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We report on the quantum dot (QD) size, temperature, and inter-dot coupling dependence on the

optical absorption and emission for PbS QD thin films. Inter-dot coupling is induced by ligand

exchange from oleic acid to 1,2-ethanedithiol, and the expected band gap red-shift observed for

coupled QD thin films is accompanied by a modification to the temperature-dependence of the

band gap energy. The amplitude and temperature dependence of the photoluminescence (PL)

Stokes shift support recombination via a mid-gap state and also indicate that the application of

band gap-specific models to fit the temperature dependence PL peak energy is inadequate.

Electronically coupled QD thin films show PL quenching with decreasing temperature, following a

Boltzmann model which is consistent with thermally activated carrier transport. Enhancing the

inter-dot coupling results in the dynamic PL decay signal changing from single- to bi-exponential

behavior, reveals a size-dependent transport activation energy, and yields a negative temperature

dependent band gap energy for the smallest QD diameters. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943066]

I. INTRODUCTION

Recently, lead chalcogenide quantum dot (QD) solar

cells have achieved power conversion efficiencies as high

as 10.7%1 under standard photovoltaic test conditions.

These colloidal QD-based devices are solution processable

at room temperature, offering potential cost advantages in

manufacturing over silicon and III-V material devices.

The materials science and technological challenges of

QD-based thin film solar cells are quite interesting from a

fundamental standpoint, because thin QD film structure can

exist anywhere within a range that spans from QDs which

are fully isolated electronically—in which case transport is

frustrated—to the case of fully merged QDs for which

transport may be optimized but the benefits of quantum

confinement are fully lost. The true colloidal QD solar cell

therefore must balance confinement with electronic cou-

pling to achieve efficient photocurrent collection while

retaining the blue-shifted band gap energy to access the

higher potential conversion efficiencies associated with the

�1.0–1.5 eV band gap range.

For weakly coupled inter-QD interactions, carrier trans-

port within QD thin films has been found to occur via vari-

able-range- or nearest-neighbor-hopping mechanisms. The

transport activation energy is in this case dependent on inter-

QD distance, QD diameter, semiconductor material, and

dielectric function of the media between neighboring QDs.

For example, Kang et al.2 utilized an FET device architec-

ture to probe the minimum energy for thermally activated

carrier transport within PbSe QD thin films capped with 1,2-

ethanedithiol (EDT, <10 meV for various diameters). In

cases for which coupling strengthens via reduced inter-QD

spacing, increased volume-averaged dielectric constant

within the film, and the resulting enhanced wavefunction

overlap, band-like transport has been reported.3 Band-like

transport correlates with scattering lengths that exceed the

inter-QD distance, yielding improved mobilities that support

high-performance QD photovoltaics.

To provide additional insights and understanding of

transport properties within PbS QD thin films, we report here

on investigations of the temperature dependent optical prop-

erties of films consisting of either coupled or isolated PbS

QD thin films. There have been several studies of lead chal-

cogenide QD thin films reporting on the temperature depend-

ent optical absorption,4–7 photoluminescence (PL),4,5,7–9 and

time-resolved PL (TRPL);4 however, these studies either an-

alyzed data from a subset of these optical methods or

addressed only a single QD size. We report here on a com-

plete set of data which, for the first time, utilizes multiple

QD sizes to address the temperature dependence and inter-

QD coupling dependence of absorption, PL, and TRPL. By

investigating the absorption, PL, and TRPL, with respect to

QD diameter, temperature, and QD thin-film interstitial cap-

ping ligand, we provide analysis of a single dataset for inter-

pretation, free from variations in QD quality from different

synthesis routines. The QD diameters investigated during

this study were 2.7 nm, 3.1 nm, and 3.5 nm, with either oleic

acid (OA) or EDT as the capping ligands. Based on the cap-

ping ligand size (OA� 20 Å, EDT� 6 Å), ligand exchange

from OA to EDT substantially reduces inter-QD spacing and

thereby enhances the inter-QD coupling to facilitate efficient

carrier transport.10 As described below, the size-dependent

PL quenching and large Stokes shifts support the model of a

mid-gap state whose energy level is a function of quantum

confinement.5 In addition, this work serves as a check on the

previous reports of how the optical properties of coupled and
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uncoupled PbS QD thin films vary with QD size and with

temperature.

