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Abstract

Intra-band transitions in colloidal quantum dots (QDs) are promising for opto-electronic applications in
the mid-IR spectral region. However, such intra-band transitions are typically very broad and spectrally
overlapping, making the study of individual excited states and their ultrafast dynamics very challenging.
Here, we present a first full spectrum 2D IR (2D CIR) spectroscopy study of intrinsically n-doped HgSe QDs,
which exhibit mid-infrared intra-band transitions in their ground state. The obtained 2D CIR spectra reveal
that underneath the broad absorption line shape of ~500 cm, the transitions exhibit surprisingly narrow
intrinsic linewidths with a homogeneous broadening of 175-250 cm™. Furthermore, the 2D IR spectra are
remarkably invariant, with no sign of spectral diffusion dynamics at waiting times up to 50 ps. Accordingly,
we attribute the large staticinhomogeneous broadening to the distribution of size and doping level of the
QDs. In addition, the two higher lying P-states of the QDs can be clearly identified in the 2D IR spectra
along the diagonal with a cross-peak. However, there is no indication of cross-peak dynamics indicating
that, despite the strong spin-orbit coupling in HgSe, transitions between the P-states must be longer than
our maximum waiting time of 50 ps. This study illustrates a new frontier of 2D IR spectroscopy enabling
the study of intra-band carrier dynamics in nanocrystalline materials across the entire mid-infrared

spectrum.



Introduction

Opto-electronic devices, such as light sources and detectors, in the mid-infrared (IR) spectrum are
currently limited and consequently an active area of research and development. Intra-band optical
transitions are of particular interest for applications in IR opto-electronics due to their high oscillator
strength, leading to strong absorption, efficient fluorescence, and, potentially, light amplification in the
mid-IR range. Although common for intra-band quantum cascade lasers, the use of such narrowly spaced
transitions based on solution processable semiconductor quantum dots (QDs) remains to date
underexplored despite observations of efficient and tunable intra-band absorption and luminescence.'”’
Several fundamental questions remain unanswered, such as the nature of electron relaxation across
higher excited intra-band states, or whether the large absorption and fluorescence linewidths found in IR
active QDs are intrinsic or dominated by other factors, such as size dispersion. One reason for these gaps
in knowledge is the absence of suitable methods to study the photo-physics across such low energy
transitions with the same advanced optical techniques found in the visible spectrum. In particular, the
lack of simultaneously broadband and ultrafast time-resolved techniques has been a limiting factor. Since
intra-band transitions in QDs are often broadened across several thousand wavenumbers, the need for
broadband probing on fast timescales becomes obvious. Simultaneously resolving dynamics across broad
and congested spectra on ultrafast scales is nearly impossible due to energy/time resolution restrictions
in the mid-IR spectral region. Early attempts to quantify the homogeneous infrared linewidths in
nanocrystals were based on hole-burning experiments with a limited spectral coverage.® In this regard,
full spectrum two-dimensional continuum infrared (2D CIR) spectroscopy could offer a way forward as the
method provides simultaneous high frequency and time resolution and offers direct insight into the
homogeneous linewidth of transitions. While interband transitions in QDs have been studied with 2D
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visible spectroscopy, intra-band transitions in the mid-IR have so far not been studied with 2D



spectroscopy, mainly since conventional 2D IR spectroscopy does not offer the spectral bandwidth needed

to capture the broad intra-band transitions.

Over the last 25 years, 2D IR spectroscopy has developed into a powerful method for measuring
the ultrafast vibrational dynamics across a wealth of complex systems such as water, metal-complexes,
proteins, and other biological samples.’®26 2D IR spectroscopy is often presented as the vibrational
analogue of 2D NMR spectroscopy as it can characterize the couplings between transitions, separate
homogeneous broadening from the full, inhomogeneously broadened linewidths of complex spectra,
quantify spectral diffusion dynamics, and identify timescales for population transfer.?’”?° However, while
the complete 2D NMR spectrum can be routinely obtained, thereby characterizing all potential couplings
between all spin states, the spectral coverage in 2D IR spectroscopy is typically much more limited due to
the narrow bandwidths of infrared OPA sources — typically a few hundred cm™ — corresponding to about
10% of the vibrational spectrum. As a result, using such conventional OPA pulses for both excitation and
detection results in capturing about 1% of the potential 2D IR spectrum. Clearly, such coverage falls short
of that needed to study broad intra-band transitions in colloidal QDs, which can span more than 1000 cm”
! asshown in the linear FTIR spectrum of n-doped HgSe QDs in Figure 1. In recent years, continuum pulses
spanning the whole mid-IR spectral range (~1000 — 4000 cm™) have been generated®®3! and incorporated
as probe pulses in ultrafast transient and 2D IR experiments.3?3® While these continuum mid-IR pulses are
currently too weak to efficiently excite molecular vibrations, they are strong enough to excite high
oscillator strength electronic states in semiconductors. Stingel et al. recently demonstrated the first
implementation of continuum infrared pulses for both excitation and detection in 2D IR experiments to
obtain 2D CIR surfaces of bulk semiconductors.?’ In this study, we apply this 2D CIR method to the intra-
band transitions in intrinsically doped HgSe QDs to unravel the nature of line broadening and excited state

transitions.



