsewasweakly power-
dependent in a manner inconsistent with Auger re-
combination (see Supporting Information Figure S10
and discussion below). In contrast, previous work by
Murphy et al. used much higher pump powers and
observed faster kinetics that were dominated by Auger
recombination.17

Figure 1b shows the traces of ΔE(tp)/Eref for the
PbSe NC films treated with the five different ligand
exchanges, where the magnitude of the signal is
proportional to the photoconductivity. In each case,
photoconductivity rises with instrument-limited re-
sponse and then decays over hundreds of picoseconds
to nanoseconds. Carrier mobilities at the peak of the
terahertz conductivity are also shown for each film,
spanning a rangeof 4.2 cm2 V�1 s�1 to 31.3 cm2 V�1 s�1.
Mobilities are estimated according to μ = σ/qN, where
σ is the photoconductivity, q is the elementary charge,
and N is the total photocarrier density calculated as
described above. This experiment cannot distinguish
carrier type in PbSe, so the reported mobility is the
average mobility of the electron and hole.22,24,44

The mobility calculated from our data for the same
ligand treatment (EDA) falls below those measured
by Murphy et al. using TRTS by a factor of 8. However,
they interpreted TRTS with a photoexcited sample thick-
ness of 2.2 μm,which lowers the apparent carrier density
and raises the estimated mobility at a given photocon-
ductivity. Furthermore, Murphy et al. estimated mobility
of the NC network rather than the effective mobility
of the thin film, which is more directly applicable
to devices. Our mobility values for EDA- and EDT-
exchanged PbSe NC films are above those measured
by using TRMC.22,24 TRMC shows lower mobilities than
the TRTS measurements at least in part because the
mobilities are measured with lower time resolution and
are closer in frequency to dc measurements.

The NC films were patterned with four-point con-
tacts for van der Pauw measurements spaced at a
distance of 5 mm so that TRTS measurements could
be performed on the same region of the same film,
as shown in the inset of Figure 1c. Figure 1c plots the
peak TRTS photoconductivities for each of the samples
(red) and the conductivity of the samples measured
using a van der Pauw measurement (blue). The dark
van der Pauw conductivities and TRTS peak conductiv-
ities show the same trend: NH4SCN > Na2S > EDA >
EDT > TBAI. Particularly in the TRTS measurement, the
conductivities are primarily functions of the different
mobilities, because the initial photoexcited carrier
density is very similar across all samples. As expected,
TRTS measurements show conductivities that are
1�2 orders of magnitude higher than van der Pauw
measurements, largely because of the high density
of carriers generated by photoexcitation. Additionally,
mobilities measured by TRTS are expected to be larger
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than contacted measurements of mobility because
TRTS is a local conductivity measurement that is less
affected by imperfections in film morphology.45,46

To separate the effects of carrier density and mobility
in comparing TRTS and van der Pauw conductivities,
Hall measurements were performed on the NH4SCN-
exchanged sample, yielding a hole density of
4 � 1017 cm�3 and a Hall mobility of 5.5 cm2 V�1 s�1.
This mobility is comparable to earlier reports for
PbSe nanocrystals,47 but is significantly less than
the 31 cm2 V�1 s�1 measured by TRTS. Thus, for the
NH4SCN-exchanged sample, the photocarrier density
is responsible for roughly 1 order of magnitude en-
hanced conductivity, and the higher TRTS mobility
accounts for roughly a factor of 5 higher conductivity.
Reliable dc Hall measurements on other films were not
obtained due to low carrier mobility and unstable Hall
voltages, but similar on/off ratios of EDT, EDA, andNa2S
(on/off ≈ 10�100) are reasonable based upon transis-
tor measurements.29,48�50 The TBAI film had a van der
Pauw conductivity that was 4 orders of magnitude
different than the TRTS value, a much greater differ-
ence than with the other exchanges. TBAI films may
be subject to both lower carrier density and a
more cracked structure compared to other films (see
Supporting Information Figures S5a and S5b), both of
which reduce the van der Pauw conductivity without
affecting the TRTS probe of local photoconductivity.

Time- and Frequency-Resolved Conductivity. Figure 2 shows
normalized TRTS scans of ΔE(tp)/ΔEmax to facilitate
comparison of the distinct time dynamics of the sam-
ples. NH4SCN- and Na2S-exchanged samples show
similar decays of 95% after 1.4 ns. In contrast, EDA,
EDT, and TBAI have much slower kinetics, with about
30% of the signal remaining at 1.4 ns. Each of the data
sets in Figure 2 is fittedwith a biexponential curve shown
as a solid line of the same color as the points. Values of
the fitted parameters are reported in Table 1. Due to the
flattening of the TRTS curves of the EDA-, EDT-, and TBAI-
treated samples, there is a greatdeal of uncertainty in the
slow time constant, which is clearly beyond the available
temporal window. The data of those three samples can

alternatively be fit with a single exponential decay and
a baseline offset (A¥), implying t2 > 10 ns.