II. EXPERIMENTAL METHODS

A. Synthesis and thin film preparation

The PbS QD samples were synthesized using a slightly

modified version of Hines and Scholes.11,12 After a non-

solvent precipitation wash, the final product is re-suspended

in anhydrous hexane. The size distributions for samples of

average diameter 2.7, 3.1, and 3.5 nm were approximately 65%

based on the linewidth of the first exciton peak.13 Quantum

dots capped with OA were cast into films via spin coating

at 1000 rpm from a solution of approx. 100 mg/ml concen-

tration; OA capped QD films contain nominally isolated

QDs which exhibit no evidence of inter-QD coupling.

Coupled QD films were created by the layer-by-layer tech-

nique (LbL, described elsewhere),10 utilizing 0.1 mM EDT

in acetonitrile as the ligand exchange solution; solutions of

OA-capped QDs with concentrations of approximately 6 mg/

ml were utilized for the LbL depositions. All films were de-

posited on 1 mm thick borosilicate microscope slides cleaned

via ultrasonic bath with Micro-90
VR

cleaning solution and de-

ionized water. For the three QD diameters investigated here,

2.7 nm, 3.1 nm, and 3.5 nm, films were deposited utilizing

each capping ligand (OA and EDT). Replacing OA with EDT

reduces edge-to-edge inter-QD spacing to �0.25 nm14,15

which, due to increased wavefunction overlap of neighboring

QDs, reduces quantum confinement as evident in a red-shift

of the first exciton absorption.16,17

B. Optical spectroscopic measurements

Samples were placed in a Janis VPF-100 pour-fill LN2

cryostat, which was evacuated to a pressure of �7

� 10�5 Torr for temperature-dependent optical transmission

measurements; a closed cycle helium cryostat (Advanced

Research Systems) was used for steady-state and time

resolved PL measurements. Optical absorption measure-

ments were conducting using a Perkin Elmer Lambda 1050

ultraviolet/visible/near infrared (UV/VIS/NIR) spectropho-

tometer. Steady-state PL spectra were acquired via lock-in

detection using a frequency-doubled Nd:YAG laser as the

532 nm excitation source at 6.3 W/cm2 and a liquid nitrogen

cooled Germanium detector (Electro-Optical Systems), uti-

lizing an optical chopper at 532 Hz and Horiba iHR320

monochromator [1200 g/mm; 750 nm blaze]. Time-resolved

PL data were collected using a Fianium photonic crystal fiber

laser source (SC400–2), an Acousto-Optical Tuning Filter

(AOTF), a Horiba iHR320 monochromator [1200 g/mm;

750 nm blaze], a Hamamatsu NIR photomultiplier tube

(PMT) (H10330A-25), and a Becker-Hickl SPC-130-EM

Simple Tau system for time-correlated single photon count-

ing. Depending upon the sample capping ligand, QD diameter,

and temperature, the TRPL time window was selected

for optimal data acquisition parameters. Quantum dot films

were excited at a fluence of �2 � 1012 photons�cm�2�pulse�1

(632 nm) to attain sufficient detection events at higher temper-

atures; lower excitation levels were tested to confirm that the

high photon flux did not cause non-linear recombination

dynamics arising from multi-exciton or Auger recombination.

All of the raw data for absorption, PL, and TRPL data are

included in spreadsheet format in the supplementary material.

III. RESULTS AND DISCUSSION

A. Optical absorption

As has been reported previously,4 the temperature de-

pendent optical absorption measurements (Figure 1) show an

overall increase in optical absorption with decreasing tem-

perature. As shown in Figure 1, and quantified within Figure 2,

the temperature dependence of the first exciton transition

energy (dE1/dT) extracted from a linear fit is found to

decrease in value with decreasing QD diameter for both the

case of OA- and EDT-capped QD thin films. While many

semiconductor materials exhibit a decreasing band gap with

increasing temperature, the band gap energy increases with

FIG. 1. (a) Temperature dependent optical response for the 3.1 nm OA

capped PbS QD thin film, representative of the other films. (b) First exciton

peak position (E1) vs. temperature for the three PbS QD sizes capped with

OA (solid markers) and EDT (hollow markers). Solid lines and equations

are the results of linear fits of E1 vs. T.
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temperature for the bulk lead chalcogenides PbS, PbSe, and