In particular, we investigated 5.5 nm HgSe QDs capped with oleylamine (OLA) ligands, synthesized
according to a modified procedure from Deng et al.3®3° The FTIR spectrum of the QDs in their ground state
is displayed in Figure 1la. The doping of the conduction band results in a collapse of the lowest lying
interband transition from the valence S-state to the conduction band S-state and a concomitant surge of
the intra-band 1Se-1P. transition band in the mid-infrared. Based on this and the 2-fold degeneracy of the
1S, conduction band state, we calculate that the HgSe QDs in the present study have an average doping
level of 1.9 electrons per QD. Accordingly, the doubly doped QD is the most prominent within the sample
ensemble. From this 1S.-state, the electrons can be excited to the 1P;;; and 1P5/; states, as illustrated in
Figure 1b. The P-states are split because of spin-orbit coupling and shape asymmetry, as shown by Hudson
et al.** The observed spectrum results from these two broad and overlapping transitions from the S-state
to each of the P-states, which can be fit with two broad Gaussians. In addition to these broad intra-band
transitions, the FTIR spectrum displays sharp CH vibrations from the organic ligands around 2900 cm™.
The broad intra-band transition linewidth of ~500 cm™ for each P-state should result from both
homogeneous broadening and a sizable inhomogeneous broadening due to the size distribution within
the sample ensemble, leading to varying transition energies and doping levels. Furthermore, the transition
rate between the P-states has not been determined exactly despite claims of slow relaxation on the 5 to
30 ps timescale, based on modeling of picosecond fluorescence experiments.*! Conventional ultrafast
transient mid-IR absorption experiments of similar HgS QDs were previously performed to map out the
relaxation times and multicarrier dynamics, over a comparatively narrow range of probing.*? In this study
we perform full spectrum 2D CIR spectroscopy to characterize the homogeneous and inhomogeneous

broadening of these HgSe QDs and set a lower limit to the relaxation time between the P-states to 50 ps.
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Figure 1: (a) Linear FTIR spectrum of n-doped HgSe QDs with OLA ligands with a model of the two
contributing transitions from the 1S. to 1P1,; and 1Ps; states. The CH stretches from the ligands are seen
at ~2900 cm™, while atmospheric absorbances from CO, and water vapor appear in the spectrum at 2350

and above 3500 cm?, respectively. (b) A schematic of the conduction band level diagram, illustrating the
mid-IR intra-band transitions observed in the FTIR spectrum.

Methods

Full Spectrum 2D IR Spectroscopy. The experimental setup for 2D CIR spectroscopy has been described
previously for the application of bulk InAs.3” Briefly, 1.3 mJ of the output from a 25 fs, Ti:sapphire laser
system is used to generate mid-IR continuum pulses via the filamentation of the first, second, and third
harmonics in air. The mid-IR continuum is separated from the driving wavelengths with a silicon filter and
divided into the pump and probe paths with a 50:50 KBr beamsplitter. The pump is further divided into
multiple pulses in a Mach-Zehnder interferometer, and the resulting pump pair is overlapped with the
probe at the sample. Due to the broad bandwidth of the intra-band transitions, the detection axis was
measured over 2-3 monochromator positions and detected by a 128-by-128 pixel MCT focal plane array
(PhaseTech, 2DMCT). The spectrometer is equipped with order-sorting filters to block higher diffraction

orders.

Synthesis of HgSe QDs
HgSe quantum dots (QDs) with oleylamine (OLA) ligands were synthesized based on the procedure
published by Deng et al.?® 3° Additional synthesis details are provided in the supporting information. The

HgSe QDs were solvated in tetrachloroethylene and contained in a sandwich-type sample cell with a 200
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pum thick PTFE spacer contained between 1 mm thick CaF, windows. While two samples with average dot
sizes of 5.5 and 4.5 nm were prepared and studied with full spectrum 2D CIR, the analysis discussed here
focuses primarily on the larger sample. The FTIR spectra of both samples are shown in the supporting

information in Figure S1.

Results

Description of the 2D IR spectrum

Figure 2a displays a 2D CIR surface at a waiting time of 5 ps. Upon excitation, the HgSe QDs exhibit a broad
bleach feature from the reduced S-to-P transitions and a smaller induced absorbance at lower
frequencies, most likely due to the combination of transitions from the P to the D states and/or possible
biexciton shifts of the P-states. A diagram of the electronic states of the QDs and their contributions to
the 2D surface is shown in Figure 2b. An artifact around the CO; stretch vibrations occurs at the edge of
the spectrum (~2350 cm™) due to imperfect purging and complicates analysis of this region. The 2D CIR

spectrum is highly elongated along the diagonal, indicating a large inhomogeneity in the spectrum.?’

