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ABSTRACT

Solution processed quantum dot (QD) lasers are one of the holy-grails of nanoscience. They
are not yet commercialized because the lasing threshold is too high: one needs > 1 exciton per
QD, which is hard to achieve due to fast non-radiative Auger recombination. The threshold can
however be reduced by electronic doping of the QDs, which decreases the absorption near the
band-edge, such that the stimulated emission (SE) can easily outcompete absorption. Here, we
show that by electrochemically doping films of CdSe/CdS/ZnS QDs we achieve quantitative
control over the gain threshold. We obtain stable and reversible doping more than two electrons
per QD. We quantify the gain threshold and the charge carrier dynamics using ultrafast
spectroelectrochemistry and achieve quantitative agreement between experiments and theory,
including a vanishingly low gain threshold for doubly doped QDs. Over a range of wavelengths
with appreciable gain coefficients, the gain thresholds reach record-low values of ~10-°
excitons per QD. These results demonstrate an unprecedented level of control over the gain
threshold in doped QD solids, paving the way for the creation of cheap, solution-processable

low-threshold QD-lasers.
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INTRODUCTION

Colloidal semiconductor quantum dots (QDs) are attractive materials for solution-processable
and color-tunable lasers'*. Additionally, having discrete electronic states with finite
degeneracy, QDs are ideal systems to achieve low threshold optical gain, promising a reduction
of the threshold current in lasers. However, the larger-than-unity degeneracy of the conduction
and valence-band levels implies that multiexcitons are required to achieve population inversion
in QDs, i.e. for stimulated emission (SE) to outcompete absorption. Since Auger recombination
is efficient in QDs®, multiexcitons have short lifetimes, typically < 100ps, implying that it is
difficult to achieve/maintain a population sufficient for gain. Additionally, ultrafast charge-
carrier trapping can compete with the build-up of optical gain when the trapping rates are

similar to the time for the QDs to achieve population inversion®.

A controllable method to suppress absorption employs QD charging’=. In 2004, pioneering
work on electrochemical charging by the group of Guyot-Sionnest showed a reduction in the
threshold for amplified stimulated emission (ASE)!°. Recently, Wu et al. demonstrated nearly
thresholdless optical gain using photochemical doping as a strategy to charge the QDs!'!, which,
when coupled to a distributed feedback grating, shows sub-single exciton lasing.'?. While these
recent results show the promise of QD charging for lasing, there is limited and only temporary
control over the charge density and as a result, thresholdless gain has not been achieved.
Electrochemical doping has the advantage that the electrochemical potential can be fixed and
held constant over a QD film. When the QDs are sufficiently passivated with stable shells, this

results in a stable and homogeneous doping density of the QD film.!3!4
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RESULTS AND DISCUSSION

We synthesized wurtzite core-shell-shell CdSe/CdS/ZnS QDs for the experiments presented
here. Details regarding the synthesis can be found in references'>-!7. The steady-state absorption
and photoluminescence (PL) spectra, and a representative transmission electron microscopy
image are shown in Figure 1(a). The epitaxial shells increase the absorption cross-section of

the QDs at the excitation wavelength, boost the electrochemical stability of the QDs!* and lead

to a PL quantum yield of 81% in solution.
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Figure 1: Benchmarking the neutral CdSe/CdS/ZnS QDs in solution. (a) Steady-state
absorption and PL spectra of the CdSe/CdS/ZnS QDs used throughout this work. The insets
show a TEM micrograph of the QDs, which have a diameter of 10.9+1.0 nm, and a schematic
of the QDs. (b) 2D TA image for a pump wavelength of 400 nm and excitation density of <Nx>
=7.9. The black dotted line shows the steady-state absorption spectrum. (¢) Time-dependent
excited state absorption spectrum (or gain-map), obtained from (b), where all the positive