PbTe.18 For bulk semiconductor materials, the temperature

dependence of the band gap energy arises principally from

contributions of (a) thermal expansion (temperature depend-

ence of the lattice constant, which modifies intrinsic bonding

energies and atomic wavefunction overlap) and (b) electron-

phonon interactions.19 Lead salt semiconductors exhibit the

typical positive coefficient of thermal expansion, resulting in

a negative contribution to the band gap energy dependence

on temperature (dE1/dT). However, unlike several other

common semiconductors such as GaAs and Si, the positive

contribution to the band gap temperature coefficient of

strong electron-phonon scattering,18,20–22 on the order of

10�4 eV/K, ultimately dominates the overall dE1/dT behavior

for the bulk lead chalcogenides.20

As shown in Figures 1 and 2, this work has found

band gap temperature coefficients for OA-capped to range

from 13 leV/K (d¼ 2.7 nm) to 56 leV/K (d¼ 3.5 nm). For

EDT-capped thin films, dE1/dT varies vs. QD diameter

as �112 leV/K (d¼ 2.7 nm) to þ17 leV/K (d¼ 3.5 nm).

Olkhovets et al.6 measured the exciton transition energy tem-

perature dependence for PbS QDs in glass ranging from

3 nm to 15 nm in diameter. They found that for the smallest

sizes, 3 to 4 nm diameter, the slope of dE1/dT ranges from

�100 leV/K to 50 leV/K, in excellent agreement with our

measured values for the case of isolated QDs within the OA

matrix. Additionally, as seen in Figure 2, replacing the OA

with EDT resulted in a reduction of dE1/dT by 40 leV/K for

the 3.5 nm diameter QD film and by 125 leV/K for the

2.7 nm diameter EDT-capped QD film.

Although empirical relationships have been established

to model the temperature dependent band gap energy (dE1/

dT) for bulk semiconductors,19,23 the mechanisms that may

influence the temperature dependence of the effective band

gap energy in colloidal QDs are more numerous than simple

lattice dilation and electron-phonon coupling. We address

these mechanisms of potential temperature dependence here

(indicating in square brackets the sign of the contribution to

dE1/dT). (1) [�] Lattice dilation: for PbS QDs, this has been

found to be independent of size, and to mimic the behavior

of bulk PbS;6 (2) [�] quantum confinement effect as a conse-

quence of lattice dilation, estimated to comprise 10%–30%

of observed dE1/dT depending on PbS QD diameter;6 (3)

[þ], modification of inter-QD spacing induced by thermal

expansion of the effective medium (capping ligands and host

medium). This effect is expected to be negligible for the iso-

lated OA-capped QDs but may be significant for coupled

QDs (vide infra). The reported coefficient of thermal expan-

sion for EDT (6.25 � 10�4 K�1)24 is approximately one

order of magnitude larger than that of PbS and may modify

the average inter-QD spacing by as much as �13% over the

temperature range studied. However, the implications of

thermal expansion of the film, which may also introduce

effects based on stress or strain, are complicated by effects

such as the substrate expansion (�3 � 10�6 K�1 for borosili-

cate glass) and adhesion, which could result in local varia-

tions in the sign of the coupling-induced energy shift of E1;

(4) [þ] interband and [�] intraband electron-phonon cou-

pling: the interband effect has been estimated by others as

�10’s leV/K,25 and the intraband effect as �20 leV/K for a

3 nm PbS QD diameter;6 and (5) [�] the temperature-

dependent effective mass, which in turn influences the

confinement energy. Liptay and Ram have estimated25

that this effect accounts for up to �90% of the difference in

dE1/dT for PbS QDs as compared with bulk PbS, for which

dEg/dT� 320 leV/K.21

Based on the proposed prominent influence of the effec-

tive mass, we consider this factor further within the model of

an infinite potential well.25 The confinement energy depend-

ence on temperature is given by dEconf/dT¼Econf � [(�1/m*)

(@m*/@T) � (2/R)(@R/@T)]. While both terms are expected to

be negative, the 2nd term is relatively small based on the coef-

ficient of thermal expansion for PbS of �2 � 10�5 K�1.