Furthermore, the two separate P-states can be identified in the 2D IR spectrum with a weak cross-
peak. In the more common 2D IR spectroscopy of vibrations, separate modes can either be coupled or
uncoupled. Coupled vibrational modes give rise to cross-peaks that result from the anharmonic shift of
the combination band with respect to the sum of the individual fundamental vibrational frequencies. For
uncoupled modes, there is no anharmonic shift for the combination band and, correspondingly, no cross-
peak. In the present case, the observed cross-peak does not necessarily indicate that the P-states in
different spin-states are coupled, but rather that the electrons share the common 1S, ground state. In the
case of carriers in semiconductor QDs, exciting one transition will always cause a bleach in the other

transition since the excitation of either reduces the population in the common ground state, as illustrated



in Figure 2b. Here, stimulated emission will also contribute to the overall signal, which gives rise to a

moderate cross-peak intensity and a strong bleach on the diagonal.
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Figure 2: (a) Full spectrum 2D CIR surface of HgSe-OLA QDs at a waiting time t,=5 ps and (b) a schematic
of the transitions contributing to the observed negative (blue) responses. The dotted lines in 2a designate
the diagonal and anti-diagonal cuts at the peaks of each P-state transition at approximately 2600 and
3100 cm™, which are presented in Figure 3.

Linewidths and Spectral Diffusion

As previously discussed, 2D IR spectroscopy can resolve the homogeneous linewidth from the total
linewidth, which includes inhomogeneous broadening that results from the distribution of physical sizes
and doping levels within the sample ensemble. The total and homogeneous linewidths are quantified from
the diagonal and anti-diagonal slices, centered at each of the two P transitions, of the 2D CIR spectrum

respectively, as illustrated by the dotted lines in Figure 2 and shown in Figure 3.

In the linear FTIR spectrum, the two P-states are overlapping and difficult to distinguish. The
diagonal slice of the 2D spectrum, where the two P-states are better resolved than in the FTIR spectrum,
is fit with two Gaussian peaks, yielding the total linewidth for each P-state. The fit of the diagonal slice of

the 2D surface at 5 ps is shown in Figure 3a and results in two Gaussians profiles with center frequencies

8



at approximately 2600 and 3100 cm™, and widths of about 500 cm, in agreement with the FTIR analysis
of Figure 1. The higher frequency peak appears narrower in the 2D spectrum than in the FTIR due to the

spectral brightness of the pump, which decreases above 3000 cm™.

The anti-diagonal at the center frequency of each of the two P-states identified above is then fit
with a Lorentzian peak to obtain the homogeneous linewidth for each. For the 2D surface at 5 ps, these
are shown in Figures 3c and 3d. The anti-diagonal slices are nearly perfectly Lorentzian, which indicate
that this linewidth is purely homogeneous in nature. The 1S.-1P,/; peak fit underestimates the true width
of the peak due to the overlapping induced absorbance peak. This width sets a minimum value for the
homogeneous linewidth. The observed homogeneous broadening is likely resulting from ultrafast, sub-
picosecond, dephasing caused by phonon scattering that is typical for crystalline semiconductors.*® Here
the homogeneous linewidths are found to be about 150 and 250 cm™, narrower than the full linewidth of
550 cm™ by a factor of more than a factor of 2. This indicates that narrow intra-band linewidths are
intrinsically possible upon further refinement of the synthesis and/or size purification, making n-doped

QDs promising candidates for opto-electronic applications in the mid-IR spectral range.
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Figure 3: (a) The diagonal cut of the 2D surface at t,=5 ps fit with two Gaussian profiles, representing the
two S-to-P transitions. (b) The homogeneous linewidths of the two P-states as a function of the waiting
time, determined from Lorentzian fits of the antidiagonal cuts at the center frequencies of each state. The
antidiagonal cut and fits from the t,=5ps surface are shown for (c) the 1S.-1P1,; and (d) the 1S.-1Ps;
transitions.