absorption is colored black, and the negative absorption (gain) is colored following the scale
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bar. (d) Spectral slices at a pump-probe delay time of 5 ps for increasing pump-fluence. The
left image displays the differential absorption spectra, whereas the right image shows the
excited-state absorption spectra. (e¢) Quantification of the optical gain threshold in solution,
showing -AA (@ 5ps pump-probe delay time) versus <Nx>. The red line indicates a heuristic
fit (increasing exponential function) to the data, used to determine the gain threshold. (f)
Schematic of the mechanism for low threshold optical gain in undoped and doped QDs. Upon
above-bandgap-excitation, both the electron and hole will cool down to the band-edges. In the
n-doped QDs, the 1S absorption transition is already blocked. Hence, stimulated emission does

not have to compensate for the absorption process, which leads to zero-threshold optical gain.

To benchmark these QDs we first measure the optical gain threshold in solution. We determine
the absorption cross section (0 = 3.6+0.2 -10-"* cm? at the 400 nm pump wavelength) of the
QDs, from the fluence dependence of Auger recombination ¢'®. Using the measured photon
fluence J, we determine the average number of photogenerated excitons per QD, <Nx> = Jo.
Figure 1(b) shows a colormap of a TA measurement on the QDs. By adding the steady-state
absorption, Ay, to the transient absorption, we obtain a gain map, as shown in Figure 1(c),
showing in color the region of the spectrum characterized by negative absorption in the excited
state, i.e. optical gain. To quantify the gain spectra and gain threshold, we take spectral slices
at 5 ps, after thermalization of hot carriers, which is shown in Figure 1(d). The gain of the
lowest the energy transition ((1S(e) — 1S;,(h), the 1S transition) starts redshifted compared to
the steady-state absorption spectrum, but shows a distinct blueshift with increasing excitation
fluence (to a maximum of 20 meV). This is in agreement with models by Bisschop et al.", who
showed that the biexciton binding energy becomes repulsive when thick CdS shells are grown

around the QDs.
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To quantitatively evaluate the optical gain, we spectrally average the TA spectrum over the
band-edge transition at 5 ps time delay [dashed vertical lines in Fig 1(d)]. Comparing the
averaged bleach, presented in Figure 1(e), with the average absorption over the same
wavelength range (horizontal dashed line), we determined the 1S gain-threshold <N, s> to
be 1.55+0.07 excitons per QD. This is in quantitative agreement with the theoretical value of
<Nguinis> of 1.54 for a two-fold 1S(e) and four-fold 1S;,(h) degeneracy, determined
considering a Poissonian distribution of excitons over the QD?°. Furthermore, we observe that
the absorption of the 1S transition is completely inverted at 5 ps for the highest pump fluence
(<Nx>=9.1). At high pump fluences (<Nx> = 3.5), also the second transition (1S(e) — 2S;,(h),
the 28 transition) shows optical gain. These results show that the neutral QDs behave nearly

ideally and their gain properties are understood quantitatively.
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ELECTROCHEMICAL DOPING OF QD FILMS

To quantify the relationship between optical gain and electronic doping, we need precise
control over the doping density inside the QD film. Using spectroelectrochemical (SEC)
measurements, we controllably inject carriers into the QD films, monitoring changes in the
photoluminescence and absorption of the film to determine the doping density. We prepared
QD-films by spincoating a QD dispersion in toluene on a conductive ITO-on-glass substrate,
followed by crosslinking the QDs with 1,7-diaminoheptane, to ensure the films have a good

electron mobility.

Figure 2(a) shows SEC differential absorption (AAsgc) measurements. We sweep the potential
between the open circuit potential (-0.30V vs. the Ag pseudoreference electrode (PRE), i.e. -
0.77V vs.Fc/Fc*) and -1.50V (i.e.-1.97V vs. Fc/Fct), while measuring the change in absorption
of the QD film. Upon electron injection into the conduction band of the QD film, we observe
a decrease of several absorption transitions as a result of state filling of the 1S(e) conduction
band level. Figure 2(a) shows three electrochemical cycles, highlighting the excellent
reversibility of AAsgc. AAsgc-spectra at selected potentials are shown in Figure 2(b). The
magnitude of the band-edge bleach is equal to the ground state absorption (A,) at roughly -
1.4V, indicating that the 1S(e) level is completely filled. Figure 2(c) shows the corresponding
SEC photoluminescence spectra as a function of applied potential. The PL intensity drops
severely upon electron injection into the conduction band, an expected consequence of
increased Auger decay in the n-doped QDs'. Figure 2(d) shows PL spectra at different

potentials.
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Figure 2(e) shows the absorption spectra of the charged QD films, i.e. the sum of the AAggc-

spectra and the ground state absorption spectrum. The 1S transition becomes transparent at -

