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ABSTRACT: Two-dimensional (2D) semiconductors are primed to realize
a variety of photonic devices that rely on the transient properties of
photogenerated charges, yet little is known on the change of the refractive
index. The associated optical phase changes can be beneficial or undesired
depending on the application, but require proper quantification. Measuring
optical phase modulation of dilute 2D materials is, however, not trivial with
common methods. Here, we demonstrate that 2D colloidal CdSe quantum
wells, a useful model system, can modulate the phase of light across a broad
spectrum using a femtosecond interferometry method. Next, we develop a
toolbox to calculate the time-dependent refractive index of colloidal 2D
materials from widely available transient absorption experiments using a
modified effective medium algorithm. Our results show that the excitonic
features of 2D materials result in broadband, ultrafast, and sizable phase

modulation, even extending to the near infrared because of intraband transitions.
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In the past decade, inorganic nanoscale materials have been
shown to be attractive materials to fabricate solution-
processable optoelectronic devices."” Several groups have used
their remarkable light—matter coupling to realize both cost and
energy-efficient operation, e.g. as light-emitting diodes and
integrated lasers."” > In particular, materials that show strong
room-temperature excitonic features, such as two-dimensional
(2D) nanoplatelets (NPLs)®” or transition-metal dichalcoge-
nides (TMDs),” are highly desired as they combine inter- and
intraband transitions with narrow line widths and large
oscillator strengths.” To date, a very thorough understanding
has been built up regarding the interaction of light with these
materials.”®'° In particular, the effect of photoexcitations on
the way light is absorbed or emitted has been studied, which is
key to designing light-absorbing, -emitting, and -amplifying
composite media.'""*

However, light is more than the intensity of the electric field.
Many photonic devices rely on materials to achieve
manipulation of the phase. Examples include mode-locked
lasers, ultrafast on-chip modulators, etc.'”'* Strong modu-
lations of the (real part of the) refractive index An of an
embedded material impart a phase change A¢ (xAn) when
light propagates through the device. Such modulations are
obtained when, for example, charge carriers are generated,
either electrically or optically, which leads to strong changes of
the absorbance and, by virtue of the Kramers—Kronig

relations, to changes in the real part of the refractive index."”
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Phase shifts are sometimes also unwanted, such as for high
Q-factor photonic cavities”'" or waveguiding thin film devices
such as solar concentrators.'® In this context, a small index
change can drastically alter the local photonic density of states,
impacting light confinement or propagation.'®™"® Similarly, the
analysis of transient absorption experiments on thin films are
often complicated by transient photorefractive effects.'”*’

Clearly, a proper quantification of refractive index changes
present in 2D materials is desired. As mentioned above,
modulation of the refractive index entices a phase change. Such
changes are difficult to measure as most detection schemes rely
on intensity. Moreover, most of the high-quality colloidally
dispersed 2D materials, such as II-VI NPLs,”'" perovskite
quantum wells"** or colloidal TMDs,**** are obtained in
dilute ensembles, such as colloidal dispersions, which implies
only small modifications of the composite’s total refractive
index will be observed. The question thus arises of how the
strong excitonic nature of optical transitions found in
(colloidal) two-dimensional materials can transiently affect
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Figure 1. Experimental observation of phase modulation by CdSe nanoplatelets (NPLs) (a) Transmission electron microscopy (TEM) image of
the NPLs used in this work. Inset shows the linear absorption spectrum with heavy (HH) and light (LH) hole exciton transitions indicated. (top)
(b) 2D false color map of the change in absorbance AA measured after photoexcitation with 400 nm. (c) Spectral slice at 1 ps time delay showing
distinct bleach features at the HH and LH positions. (d) Schematic of the frequency domain interference (FDI) setup used in this work where two
probe replicas are projected onto an array detector. From the interference pattern, the phase change induced by optically pumping the NPL
dispersion can be extracted. (e) 2D false color map of the differential phase A¢ as a function of probe wavelength and time for 4.5 ML CdSe NPLs
after excitation with 400 nm. (f) Spectral slice of the phase change A¢ (mrad) at a time delay of 1 ps. We note that the zero-crossing points
correspond to the HH/LH positions, as indicated by the gray dashed lines.

the phase of light and how this change can be measured in a
reliable fashion.