TRTS decays can be interpreted under two limits, de-
pendingon themechanismbywhichphotoconductivity
decays: either trapping or recombination of carriers.
In the trapping limit, the decay in photoconductivity
is due to reduction of charge carrier mobility μ(t).
As carriers relax in energy, they move from energies
with a high density of states to the band-edge or even
trap states within the band gap that have a low density
and consequently lowmobility.51 In the recombination
limit, electron�hole recombination decreases conduc-
tivity by lowering the carrier concentration. Both are
likely to occur simultaneously in NC solids (e.g., trap-
mediated recombination). Here, we assume that the
decrease in photoconductivity is well-modeled by
the recombination of electron�hole pairs because
carrier relaxation is rapid21,52 and both recombination
and trapping of charge carriers;removal from high-
mobility states;have similar results on the effective

carrier concentration and the terahertz transmission.
The microscopic pathways of recombination in

ligand-exchanged PbSe NC solids are potentially di-
verse. Although this work specifically targets an excita-
tion flux that generates less than one exciton per NC,
previous reports have claimed that Auger recombina-
tion is operative even at densities of less than 10�3

excitons/NC.53 Detailed power-dependent studies are
not the primary subject of this work, but time-
dependent conductivity data for several powers are
shown in Figure S10. The power dependence of the
time-resolvedconductivityallowssomeconclusionsabout
the operative recombination mechanisms observed in
our work. First-order processes (that is, dN/dt � N), like
Shockley�Read�Hall, show no power dependence,
whereas second- (e.g., radiative recombination) or
third-order processes (e.g., Auger) have predictable
power dependence, discussed in more detail in the
Supporting Information. At long times, >1 ns, decays
are power-independent, suggesting a trap-assisted
recombination mechanism. At earlier times, we ex-
clude Auger as a major recombination pathway in
our work because the time-dependent signal collected
at several powers is inconsistent with Auger recombi-
nation. We also note that the fastest time constant we
observe (87 ps) is still much slower than reported
Auger rates (<50 ps).17,53

Figure 2. Normalized TRTS photoconductivity for each of
the five ligand-exchanged samples plotted with solid fit
lines of the same color. Some data points have been
removed for visual clarity.

TABLE 1. Tabulated Fit Parameters of Ligand-Exchanged

PbSe NC Films with Uncertainties

sample A1 t1 [ps] A2 or A¥ t2 [ps]

NH4SCN 0.70 (0.01) 87 (3) 0.36 (0.01) 728 (17)
Na2S 0.76 (0.01) 97 (3) 0.28 (0.01) 1074 (51)
EDA 0.70 (0.03) 166 (12) 0.34 (0.01) >10 ns
EDT 0.70 (0.03) 170 (21) 0.33 (0.03) >10 ns
TBAI 0.67 (0.02) 384 (37) 0.35 (0.02) >10 ns
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We performed frequency-resolved photoconduc-
tivity experiments to evaluate our approximations
of mobility and study the transport behavior in
NC solids of high mobility. The full complex-valued
frequency-dependent transient photoconductivity data
are taken by probing the change in transmitted time-
domain terahertz wave packet, ΔE(t,tp), at different tp
delay times. A Fourier transform of the time-domain
data and application of eq 1 enables calculation of the
frequency-resolved complex photoconductivity σ(ω).
Signal-to-noise considerations limited our ability to
perform this experiment to the most conductive
sample (NH4SCN-exchanged). The real (closed point)
and imaginary (open points) photoconductivity of
the NH4SCN-exchanged sample at different delay
times is plotted in Figure 3. The sample shows behavior
previously observed in NC films.17,18,54,55 The real
photoconductivity is positive and increases with
frequency, while the amplitude decreases with increas-
ing pump�probe delay as mobile carriers become
trapped or recombine. The imaginary photoconduc-
tivity is negative, indicating localized transport, and
similarly decreases in magnitude with pump�probe
delay.