Liptay and Ram state a percentage change in effective mass

for PbS of 8.5 � 10�4 K�1,25 based on the equations pro-

vided by Preier,26 and concluded that the observed tempera-

ture dependent PbS QD first exciton peak energy was nearly

equal to the bulk PbS band gap dependence modified by the

temperature dependence of the confinement energy dEconf/

dT. While we have confirmed the positive temperature

dependence of the effective mass for bulk PbS,26,27 we have

not been able to verify either the value (8.5 � 10�4 K�1)

quoted by Liptay and Ram, or any special considerations

which may arise in quantum confined structures.

Upon ligand exchange to EDT, increased inter-dot cou-

pling results in a red-shift (Figure 1(b)) via relaxation of the

quantum confinement due to increased wavefunction overlap

of neighboring QDs, coupled with a distinct reduction in

dE1/dT (Figure 2). The temperature dependent first exciton

energy dE1/dT is now further complicated by the wavefunc-

tion overlap between neighboring QDs, since it is a function

of inter-QD spacing and the extent to which the wavefunc-

tion extends beyond the QD boundary. The increasing inter-

QD spacing with temperature due to thermal expansion of

the EDT molecules would reduce QD coupling, contributing

a blue-shift with increasing temperature, i.e., a positive term

to dE1/dT. Additionally, for dm*/dT> 0, the wavefunction

overlap decreases with increasing T because the wavefunc-

tion extension is reduced, leading again to a positive contri-

bution to dE1/dT. The expected result of these contributions

would be a larger red-shift at low temperatures and an

FIG. 2. Variation of the effective band gap temperature dependence, dE1/

dT, with QD diameter and capping ligand. For reference, the value of dEg/

dT for bulk PbS is 320 leV/K.
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increased dE1/dT for EDT treated films compared with their

OA capped counterparts. However, our experimental data

for EDT treated films show a reduction of dE1/dT, which is

strongest for the smallest QDs, indicating the existence of a

stronger negative contribution to dE1/dT. Szendrei et al.
investigated PbS QDs of �3.8 nm diameter coupled with

1,2-benzenedithiol (BDT) and found a coupling-induced red-

shift of 67 meV (293 K) and 51 meV (5 K).7 The deduced

value of dE1/dT is, in both the OA and BDT cases, consistent

with the trends we observe for 3.5 nm PbS QD films.

This divergence between the expected influence of inter-

QD coupling on dE1/dT and experimental data requires fur-

ther consideration. Especially, interesting is the behavior of

EDT-treated films which shows that as the QD diameter

decreases below 3.1 nm, dE1/dT decreases and ultimately

becomes negative for the 3.1 nm and 2.7 nm diameter

coupled arrays. The case of dE1/dT< 0 represents a clear de-

parture from the case of bulk PbS for which dE1/dT> 0.

(However, both the nominally isolated PbS QDs as well as

the coupled QD arrays show similar behavior with respect to

QD diameter. Specifically, dE1/dT decreases with decreasing

QD diameter and the OA-capped sample data project dE1/

dT< 0 for d� 2.4 nm.) A potential effect which merits

investigation is the role of capping ligand on effective mass.

Veis28 demonstrated that the effective conductivity mass

varies with hole concentration in p-type PbS. Milliron29

showed that PbS QD thin films can be made n-type or p-type

depending on the selection of the capping ligand, while

Brown30 demonstrated that the choice of capping ligand can

shift the energy band edges as well as the Fermi level.