14V.

To quantify the charge density, we fitted a Gaussian to the 1S absorption bleach feature at every
potential, as well as to the 1S feature in the ground state absorption spectrum. The average
number of electrochemically injected electrons in the 1S(e) level is given by <n;se> = 2:AA 5/
Ao,ise), Where we use the Gaussian amplitudes of the fitted 1S absorption and absorption
bleach®. The resulting values of <n;s.> at each potential are shown, together with the
normalized PL intensity, in Figure 2(f). Charging and discharging of the QD film is fully
reversible, as the number of electrochemically injected electrons into the 1S(e) level oscillates
between zero and two. Furthermore, we observe that the absorption bleach increases at the

same potential as the PL starts to quench, a good indication of trap-free and electrochemically

stable QDs!32!,
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Figure 2: Spectroelectrochemistry on a film of CdSe/CdS/ZnS QDs. The potential during
all SEC measurements was swept three times between the open circuit potential and -1.5V to
check for sample stability. (a) SEC absorption measurements. Injection of electrons into the
conduction band of the QDs is observed by bleaching of the band-edge (around 615 nm) and

CdS shell (< 550 nm) transitions. (b) AAsgc spectra at different potentials. Charge injection
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starts around -1.1V. Note that the band-edge bleach amplitude at the most negative potentials
equals the amplitude of the absorption spectrum. (¢) SEC PL measurements. As electrons are
injected into the conduction band of the QDs, the PL. quenches due to Auger recombination.
(d) PL spectra at different potentials. The PL amplitude decreases due to enhanced Auger
recombination. (e) Total absorption of the QD film, i.e. AAsgc+A,. The band-edge transition
becomes transparent at -1.4V. (f) Normalized PL and amplitude of the band-edge bleach as a
function of applied potential. The drop in PL coincides with the injection of charges into the
conduction band of the QDs, indicating a relatively trap-free QD film. The number of

electrochemically injected 1S(e) electrons oscillates between zero and two.

ULTRAFAST SPECTROELECTROCHEMISTRY

To characterize the gain response of n-doped QD films, we performed fs transient absorption
(fsTA) measurements while electrochemically controlling the doping density, which we refer
to as ultrafast spectroelectrochemistry. The differential absorption signal, AAra, can be added
to the steady-state absorption spectrum of the sample to obtain the excited state absorption. The
gain threshold is defined as the first excitation fluence resulting in a negative excited state

absorption.

Figure 3 presents excited state absorption spectra for 400 nm excitation as a function of pump-
probe delay time for various electrochemical doping densities ranging from <n;se> = 0 to 2

and excitation fluences ranging from <Nx> = 0 to 6.6. As optical excitation of a thin film of
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semiconductor material results in changes in both the absorption and reflection of the film, all

TA spectra are corrected for changes in reflectivity of the sample after photoexcitation?.

b <N,>=13 C <N>=19
e <Nise” = 0 10° 0
102 10%

Pump-probe delay (ps)