To characterize any potential spectral diffusion dynamics, we performed a waiting-time series. Select
waiting times are shown in Figure 4, with additional waiting times included in the supporting information
in Figure S2. The most striking feature of this waiting-time series is that the 2D IR spectra appear static
with negligible changes as a function of the waiting time, except for the trivial overall intensity decrease
due to population relaxation. Vibrational modes typically show a fast, picosecond, dynamic
inhomogeneity resulting from fast solvent motion, which can make the anti-diagonal slices evolve to non-
Lorentzian shapes over time. This is not observed for the QDs, showing that the electronic energy levels

in the core of the QDs are not affected by fast solvent or ligand motions. The static nature of the 2D
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surface is also captured in the waiting time dependence of the anti-diagonal width shown in Figure 3b.
Very little change in the anti-diagonal linewidth is observed. This complete absence of spectral diffusion
dynamics on molecular vibrational timescales means that the electronic energy levels of the QDs are
isolated from solvent and ligand motions. This is not trivial given the close spectral overlap between the
ligand and solvent vibrational modes and the electronic QD transitions. In summary, the spectra are
dominated by the static inhomogeneous broadening due to the nanocrystal size and doping level
dispersion within the sample ensemble. Such observations are in line with studies on the near-infrared
interband transition in PbS QDs by Park et al.'® and on visible interband transitions in CdSe.'* The ligand
shell vibrational dynamics do not influence the linewidth, ensuring colloidally dispersed infrared materials

can still show narrow linewidths.
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Figure 4: Select 2D CIR surfaces of HgSe-OLA QDs, showing little change over waiting times up to 10 ps.
Additional waiting times are shown in Figure S2 in the supporting information.

An additional sample, with a slightly smaller average size, was studied up to a waiting time of 50
ps, shown in Figure S3 in the supporting information. Other than a small frequency shift in the linear

spectrum, due to the smaller average size, the results are consistent.
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Cross-Peaks

Given the split nature of the P-manifold, we would expect population relaxation dynamics between the
P-states. If an electron is occupying the higher lying 4-fold degenerate 1P3/; state, it should be able to relax
down to the 2-fold degenerate 1P, state by dissipating its energy and flipping its spin. However, a close
look at the 2D waiting series shown in Figure 4 and Figure S3 shows no indication that the cross-peak
intensity between the two P-states increases over time, even up to a waiting time of 50 ps. This shows
that any transition time between the two P-states is at least slower than 50 ps. This result is surprising
given that the nanocrystals are composed of the heavy-element Hg, which typically induces a strong spin-
orbit coupling leading to spin flips and relaxation between the two states. Reports based on ultrafast
luminescence experiments with a ca. 10 ps time resolution indicated a similar remarkably slow intra-P
state relaxation in-line with our observations.** In addition to the spin-flip, energy conservation is required
implying that the energy of the electron needs to be dissipated to either phonons,**’ ligand vibrations
or, via Auger coupling to an empty hole level.*® ° The latter mechanism is highly unlikely as the valence
band is fully occupied in HgSe and the ‘hole’ in the isolated 1S level has no free energy levels to occupy at
higher hole energy.*! Low-frequency ligand vibrations, occurring at frequencies around 500 cm™, could
play a role but are difficult to estimate. A typical phonon in HgSe has an energy of 150 cm™, implying

multiple phonons need to be emitted simultaneously — typically considered an unlikely process.>°

Conclusion

We have acquired full spectrum 2D CIR spectra of the intra-conduction band transitions of intrinsically n-
doped HgSe QDs. The 2D CIR spectra reveal a narrow intra-band homogeneous linewidth of ~200 cm?,
indicating that the broad total linewidth is mainly due to the static inhomogeneous size and doping-level

distribution within the ensemble. This observation implies that further refinement of QD synthesis and/or
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purification can dramatically reduce the infrared optical linewidth of doped nanocrystals. Furthermore,
the two split P-states are identified in the 2D spectrum with a clear cross-peak due to a common ground
state. However, no change in the cross-peak intensity as indicative of population transfer is noticeable up
to a 50 ps waiting time, thereby setting a lower bound to the timescale of the transition between the
singlet and triplet P-states. This shows that spin is a conserved quantum number in these nanocrystals
despite being composed of Hg. Our study illustrates that full spectrum 2D CIR spectroscopy can provide
valuable information about carrier properties and optical transitions in infrared active semiconductors,
such as colloidal QDs, that currently cannot be obtained by any other means. The present 2D CIR
experiments of doped QDs, which exhibit intra-band transitions in their electronic ground state, can be
extended to virtually any QD in transient (visible or NIR pump) — 2D CIR experiments. Such experiments
can probe the intra-band transitions and dynamics of conduction band electrons and potentially also the
valence band holes of the photoinduced excitons. Alternatively, the CIR pulses can be incorporated in
mixed visible/NIR and CIR experiments in 2DEV or transient 2DVE to probe the couplings between the
inter- and intra-band transitions. In such experiments, the full spectral coverage in the mid-IR by the CIR
pulse to critical to resolve the intraband transitions. The present study thus establishes a new and exciting

frontier for 2D IR spectroscopy.

SUPPLEMENTARY MATERIAL

See Supplementary Material for further details on the HgSe QD synthesis, additional experimental details
on the two HgSe samples, and additional 2D CIR spectra.
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