A number of models show frequency dependence
that matches the general trends seen in Figure 3,
including hopping and effective medium models for
composites, plasmonic or excitonic models for homo-
geneous materials, and the Drude�Smith model that
includes preferential backscattering.56 To compare
carrier density and mobility from the full frequency-
dependent data to those calculated with the assump-
tions described in relation to Figure 1b, the real and
imaginary conductivities at 10 ps were fit simulta-
neously by the truncated Drude�Smith model57

shown in eq 2:

σ(ω) ¼ ε0ωp
2τ

1� iωτ
1þ C

1� iωτ

� �
(2)

Here ωp is the plasma frequency, τ is the scattering
time, and C is the expectation value of Æcos θæ for carrier
scattering angle θ. Carrier density is calculated from
the plasma frequency according to

N ¼ ε0ωp
2m�

e2
(3)

where m* is the effective mass. The mobility can be
calculated as

μ ¼ e2τ

m� (4)

The C parameter indicates carrier localization and may
vary from 0 (Drude model) to �1 (fully localized). At a
delay time of 10 ps, the Drude�Smith fit (solid red line
in Figure 3) indicates a total carrier density of 2.8 �
1018 cm�3, mobility of 49 cm2 V�1 s�1, and C parameter
of �0.81. These values are similar to values of 4.0 �
1018 cm�3 and 31 cm2 V�1 s�1 calculated using the
peak photoconductivity in Figure 1b, which assumed
nearly complete absorption of the incident photon
flux within a depth of ∼120 nm. The similarity of the
parameters calculated by two different methods pro-
vides confidence in the approach. The C parameter of
�0.81 indicates significant backscattering, which is not
surprising given the nanocrystalline composition of
the film.

Diffusion Lengths in PbSe NC Thin Films. Diffusion length
is a critical parameter that determines the ability
to collect photoexcited minority carriers in solar cells,
which often have depletion widths that are much
smaller than the absorber thickness. To calculate
the diffusion lengths of carriers in the PbSe films, an
average lifetime Æτæ is calculated from Æτæ = ∑fiτi,
in which fi is the steady-state population fraction of
the decay.58 This approach yields an estimate of
the diffusion length according to L = (ÆτæμkBT/q)1/2.
Before reporting the results, three caveats about this
should be stated. First, because TRTS is a local probe of
conductivity, the diffusion lengths derived from these

measurements should be understood as estimates:
real devices are more sensitive to imperfections in film
morphology and thus are likely to show suppressed
carrier diffusion from lower effective mobilities.59

Second, these measurements were performed on
5.5 nm PbSe NCs. Although the findings reported here
are relevant to NC photovoltaics, most solar cells
use smaller PbSe or PbS NCs, which typically show

lower mobilities in devices (10�2�10�4 cm2 V�1 s�1).
Third, the electron and hole are treated as equal
contributors to conductivity, meaning that they have
equal mobilities since they are photoexcited in equal

numbers. This is likely a reasonable assumption for
PbSe, since similar mobilities have been measured
for electrons and holes in ambipolar PbSe and PbS

devices.49 However, it may not apply to other

Figure 3. Experimental complex photoconductivity from
TRTS measurements (points) fitted with a Drude�Smith
model of photoconductivity (lines) at a 10 ps pump�probe
delay time. Solid shapes represent the real conductivity, and
open shapes represent the imaginary conductivity. Colors
correspond to the pump�probe delay time.
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semiconductors where electrons and holes have very
different mobilities.

For NH4SCN- (Æτæ = 610 ps) and Na2S-exchanged
samples (Æτæ = 880 ps), the diffusion lengths estimated
using this method are 220 and 230 nm, respectively.
These points are plotted with black dots on a generic
contour plot of diffusion length as a function of
mobility and lifetime in Figure 4. Due to the uncertainty
of the lifetime of EDA-, EDT-, and TBAI-treated samples,
we calculated a range of diffusion lengths based on
reasonable lifetimes, which are presented with black
double arrows in Figure 4. Although PbSe NCs in
solution show long photoluminescence decay times
(>1μs), solid films show shortened photoluminescence
lifetimes from 30 to 300 ns.65 Photoconductivity decay
rates are generally shorter in ligand-exchanged NCs
when measured using microwave conductivity,24 so
we provide a band of estimates of the diffusion length
in Figure 4 with values of Æτæ from 10 to 30 ns, resulting
in estimated diffusion lengths of 410�700 nm for EDA,
390�670 nm for EDT, and 300�570 nm for TBAI. Thus,
under reasonable assumptions of the long time decay,
estimated diffusion lengths in EDA, EDT, and TBAI range
from 1.5 to 3 times longer than NH4SCN and Na2S. In fact,
the range of effective lifetimes shown here may be
conservative: transient absorption measurements of
trap-to-band features of PbS NC films show lifetimes of
>10 μs.61 Without time-correlated conductivity measure-
ments, however, it remainsdifficult todetermine if carriers
in such trap bands are contributing to photocurrent.