500 550 600 650 700 500 550 600 650 700 500 550 600 650 700 500 550 600 650 700
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Figure 3: Reduced threshold optical gain upon doping the QD solid with two electrons
per QD. Excited state absorption maps (excitation at 400 nm) as a function wavelength and
pump-probe delay time. The upper panels show absorbance of the undoped QD solid (<n;5,>
= 0), whereas the bottom panels show the doped QD solid (<n;se> ~ 2). (a) The low fluence
data (<Nx> = 0.3) were multiplied by 10 for clarity. The doped QD solid already shows optical
gain around 620 nm at the lowest excitation fluence. (b) For <Nx> = 1.3, slightly below the
theoretical threshold of <Ng,> = 1.54 for the undoped QDs, no signature of optical gain is
observed in the undoped QDs, whereas the gain amplitude is increased for the doped solid. (¢)
For <Nx> = 1.9 a small amount of optical gain for the undoped QDs is observed. (d) For high
photoexcitation density, resulting in <Nx> = 5.9, both the undoped and doped QD solid show
full inversion of the 1S transition, and a shorter-lived gain signal originating from the 2S
transition.

The top row of Figure 3 shows gain maps for the undoped film, i.e. <n;5.> =0 (-0.3V vs Ag.
PRE), whereas the bottom row shows gain maps are for <n;s> = 2 (at -1.5V vs. Ag PRE).
From left to right the excitation density increases. Figure 3(a) shows the excited state

absorption map for <Nx> = 0.3. For clarity, the signal amplitude is multiplied by 10. For the
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undoped QD film we do not observe any optical gain over the measured spectral window. Upon
increasing the excitation fluence to <Nx> = 1.9, we start to observe gain from the 1S transition
in Figure 3(c). At the highest fluence presented here, <Nx> = 5.9, we also observe optical gain
from the 28 transition. In stark contrast, at a doping density of <ns¢> = 2, we observe light
amplification of the 1S transition even for the lowest excitation fluence, as shown in the bottom
panel of Figure 3(a). Upon increasing the fluence, the optical gain amplitude increases, and we
again observe optical gain from the 2S transition at <Nx> = 5.9. The data qualitatively show
that electrochemical doping can drastically reduce the optical gain threshold. In the remainder
of the manuscript we will quantify the relationship between optical gain, density of

electrochemically injected carriers and density of excitons.
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Figure 4: Quantification and modelling of measured optical gain and determination of
device-relevant parameters. (a) <n;s> versus the applied electrochemical potential. Blue
datapoints represent the experimentally determined charge density, the red solid line is a Fermi-
Dirac fit. The inset shows the distribution of neutral, singly-charged and doubly-charged QDs
vs. applied potential as extracted from the fit. (b) Gain threshold <N, s> versus the average
number of electrochemically injected electrons per QD <n;s.>. The blue datapoints represent

the experimentally determined threshold, the solid red line is a model based on Poisson
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statistics for photon excitation, Fermi-Dirac statistics for electron filling, and transition
counting to estimate the absorption cross section of the band-edge transition. (¢) Gain lifetimes
as a function of <Nx> for the neutral and doubly charged QD film. The blue and red dots are
experimental data points, and the lines represent a model based on coupled rate-equations (with
<nise> = 1.95, 1.9 and 1.85 going from top to bottom). (d) Single wavelength gain threshold
<Nginy> vs. wavelength for the neutral and <n;s> = 2 doped QD film, shown as the blue and
red squares respectively. For comparison, we also show the excited state absorption spectrum
for the neutral and charged film for <Nx> = 5.9 (blue and red solid lines respectively), to
demonstrate that the optical gain threshold vanishes at wavelengths where there is an
appreciable gain coefficient. (e) a zoom-in of (d) the spectral region from 600-700 nm, plotted
on a logarithmic scale. We observe <Ng,;> = 10°-10 in regions with significant negative
absorption. (f) Gain coefficient at 605 nm for various doping densities. The gain coefficients

saturate around 800 cm!.