Should the ligand exchange from OA to EDT result in a

reduction of hole concentration, as reported by Klem et al.,14

the contribution of confinement energy (dEconf/dT) to the

first exciton temperature dependence dE1/dT would be

expected to increase, resulting in a more negative dE1/dT

due to a reduced effective mass. Another effect which may

play a role concerns the influence of temperature on molecu-

lar adsorption of the EDT, which has been observed in some

systems; a temperature-dependent adsorption would induce a

change in the strength of inter-QD coupling.31 We identify

the behavior in dE1/dT for coupled QD films as anomalous

principally due to the apparent absence of reduced temperature-

dependent QD-QD coupling which one would expect based

on consideration of thermal expansion (QD-QD spacing) and

wavefunction extension.

B. Steady-state photoluminescence

For all QD thin films studied here, as the temperature

decreases the PL emission from the PbS QD films is found to

increase in intensity, shifts to the red, and exhibits a narrow-

ing of the spectral band width. Figure 3 displays temperature

dependent PL for the 2.7 nm QDs measured from 30 K to

295 K. Relative to the OA-capped film samples, the EDT-

capped films show red-shifted absorption and emission spec-

tra, and an order of magnitude reduction in the PL peak in-

tensity. Literature reports have shown significant

contributions to PbS QD dE1/dT values from the effects of

(a) lattice expansion on confinement energy, (b) temperature-

dependent electron-phonon interactions, and (c) the effect on

confinement energy of the temperature dependent effective

mass. For the case of PbS QD PL, an additional complication

arises in that, due to a size- and temperature-dependent non-

resonant Stokes shift (infra vide), the PL peak energy does

not track uniformly with the band gap energy. Nonetheless,

numerous studies have settled on fitting PL peak energy vs.

T to models derived for the temperature dependence of semi-

conductor band gap energy.4,8,32,33 One such model is that

proposed by O’Donnell,19 which is based on electron-

phonon coupling as follows:

EPL Tð Þ ¼ EPL 0ð Þ þ ShEphi coth
hEphi
2kBT

� �
� 1

� �
; (1)

where hEphi represents the average phonon energy, S is the

Huang-Rhys parameter representing the electron-phonon

coupling strength, and kB is the Boltzmann constant. Without

detailed analysis, authors applying the O’Donnell relation to

the study of PbS QD PL have modified4,32 the equation to

correlate with the positive temperature dependence observed

for lead sulfide (the original sign of the 2nd term is negative).

We note here that while fitting PL peak energy vs. T data has

resulted in apparently sensible values for the Huang-Rhys

parameter and the average phonon energy, the approach is

FIG. 3. Temperature dependent PL of 2.7 nm PbS QD films capped with (a)

OA and (b) EDT. The EDT film PL is quenched rapidly with increasing tem-

perature. Although the PL peak energy does shift slightly to the red for

increased temperature in the range of 30 K to �60 K, the peak energy shifts

more strongly to the blue as the temperature increases above 60 K (see

Figure 4).
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intrinsically flawed because it does not account for the large

QD diameter- and temperature-dependent Stokes shift seen

in QDs of PbS and other materials (e.g., CdSe, PbSe, and

PbTe).

We include here the results of analyzing our data using

this (inappropriate) approach, in order to reveal that this

method yields results also in our case. In particular, we fit

our PL peak energy vs. temperature data to extract values for

EPL(0), hEphi, and S; results of the fits are shown in Table I

and Figure 4. Extracted values for S range from 0.89 to 2.72,

consistently higher than an experimentally measured value

of 0.7 via Raman scattering for 3 nm diameter PbS QDs

capped with poly(vinyl alcohol).34 Nordin found the average

phonon energy to be �24 meV, close to the PbS optical pho-

non energy of 26.6 meV. For our measurements, the 3.1 nm

QD fits yield a similar value, while the 2.7 and 3.5 nm QDs

yield hEphi values over a wider range. Nonetheless, as noted

above, there exists no sound scientific basis for applying the

O’Donnell relation, or any other any other model which is

based solely on the modeled temperature dependent band

gap energy, to the temperature dependence of the PL peak

energy in semiconductor samples exhibiting a large and

parameter-dependent PL Stokes shift.