Herein, we present a study of the ultrafast phase modulation
of colloidal 2D CdSe quantum wells or nanoplatelets (NPLs),
as a reference 2D system with interband exciton features in the
visible part of the spectrum and intraband features in the near
infrared.” First, we use a femtosecond frequency domain
interferometry (FDI) method to show experimentally that
broadband and sizable optical phase modulation takes place
after photoexcitation. Given the limitations of the FDI method,
we proceed to develop a framework to extract phase
modulation information over arbitrary time and wavelength
spans. Next, we show that the linear refractive index of 2D
materials can be extracted directly from the linear absorption
spectrum of a colloidal solution. Using this information, we
develop a routine to translate broadband transient absorption
(TA) experiments into equally broadband “transient phase”
experiments. A cross-check with the FDI method confirms that
our algorithm is consistent. Proceeding with this methodology,
we reveal particularly strong on- and off-resonance modu-
lations of the refractive index. Finally, our experiments also
suggest the possibility of technologically relevant near-infrared
phase modulation using spectrally narrow intraband tran-
sitions.

CdSe NPLs are obtained through a colloidal synthesis as
scatter-free dispersions with high luminescence quantum yields
up to 80%, see also Supporting Information $2.%*> Figure la
shows a transmission electron microscopy (TEM) image of the
sample used, showing a lateral area of 34 X 9.6 nm” The
thickness is atomically defined at 4.5 monolayers of CdSe (1.37
nm).”” The overlay of Figure la shows the linear absorption
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spectrum of the platelets dispersed in hexane. The spectrum is
composed of typical II-VI semiconductor exciton transitions
related to heavy (HH, 510 nm) and light hole (LH, 480 nm)
states coupled to the same conduction band level.”'"*” We
note that no subgap scattering occurs, eftectively putting the
extinction to zero for all wavelengths beyond ca. 520 nm.

First, we use femtosecond transient absorption (TA)
spectroscopy to study the effect of photogenerated charges
on the optical transitions. In these commonly used experi-
ments, a short 110 fs pulse at 400 nm is used to photoexcite
the CdSe NPLs in solution creating, after rapid thermalization,
a number (N) of heavy-hole excitons, see Supporting
Information S3.1. Next, a broadband probe pulse, orthogonal
in polarization to the pump (see Supporting Information $3.3),
measures the change of absorbance AA(J, t) which is resolved
in time and wavelength, as is shown in Figure 1b using a false
color map. Figure 1c shows a spectral slice of the TA map at 1
ps, where we observe strong bleach features (AA < 0) at the
heavy and light-hole exciton lines due to state filling and an
induced absorption due to exciton-biexciton transitions.”® The
absorption (change) is connected to the imaginary part k of
the complex refractive index # = n + i-k. Consequently, a
sizable modulation of the real part of the refractive index n
could be expected, as both are connected through the
Kramers—Kronig relationship.

To verify our expectation, we experimentally demonstrate
refractive index modulation An by measuring the ensuing
optical phase modulation A¢) (xAn) imparted on a colloidal
dispersion of NPLs. Following the method initially conceived
by Tokunaga® and optimized by Tamming et al,'® we
measure the phase change of a broadband probe beam using
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Figure 2. Steady-state complex refractive index of CdSe NPLs. (a) Ground state absorption spectrum plotted as the intrinsic absorption coefficient
Uio- Inset shows a summary of the iterative procedure used to translate the y,, spectrum into the permittivity function &y, which is shown in panel b.
Dotted lines indicate the bulk dielectric function of CdSe. (c) Calculated complex linear refractive index 71, = n, + ik, of the NPLs from the
permittivity function in panel b. The (complex) bulk CdSe refractive index is shown in dotted lines as reference. The vertical gray dashed line
indicates the 4 eV point from which the dielectric function is assumed to be bulk-like toward shorter wavelengths.

frequency domain interference (FDI). In short, a probe beam
is split in a pair of reference and detection beams using a
Michelson interferometer and follow the same optical path
through the sample and spectrometer to produce interference
fringes on a multichannel detector, see Figure 1d. The
reference pulse arrives at the sample approximately 2 ps
before the probe, with the pump arriving between the probe
and reference, such that only the probe interacts with the
excited sample. Thus, photoinduced changes to the sample
refractive index results in a phase shift of the interference
fringes, which is recovered as a phase-shift spectrum.