Finally, we combine all experiments shown above to develop a model that quantitatively
describes optical gain in doped QDs. We model the excited state absorption in a QD film using
the transition model counting model discussed in ref®. As inputs we need to know the
distribution of electrons and excitons over the QDs at each potential. First, fitting a Fermi-
Dirac distribution for a two-fold degenerate level to <n;s> as a function of the applied
potential, shown in Figure 4(a), we obtain the fraction of neutral, singly charged and doubly
charged QDs at each potential. Combined with a Poisson distribution of <Nx> at each fluence
this allows us to predict the gain threshold <N, s> as a function of <n;s¢>. The modelled

excited-state absorption is:

Agnsemble ((Nx), (n15(e))) = Z%echem=0 Zxﬁg"f((nls@))  P({Nx), N) 'A*(N» (nls(e))) (1)
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with P({Ny), N) a Poisson distribution for the exciton density and f ((n15(e))) a Fermi-Dirac
function describing electrochemical state-filling of the 1S(e) level (see SI, section S1).
Equation 1 is numerically solved to determine the value (Ny) where A" psempie = 0. The prediction

from this model is shown as the red solid line in Figure 4(b).

The data points in Figure 4(b) show the measured gain threshold <N, ;s> as a function of
<n;se>, showing a decrease in threshold with increasing <n;s.>. Note that the red solid line is
not a fit to the data, but a predication based on independent experimental observables (i.e. the
absorption cross section from fluence dependent Auger recombination data. The match
between the experimental gain thresholds and the model prediction is excellent, demonstrating

that we have quantitative control over the gain threshold, both experimentally and theoretically.

In Figure 4(c) we present the lifetime of the optical gain signal for the neutral QD film (<n;5,>
= 0, blue datapoints), and the QD film with on average two electrons per QD (red datapoints).
We define the optical gain lifetime as the amount of time after photoexcitation that the average
excited state 1S absorption remains negative. The extracted gain lifetimes increase with both
increasing <Nx> and with increasing <n;s.>. For undoped QD films the highest gain lifetime
is ~0.5 ns, while for doped QD it reaches ~1 ns. To model the gain dynamics, we set up a
system of coupled differential equations that take Auger decay of (charged) multiexcitons into
account. From the fluence-dependent fsTA data, we extract a biexciton lifetime of 310 ps. We
assume that Auger rates scale with the number of electrons and holes as outlined by the group
of Klimov>232*, which allows us to model the cascade of Auger processes controlling excitonic
decay. As shown in Figure 4(c), we get good quantitative agreement with the experimental

data.
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These results demonstrate the possibility to use our analytical model to accurately describe the
relationship between the carrier population and optical gain in QD solids. Furthermore,
complementing the transition counting model with a description of excitonic decay allows a
precise prediction of the gain lifetime. Having been validated on this dataset, the model
provides useful insight on the lasing characteristics of different QD materials of known band-
edge degeneracies and Auger lifetimes, and can be used to direct the development of novel
devices.

So far, we have focused on the spectrally averaged gain threshold <Ngn s>, as this is most
insightful to study the effects of state filling on absorption and stimulated emission, without
complications from spectral shifts that result from doping or optical excitation. However, for
practical applications, a more relevant value is the gain threshold at a single wavelength, where
light amplification is to take place, <Ngn)>. In Figure 4(d) we plot <N.in)> as a function of
wavelength for the undoped (blue squares) and the <n,s.> = 2 charged (red squares) QD film.
The decrease of the optical gain threshold is clearly visible for the 1S transition, highlighted
with the yellow area in the graph. For comparison, the gain coefficient spectra (at a fluence of

<Nx> = 5.9) are also plotted in the same figure. These are obtained from the excited state

—A*In(10)

absorption spectra and the film thickness d =116 + 13 nm,as g = .

Figure 4(e) shows a zoom of Figure 4(d), but on a logarithmic scale. We observe that the
threshold practically vanished for the doped film over a significant wavelength range. It
becomes clear that, defined at a single wavelength, the gain threshold is somewhat arbitrary.
In addition to a low threshold it is important that there is a significant gain coefficient at the
amplified wavelength, at least large enough to compensate for losses that occur for the optical
mode that is amplified. A typical loss coefficient in InGaAs/GaAs/AlGaAs laser diode arrays

>50 cm'.* Taking this gain coefficient as the threshold for amplification we observe a record-
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low single-wavelength thresholds of 2.5-10- excitons per QD, corresponding to a 400 nm pump

fluence of 0.4 nJ/pulse/cm?.