Several other literature results for PbE materials
obtained by various methods are plotted in Figure 4.
Inmost casesmeasured thus far, including in this work,
the diffusion length for these materials falls, regardless
of mobility, into a band of roughly 100�1000 nm.
This “mobility-invariant” regime has been addressed
previously by invoking trap states, some of which
have been identified, as the mechanism for reduced
diffusion lengths.14,66 In this model, samples with high
mobility (i.e., diffusivity) find recombination sites faster,
but diffusion lengths are fixed primarily by the density
of trap states. We confirm from our measurements of
PbSe NC solids that current chemical processing that
enhances mobility in NC solids is accompanied by
reduced photocarrier lifetime. Our data suggest that
the effects of high diffusivity from enhanced interpar-
ticle coupling can be more than offset by rapid decay
dynamics, resulting in shorter diffusion length. Much
effort has driven NC ligand exchange to closer dis-
tances with lower interparticle barriers, leading even
to fusion of neighboring particles.29,32,37,38,67 We con-
clude from TRTS measurements that enhanced inter-
particle coupling has so far come at even greater cost
of excited state lifetime.

This distinction has substantial consequences in
the performance of different devices. NC-based FETs,
which typically operate in accumulation, are majority-
carrier devices in which excited-state carrier life-
time does not determine device mobility, which is
improved by interparticle coupling. Although the

Figure 4. Contour plot of the diffusion length as a function of carrier mobility and lifetime. The samples studied in this work are
labeled on the plot with black dots or black arrows. EDA, EDT, and TBAI arrows showing the range of diffusion lengths are offset
slightly from measured values for visual clarity. Reference regions for bulk PbSe43,60 microwave photoconductivity measure-
ments22,24 andpreviouslymeasured lead chalcogenidephotovoltaicmaterials are shownaswhitedots or arrows.61,62Additionally,
blue dots indicate other photovoltaic materials processed at low temperature, including organic photovoltaic blends63 and
organolead halide perovskites.64 Supporting Information Figure S11 shows a similar figure with additional reference points.
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number and depth of trap states may constrain
mobility, high-mobility NC FETs have been fabricated
primarily through reduction of traps and trap-filling
by manipulating the Fermi level or quasi-Fermi
level such that extended “band-like” transport levels
are accessible.28,29,32,67,68 On the contrary, high-
performance NC photovoltaics require the extrac-
tion of photoexcited minority carriers for maximum
efficiency. Diffusion length is a critical parameter
for controlling the collection probability of photo-
generated carriers in a photovoltaic, and reduction
in the diffusion length diminishes performance.
Changes of carrier mobility and changes of photo-
excited carrier lifetime are equally consequential for
photovoltaics.

CONCLUSIONS

TRTS measurements of ligand-exchanged PbSe
NC films allow empirical measurement of the

photoexcited charge carrier mobility and lifetime,
which enables an estimation of the diffusion length
of photoexcited carriers in PbSe NC solids. PbSe NC
films with NH4SCN, Na2S, EDA, EDT, and TBAI ligand
exchanges were evaluated because of the reported
performance of electronic and photovoltaic devices
made from such films. The NH4SCN and Na2S ex-
changes exhibited the highest mobilities but suffered
from rapid decays of the photoconductivity. The
lifetime behavior of EDA-, EDT-, and TBAI-treated sam-
ples is distinctly different: although these samples
contain subnanosecond transients, approximately
one-third of the carriers exhibit a lifetime beyond
10 ns. As a result, we estimate diffusion lengths of
lower-mobility samples that are greater than those
of higher-mobility NC solids. These results provide a
physical basis for understanding the prevailing strate-
gies for enhancing the performance of NC photovol-
taics and FETs.

MATERIALS AND METHODS

Materials. A 19 mm � 19 mm � 0.25 mm quartz coverglass
used as the substrate for terahertz measurements was pur-
chased from Chemglass. Home-built air-free sample cells were
used to encapsulate samples for measurement within 1 in.
sapphire windows (Rayotech) separated by a Viton O-ring. To
perform frequency-resolved measurements, a thicker substrate
(3/16 in. quartz, GM Associates) was used to space internal
reflections of the substrate further apart in time. Oleic acid
(90%), trioctylphosphine (90%), (3-mercaptopropyltrimethoxy)-
silane (MPTS, 95%), diphenylphosphine (98%), selenium pellets
(99.999%), EDA (99.5%), lead oxide (99.999%), and EDT (>98%)
were purchased from Sigma-Aldrich. Octadecene (90%), NH4SCN
(99%þ), and TBAI (98%) were purchased from Acros. Na2S
(anhydrous) was purchased from Alfa Aesar. NH4SCN was recrys-
tallized with anhydrous alcohol before use. Solvents were either
purchased anhydrous or dried following standard methods.