Figure le shows a false color map of the differential phase
A¢ obtained after 400 nm photoexcitation with (N) = 4.7. We
note that the phase change entices that of the composite
medium, being NPLs in hexane. Because hexane is not
responsive to the 400 nm pump, we assign this phase change to
a change of the dispersed NPL'’s refractive index. However, the
composite dielectric nature of the composite medium (m)
does not allow us to directly link this measured composite
medium phase change to the refractive index change of the
NPLs themselves, a point we will come back to further. Indeed,
the phase change in a composite medium with path length L is
the consequence of the medium’s refractive index change
(An,,) and can be written as

A¢p = An,(An, n,, f)27ﬂL 1

where An is the modulation of the real part of the NPL’s
complex refractive index #, n, is the solvent refractive index,
and f is the volume fraction of NPLs in the dispersion. Figure
1f shows the phase shift spectrum at 1 ps, indicating that strong
modulations take place around the heavy and light-hole
resonances. Clear zero-crossings correspond to the bleach and
absorption maxima at the HH and LH positions.

Clearly, sizable and broadband phase modulation is possible
using CdSe NPLs. However, FDI requires a high spectral
resolution. Therefore, the grating dispersion, sensor’s pixel size,
and achievable probe spectral density are severe limitations
resulting in a detection up to 1.5 ps time-delay only and a
narrow 40 nm spectral window. Broader spectra can be
obtained by stitching probe windows. To overcome these
limitations, we proceed to develop an algorithm to use the
more extensive TA data sets directly.
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To extract the real part of the refractive index, we can rely on
the Kramers—Kronig (KK) relations, which connect real and
imaginary parts of a material’s refractive index. Despite the
simple premise of the KK relations, the experimentally
accessible absorption spectrum of colloids is not trivially
connected to the dielectric function €, or equivalently the
complex refractive index n = €,/,, of the material. NPLs in
particular consist of an inorganic core and a shell of organic
ligands, dispersed in a transparent, low-permittivity solvent.
Such a composite nature complexes the analytical expressions
connecting absorption to the refractive index and vice versa.
One can write down an analytical expression for the accessible
1n(10)4,

fL
Supporting Information S4—S4.2, for randomly oriented NPL
absorbers, which is connected to the dielectric parameters of
the nanoparticle (€ = eg + i€;) and the solvent (¢,) through the
Maxwell—Garnett effective medium approach:*

_ 2r 1 2 2 2
”i - \/e—s/l g(!fLF,xl + !fLF,yl + !fLF,zl )el (2)

where € is the imaginary part of the NPL refractive index, 4 is
the wavelength of interest, and fip; is the local field factor
along the different spatial directions. Using an electrostatic
approximation, we can write the local field factors explicitly
depending on the shape of the nanoparticle:

intrinsic absorption coefficient y, = , see Figure 2a and

€

fLF'i - e+ L(E—¢) (3)

where L; is called a depolarization factor and ¢, is the solvent
dielectric function. Clearly, the complex dependence of fp
does not allow a straightforward extraction of &, from .
However, several groups showed that it is still possible to
extract the complex dielectric function for zero-dimensional
quantum dots (QDs) when making only a few assump-
tions.”"** First, the dielectric function is taken as equal to the
bulk dielectric function at high energy, here for example below
310 nm, an assumption that formed the basis of the calculation
of y;y from theory and was shown experimentally to be
valid. 0333 Next, we know that the dielectric function has a
zero imaginary part at photon energies below the band gap, as
observed experimentally because of zero absorbance. Combin-
ing the above considerations, one can devise an iterative
procedure to extract the NPL dielectric function based on a
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Figure 3. Overview of (4, t) nonlinear absorption spectroscopy. (Top) False color map of ; across the visible and near-infrared spectrum.
(Bottom) Slices of the color maps at 3 ps for increasing fluence, expressed as an average number of absorbed photons per NPL, (N). Note that for

the top and bottom, the infrared response has been scaled by a factor 20.