Figure 4(f) shows the gain coefficient at 605 nm as a function of <Nx> and for various doping

densities. At a fixed value of <Nx> the gain coefficient is always significantly higher for doped

QD films than for the neutral film. The maximum gain coefficient for the doped QD film is

~800 cm!, which is similar to the intrinsic gain coefficient of colloidal QDs in solution and III-

V epitaxial semiconductors (10° cm).®?¢ This demonstrates the great promise of

electrochemically doped QD films for use as low-threshold gain media with strong light

amplification. The next step, currently underway in our lab, is to employ electrochemically

doped QD films in devices such as DFB gratings'>?7-391227-30 'micro-disk lasers*"*!, and ring

resonators3232,

ULTRAFAST SPECTROELECTROCHEMISTRY WITH NANOPLATELET SOLIDS
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Figure 5: Optical gain in neutral and charged NPL solids. (a) Excited-state absorption maps

for different <Nx> and doping densities (neutral top row, charged bottom row). Notice how the
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maximum gain is achieved in between the HH and LH transition in the charged NPL film. (b)
The optical gain threshold as a function of electrochemical fractional bleach (doping density).
Data is spectrally integrated over the HH transition to account for spectral shifts. The gain
threshold is reduced from <Ny qin> = 1.04 to 0.02 excitons per NPL upon fully charging the
NPL film. (¢) Gain coefficients at 1.78 eV for the neutral NPL film and charged NPL film. To
calculate the gain coefficients, we measured the film thickness to be 50.8 nm and assumed a

volume fraction of NPLs of 0.5 in the film.

We perform perform similar experiments on solids consisting out of CdSe/CdS/ZnS core-shell-
shell NPLs. These nanoplatelets seem to have higher absorption coefficients than QDs in
solution due to the giant oscillator strength effect. This theoretically should also lead to higher
gain coefficients. In Figure 5(a), we present the gain maps for a solid of these NPLs. As can be
seen, we start to observe optical gain in the neutral NPL film around 1 exciton per platelet; a
value that can be rationalized based on the splitting of the heavy-hole (HH) and light-hole (LH)
bands in these quantum wells. Sharp, excitonic-like optical gain bands for both HH and LH
bands are observed at higher fluences. When charging the NPL film, we observe broadband
optical gain red shifted of the HH transition. At higher excitation fluences, the broadening

increases, and compared to the neutral film, we only observe a broad gain band.

The spectrally integrated optical gain threshold is shown in Figure 5(b). Upon charging, we
observe a decrease of the gain threshold from <Nx> =1, to <Nx> = 0.02 excitons per platelet,
i.e. we effectively completely remove the optical gain threshold in the solid. Furthermore, when
comparing the gain coefficients to those of QDs, we observe roughly three times higher
magnitudes, which are not even in the saturation regime yet. These results demonstrate that
both electrochemically charged QDs and NPLs are extremely viable candidates for solution-

processed, low-threshold lasers.
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CONCLUSIONS

We have demonstrated precise experimental and theoretical control over the optical gain
threshold in QD solids, via controlled and reversible electrochemical doping. After
electrochemically injecting on average two electrons per QD into the 1S(e) electron level, we
show that the spectrally integrated 1S gain threshold is as low as 0.09 excitons per QD. We
achieve record low single wavelength gain thresholds down to ~10- excitons per QD, gain
coefficients up to 800 cm!, and a gain lifetime of ~1 ns. Furthermore, we are able to model the
gain threshold reduction for the electrochemical charging and the resulting gain lifetimes
quantitatively. Next to this, when using CdSe-based nanoplatelets (NPLs), we reach even lower
spectrally integrated gain thresholds of 0.02 excitons/QD, and gain coefficients which go up to
2000 cm!, likely due to the giant oscillator strength effects in these colloidal quantum wells.
These results pave the way to achieve optically pumped QD and NPL lasers operating at low

excitation fluences.
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