Continuing with an analysis of the PL measurements,

our data show an essentially monotonic increase in the PL

peak energy with temperature. Gao and Johnson16 observed

a red-shift with increasing temperature for coupled QD films

from 13 K to the 80–140 K range, prior to the PL peak shift-

ing to the blue as the temperature increased above 140 K. In

our case, a small red-shift is observed in this temperature

range only for the smallest QDs in our study. We see that for

all QD sizes, and independent of capping ligand, there is a

strong temperature dependent Stokes shift which, as

described above, deviates from the band gap energy behav-

ior. Our study refers to the nonresonant Stokes shift, which

is the difference in photon energy between the peak of the

first exciton absorbance and the peak of the PL spectrum.

The Stokes shift greatly exceeds the expected shift for split-

ting of the bright/dark exciton states (on the order of

10 meV).35 Efros et al.36 calculated the degenerate dark exci-

ton state to have a Stokes shift up to 100 meV in the case of

1.6 nm diameter CdSe QDs. As noted below, another contri-

bution to the nonresonant Stokes shift observed here for OA-

capped QDs is efficient F€orster resonant energy transfer

(FRET). Litvin et al.33 measured PbS QD PL spectra which

fit to the sum of two Gaussian distributions, attributed to the

dark exciton state and a mid-gap trap state, and conclude that

the exciton state is the primary source of PL emission in PbS

QDs of large diameters (d> 6 nm). In contrast, the Stokes

shift for smaller dots (d< 4 nm) exhibits temperature

dependence differing from that of larger PbS QDs; here, the

TABLE I. Temperature dependence of exciton absorption peak and fit results of the modified O’Donnell equation for various QD sizes and capping ligands.

QD diameter (nm) Capping ligand dE1/dT (leV/K) EPL(0) (eV) hEphi (meV) S

2.7 OA 13.5 6 1.2 1.24 6 0.006 28.1 6 3.1 0.89 6 0.16

EDT �110 6 2.9 1.13 6 0.002 29.5 6 2.7 0.98 6 0.17

3.1 OA 34.5 6 1.3 1.09 6 0.005 25.6 6 1.9 1.54 6 0.07

EDT �45.2 6 2.9 1.05 6 0.001 25.3 6 3.3 1.64 6 0.13

3.5 OA 56.3 6 1.6 0.932 6 .001 27.4 6 1.9 2.67 6 0.21

EDT 17.2 6 1.7 0.884 6 .003 23.9 6 3.2 2.72 6 0.12

FIG. 4. Temperature dependent absorption (black squares), PL peak energy

(red circles), and Stokes shift (blue triangles) for (a) 2.7 nm, (b) 3.1 nm, and

(c) 3.5 nm PbS QDs. The solid markers are for OA capped films, while the

hollow markers are for EDT capped films. Solid fits are based on linear

model for the temperature dependent band gap energy, and on the perfunc-

tory application of the O’Donnell relation for the temperature dependence of

the PL peak energy. The large variation observed in the Stokes shift as a

function of diameter and temperature highlights the need to model the

Stokes shift based on fundamental, measurable parameters.
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PL emission has been attributed to a mid-gap state associated

with surface traps.33

Nordin reported a temperature dependent Stokes shift for

4.8 nm diameter PbS QDs,4 whose trend matches that

observed for our samples, Figure 4 (blue markers). Measuring

the PL and absorption spectra at temperatures lower than our

system can achieve, Nordin reported that the Stokes shift

remained nearly constant from 125 K to 10 K, with a slight

reduction upon reaching 3 K. Gaponenko also reported a

temperature-dependent Stokes shift.37 Some, but not all, of

our films show the onset of a plateau for the Stokes shift in the

lower temperature range (Figure 4), possibly indicating that

surface passivation plays a role in the temperature dependence

of the Stokes shift.

C. Time-resolved photoluminescence

Representative temperature-dependent TRPL measure-

ments are shown in Figure 5 for the 2.7 nm PbS QD films.