cycle of perturbations of the bulk dielectric function, subscript
b, using the KK relations and comparisons of the resulting
calculated y; with the experimental one in each iteration step
(k), see inset Figure 2a. As laid out by several groups,’"”” these
perturbations were obtained from a linearized version of the
Maxwell-Garnett (MG) relations. This approach has resulted
in excellent convergence and detailed knowledge of the
dielectric function of quantum dots.”"**

We adapted this procedure to include generalized
depolarization factors that depend strongly on the shape of
the NPLs. Supporting Information S4 discusses in detail the
flow and complications of this modified procedure. Figure 2b,c
shows the result by plotting the complex linear (subscript 0)
permittivity €, = €g + i€y and refractive index 7y = ny + ik,.
We can see small deviations from the bulk refractive index and
permittivity at short wavelengths (dashed lines) and strong
derivative-like features around the heavy- and light-hole
exciton features. Our results are in good agreement with a
recent report from Zhansg et al., who used ellipsometry on thin
films of nanoplatelets.”” We note that the refractive index
calculated using the algorithm method is the index of the
nanoplatelets themselves, independent of the environment.

On the basis of the excellent convergence of the KK
algorithm, we now have a procedure to go from normalized
absorption spectra to the complex refractive index 7 and
eventually the desired real part n. Such spectra are exactly
offered by transient absorption spectroscopy on ultrafast time
scales. Indeed, we can normalize the transient absorbance A(4,
t)(= Ap(A) + AA(4, t)) spectra to represent ;(4, t), the time-
dependent and nonlinear intrinsic absorption coefficient.'”**”
Figure 3 (top) shows a typical color map of y;(4, t) across the
visible and near-infrared spectrum for (N) = 110. Every
horizontal slice of this map represents a normalized absorption
spectrum that can be converted into a # spectrum using the
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algorithm outlined above. As such, a complex # will be a time-
and wavelength-dependent quantity 71(4,t) = n(A,t) + ik(4,t). In
a final step, we can calculate back the change of real part of the
refractive index An, as An(4, t) = n(4, t) — ny(4). The latter is
required to calculate the phase change of the composite
medium, see eq 1, and cross-check our algorithm with the FDI
measurements of Figure 1.

Focusing first on the y,(4, t) input, we show in Figure 3
(bottom) a summary of the fluence dependence at 3 ps in the
visible and near-infrared part of the spectrum. Similar to the
observations of Tomar et al, we observe an increased
saturation of the HH/LH absorption.'” The absorbance also
turns ne§ative, indicating the occurrence of net optical
ga\in.s’w’1 In the near-infrared, we observe the clear emergence
of the well-defined intraband transition (IB). As confirmed by
Diroll et al., we can assign this feature to an electron-related
intraband transition.”®

Figure 4a shows the calculated map of An = n — ny, ie., the
change in the real part of the refractive index of the NPLs,
together with ny, the linear refractive index (black line), for
(N) = 110, equivalent to a surface carrier density of 4.5 X 10"
cm ™2 We should note that this density corresponds most likely
to a mixture of free charges, excitons, and biexcitons.'’ We
observe a clear connection to the bleach features of Figure 1b
as derivative signatures are observed around the HH and LH
exciton positions (485 nm/512 nm). Extending into the near
infrared, a sizable modulation is also observed around IB.
Moreover, a broad sub-band gap modulation is observed in the
region of 550—950 nm, where no steady-state absorption is
present.

We note that our model yields the modulation of the NPL
refractive index and is as such an intrinsic change at the level of
the nanoparticle. To directly compare this to the phase shift of
the FDI experiments, we need to calculate the effect of a
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Figure 4. (a) False color map of the transient refractive index of 4.5 ML CdSe NPLs obtained via the KK methodology. (b) Comparison of the
phase change between the FDI experiment (red) and the KK model from TA data (black), evaluated at 1 ps. (c) Fluence-dependent refractive
index modulation of CdSe NPLs evaluated at 3 ps for increasing exciton density expressed by (N) for the (c) visible and (d) near-infrared
spectrum. (e) Carrier density scaling of the refractive index modulation An at 3 ps for select wavelengths (see arrows in ¢ and d) for excitation at
400 nm: the light-hole resonance (470 nm), the heavy-hole resonance (513 nm), the subgap region (600 nm), and the intraband transition (1050
nm). The vertical dashed line indicates the regime of 1 excitation per NPL. Pink triangles indicate the response for 510 nm resonant excitation
probed at the heavy-hole position. (f) Normalized kinetics of the An at the select wavelengths. The horizontal dashed line indicates the 1/¢> point

used to extract the limit for the modulation time constant (318 ps).