Nanocrystal Synthesis. PbSe NCs were synthesized using a
modified version of literature syntheses, which was specifically
reoptimized for different batches of trioctylphosphine and
diphenylphosphine based on the desired size.69,70 For 5.5 nm
PbSe NCs, 2.67 g of PbO was dissolved in 9 mL of oleic acid and
60 mL of octadecene at 120 �C under vacuum for 1 h. After
turning clear, the solution was heated to 180 �C, whereupon
24 mL of 1 M Se in trioctylphoshine solution mixed with 207 μL
of diphenylphosphine was rapidly injected. The reaction tem-
perature was maintained at 160 �C for 20 min, then cooled and
transferred into a nitrogen glovebox. Anhydrous purification
was performed by precipitatingwith ethanol. The particles were
redispersed in hexanes and precipitated two further times.
Finally, the samples were dispersed in anhydrous octane at
50�100 mg/mL to fabricate films for spin-coating.

Electron Microscopy. Transmission electron microscopy was
performed using a JEOL 2100 microscope operated at 200 keV.
Scanning electronmicroscopywas performed using a JEOL 7500
microscope operated at 5 keV.

Deposition and Ligand Exchange. All substrates used for film
deposition were treated with MPTS following literature
procedures.71 Two slightly different methods were used for
ligand exchanges in this work. For NH4SCN, Na2S, TBAI, and EDT
all procedures were performed sequentially directly on a spin-
coater. First, two drops of a concentrated solution of NCs in
octanewas cast on the substrate, whichwas spun at 800 rpm for
1 min. Then six drops of ligand exchange solution (10 mg/mL
NH4SCN in acetonitrile, 10 mg/mL TBAI in methanol, 0.5 M Na2S

in methanol, 0.1 M EDT in acetonitrile) was placed on the
substrate for 30 s (or 3 min for EDT), then spun off. Six drops of
either clean acetonitrile or clean methanol (same as the ligand
exchange solvent) was cast on the samples, left for 30 s, then
spun off, followed by a similar rinse with octane. Tomake thicker
films, this procedure was repeated 3�9 times. To prepare
EDA-exchanged films, the ligand exchange step in the above
sequence was replaced with a 1 h soak in 1 M EDA in methanol,
to maintain better consistency with previous reports.17

Absorption Spectroscopy. UV�vis�NIR measurements were
performed using a Cary 5000 absorption spectrometer. Mid-IR
measurements were performed using a model 6700 Fourier
transform infrared spectrometer (FTIR, Thermo Fisher). Solution-
phase measurements were performed using a small amount of
sample dissolved in tetrachloroethylene.

Van der Pauw Measurements. Gold contacts forming the cor-
ners of a 5 mm square were deposited on the films by thermal
evaporation. Using these contacts, van der Pauw measure-
ments were performed using an MMR H-50 controller. Hall
measurements, which produced reliable values only for the
NH4SCN-exchanged sample, were measured in the same con-
figuration using a 0.5 T fixed magnet.

Atomic Force Microscopy. Atomic force microscopy (AFM) mea-
surements were performed to obtain film thicknesses using an
Asylum Research AFM in tapping (ac) mode.

Terahertz Spectroscopy. TRTS was performed using a config-
uration described elsewhere.15,16 Briefly, samples were excited
with a 720 nm pump pulse, then probed at various delay times
with THz radiation generated and detected using ZnTe non-
linear crystals. For average TRTS conductivity measurements,
the change in transmission upon chopped photoexcitation was
normalized by the nonphotoexcited signal to determineΔE/Eref.
The repetition rate was 1 kHz. The pump power was varied from
1 to 190 μJ/cm2 per pulse for power-dependent studies. The
power for studies highlighted in this work was 7.6 μJ/cm2 per
pulse for all but the NH4SCN-exchanged sample, which was
excited at 6.9 μJ/cm2 per pulse. For frequency-resolved studies,
the THz time-domain waveform was Fourier-transformed into
a frequency space covering 0.4�1.5 THz.
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