The OA-capped thin film, comprised nominally isolated QDs

which behave similarly to QDs in solution, shows single ex-

ponential behavior, whereas the EDT-capped film shows bi-

exponential TRPL dynamics. In the case of OA-capped QDs,

low temperature decays show a slower rise-time and a longer

PL lifetime; the EDT-capped film also shows an increasing

PL lifetime with decreasing temperature. The exchange from

OA to EDT results in a reduced inter-QD spacing, a change

in surface chemistry, and a change in the dielectric constant

of effective medium surrounding each QD. With the reduced

inter-QD spacing created by ligand exchange to EDT and the

resulting increased wavefunction overlap, photogenerated

carriers dissociate readily. The dissociation into free carriers,

and the enhanced mobility within the (EDT) film of coupled

QDs, allows the photogenerated free carriers to access a

larger volume and a larger number of recombination sites

within the thin film, resulting in bi-exponential decays.

For all sizes of QDs studied here, the OA-capped films

show slowing PL rise time for decreasing temperature,

�125 ns rise time for each OA-capped film at 30 K. This

behavior has been observed previously in nominally close-

packed PbS QD films38 and correlates with FRET which due

to increasing confined exciton lifetime becomes increasingly

evident at low temperature. Note that in the case of EDT-

capped films, the rise time does not noticeably change with

temperature. The EDT films exhibit behavior consistent with

a dissociation of excitons associated with inter-dot wave-

function overlap, i.e., the excitons dissociate but that the

charge carriers then trap at temperatures below about TQ

(vide infra). These data provide additional evidence that the

recombination in EDT-capped films occurs from trap states

as opposed to originating from excitons.

For isolated QDs at near room temperatures, excitonic

recombination processes are predicted to have longer life-

times for larger diameter quantum dots;39 this behavior has

been observed experimentally for PbSe QDs.39,40 In contrast,

PbS QDs have shown the opposite trend with PL lifetimes

increasing for smaller diameter dots;41 this behavior has

been modeled by a three-state process with radiative recom-

bination occurring from a mid-gap state. At low tempera-

tures, the OA-capped QD films of different QD sizes have

very similar lifetimes, with no clear trend as a function of

QD diameter (Figure 6(a)). All of the EDT treated films

show very short lifetimes at high temperatures (Figure 6(b)),

while low temperatures show the longest lifetime for the

smallest diameter QDs. We apply here a Boltzmann model16

of thermal quenching to fit integrated PL intensity vs. tem-

perature, for EDT treated films, to identify the temperature

associated with thermal quenching

IPL Tð Þ ¼ 1

1þ exp T � TQð Þ=U
� � ; (2)

where fitting parameter TQ is the quenching temperature and

U indicates the rate of PL quenching as the temperature

increases above TQ—possibly correlating with the energy

width of the transport band of states (vide infra). For QD

diameters of 3.5 nm, 3.1 nm, and 2.7 nm, temperatures TQ

are 46 K, 51 K, and 66 K, respectively, in good agreement

with the findings of Gao and Johnson16 and correlated with

thermal energies of 3.9 meV, 4.4 meV, and 5.7 meV. The

spectrally integrated PL intensity vs. temperature data for

EDT capped PbS QDs, and the results of the fits, are shown

in Figure 7. In contrast, for oleic acid capped QDs, the low

temperature PL is plateaued (T< 50 K), while increasing

temperature results in a slight rise in the integrated PL inten-

sity (70 K<T< 140 K). As the temperature is further

increased, the PL intensity slowly decreases due to increased

non-radiative recombination within the isolated QDs. As the

difference in thermal energy to activate transport-assisted

quenching is much lower than the size dependent shift in

FIG. 5. Normalized TRPL decays for 2.7 nm PbS QD films capped with (a)

OA and (b) EDT as a function of temperature. In all cases, TRPL dynamics

were measured at the peak of the steady-state PL spectrum.
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band gap, Gao and Johnson16 proposed a transport energy

level ET that lies within the density of states (DOS) band tail

for treated films. In this model, carriers only require thermal

energy sufficient to reach the transport level (less energy

than it would take to reach the conduction band) in order to

percolate through the QD network and encounter a non-

radiative recombination path. Eslrev et al.42 measured an

Urbach energy, corresponding to the band edge tail of an

EDT-treated thin film of 1.14 eV PbS QDs, of 14 meV—

independent of polydispersity. As smaller QDs have a nar-

rower DOS band tail, the transport level ET lies higher above

the trapped carrier level, requiring more energy to achieve

transport and, therefore, PL quenching. Our larger EDT-

treated QDs (3.5 nm) experience a faster rate of PL quench-

ing than our small QDs (2.7 nm), in agreement with the size

dependent DOS band tail widths depicted by Gao and

Johnson.16 This model agrees with the lifetime trend

observed in the EDT-treated QD films, where the lifetimes

shorten to tens of picoseconds once the sample meaningfully

exceeds that required to excite carriers to the transport level

ET, thereby quenching PL emission.