change in the NPL refractive index An on the whole composite
medium (solvent, NPLs) measured using FDI. Figure 4b
shows the comparison between the experimental FDI phase
change (red) and the phase change obtained from our
algorithm approach, see Supporting Information S6. Both the
magnitude, the sharp derivative shape figures around the HH/
LH resonances, and the subgap modulation of the phase shift
are retrieved quantitatively. This excellent match again
confirms that we can use the iterative algorithm presented
earlier to obtain the absolute (and transient) refractive index
(changes) reliably.

Having confirmed the KK approach, we proceed in Figure
4c¢, d to show the spectra of An at 3 ps for increasing carrier
densities. Figure 4e shows the fluence scaling at select
wavelengths indicated in Figures 4c, d: at the HH resonance
(510 nm, ny = 3.45), the LH resonance (485 nm, n, = 3.2), the
sub-band gap (600 nm, n, = 2.9), and the near-infrared
intraband transition (IB, 1050 nm, n, = 2.7). First off, we
observe above-unity modulation at high carrier density for HH,
corresponding to An/ny, > 0.3. Tomar et al. showed that
optical gain occurs in that spectral range so clearly these
modulations will affect cavity design for lasers based on these
materials."’ On the LH resonance, the modulation is equally
intense leveling off at around An &~ 1. For the subgap
modulation at, e.g.,, 600 nm, a maximum relative change An/n,
= 0.13 is observed. Finally, we also report on resonant pump
(510 nm) experiments in the Supporting Information S3.2 that
indicate even stronger modulations are possible. Increased
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saturation of the exciton lines for cold charges lie at the root of
these observations. We highlight that the modulations keep
scaling with carrier density, even if the composition of the
latter changes from purely excitonic to an admixture with free
charges and biexciton complexes.

It is worthwhile to compare the values of index modulation
obtained to literature reports on 2D systems, such as epitaxial
quantum wells or TMDs.””~*' Typical refractive index changes
are limited to 0.01 for off-resonance and to 0.1 for on-
resonance modulation for carrier densities generated electri-
cally close to 1 X 10" cm™. For our experimental scenario
NPLs offer stronger modulations at comparable surface density
and even exceed epitaxial 2D materials for resonant
modulations. The work of Park et al. showed that decreasing
quantum well thickness down to ca. 7 nm improves the
modulation depth at fixed carrier density, an effect ascribed to
the increased excitonic character of the band edge transitions.
The even stronger modulation observed here for the extremely
thin 1.37 nm CdSe quantum wells fits within that concept,
indicating the importance of excitonic effects.

Rapid multiexciton recombination will quench the modu-
lation,”” yet Figure 4e shows that even for regimes of single
excitations per sheet (vertical dashed line) (N) < 1, or sheet
densities below 1 X 10! cm™ a sizable modulation is
achievable. Figure 4f shows the full kinetics at the same select
wavelengths as Figure 4e for a fluence creating (N) =
110.5"™* On the basis of the 1/¢* limit, shown as the
horizontal dashed line in Figure 4f, modulations should be
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feasible at a rate close 3.5 GHz (285 ps) across a wide spectral
window.

In summary, a framework to measure and calculate the
steady-state and transient complex refractive index of colloidal
2D semiconductors, from routine UV/vis and TA data,
respectively, was presented and cross-checked experimentally
using frequency domain interferometry. As a case example, we
identified ultrafast, broadband, and strong phase modulation in
colloidal 2D CdSe quantum wells. We argue that the highly
excitonic nature of the optical transitions is responsible for the
broad and sizable nature of these effects. The narrow intraband
features of atomically precise 2D materials furthermore open
up exciting possibilities of substantial and fast phase
modulation in the near-infrared range.
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