Nordin measured the temperature dependent TRPL

decay of drop cast, OA-capped PbS QD film and found that

the data to be bi-exponential (except at 3 K) with lifetimes

well over 4 ls.4 The bi-exponential nature of this film could

have resulted from poor surface passivation, although this

would contradict the longer lifetime. Additionally, Nordin

found that the long-lived component became more dominant

at temperatures below 100 K. Our OA-capped films were sin-

gle exponential, and the EDT-capped films showed the fast

component as the dominant one over our entire temperature

range, with no clear indication of a cross-over at lower

temperatures.

IV. CONCLUSION

We have reported on the temperature dependence of the

optical absorption, PL spectrum, and PL lifetime for PbS QD

films consisting of QDs of varying size and capping ligand.

Replacing oleic acid with 1,2-ethanedithiol resulted in a

decrease in the first exciton temperature dependence (dE1/

dT), a decrease in the PL intensity, and a reduction in the

carrier lifetimes, with a transition from single to bi-

exponential behavior. We have highlighted the fact that

although several reports have relied on band gap specific

models to extract physical parameters from temperature-

dependent PL measurements, this approach is fraught with

problems arising from extrinsic dependence of the PL peak

energy on the Stokes shift—which itself has not been suc-

cessfully modeled for any general case. At temperatures

exceeding �100 to 180 K, the EDT-capped QD films showed

complete PL quenching due to thermally activated processes.

Thermally activated transport leads to enhanced quenching

of PL and reduced mean carrier lifetimes. The temperature

dependence of this activation process is size dependent, as

evident by the TRPL lifetimes in Figure 6(b), such that effi-

cient transport within the coupled QD films requires more

thermal energy for the QDs with larger confinement energy.

Our experimental measurements of the dependence of

QD capping ligand (and QD-QD coupling) and diameter on

the temperature coefficient of the band gap energy show an

unexpected modification when comparing the coupled array

of EDT-capped QDs to the nominally isolated OA-capped

QDs. Specifically, the values for dE1/dT are more negative

for the coupled QDs which contradicts the behavior expected

based on a positive temperature dependence of the effective

mass, and on a simple consideration of thermal expansion of

FIG. 6. Mean carrier lifetimes for (a) OA capped films, which exhibit single

exponential decay, and (b) EDT capped films, which decay with bi-

exponential dependence.

FIG. 7. Integrated PL intensity vs. temperature for each of the three QD

diameters. Solid lines show the results of fitting the data to Equation (2), and

the legend shows the extracted values for the effective quenching tempera-

ture and corresponding thermal energy.

094307-7 Roland, Bhandari, and Ellingson J. Appl. Phys. 119, 094307 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  128.179.166.197 On: Mon, 07 Mar 2016 08:48:14



the interstitial EDT molecules within the array. For the two

smallest diameter EDT-capped QD samples, we find that

dE1/dT swings negative, in contrast with the well-known

positive dEg/dT values exhibited by bulk PbS, PbSe, and

PbTe. A concurring trend exists for the isolated OA-capped

QD film: a linear extrapolation of dE1/dT shows that for QD

diameters d� 2.4 nm, dE1/dT< 0. Thus, a fundamental ques-

tion exists with regard to the influence of capping ligand, or

QD-QD electronic coupling, on the temperature dependence

of the first exciton peak energy in PbS QD arrays, and we

hope that these data motivate a rigorous theoretical study of

the influence of coupling on the temperature dependent first

exciton peak energy in QD thin films.

Note that the authors provide access via online supplemen-

tary material, to the full raw data for temperature-, coupling-,

and diameter-dependent optical transmission, steady-state pho-

toluminescence, and time-resolved photoluminescence.43
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