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ABSTRACT

Post-synthetic tailoring and improvement of the light-emitting material properties is an important direction for optimization of solution pro-
cessible LEDs and recently emerged laser diodes based on nanocrystals. In this study, we demonstrate modal gain engineering by flat stamp-
ing light-emitting films of core/alloyed shell CdSe/CdZnS nanoplatelets. This film modification approach affects the volume density
occupation (D) of the emitters in the film and allows for control of the layer thickness while keeping surface roughness low and uniformity
high. The achieved level of control of the mode confinement factor (U) and optical gain is promising for better integration with resonators
and multilayered structures. Careful accounting of such parameters makes it possible to achieve higher D values and increase the modal gain
up to �2.39 times in comparison with standard spin-coating films. The modal gain enhancement and the U factor control allow us to maxi-
mize the optical gain in light-emitting devices and facilitate low-threshold lasing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0266347

The quality of the light-emitting layer made of solution-
processable materials is a key parameter in modern light-emitting
diodes (LEDs) and lasers.1 Colloidal semiconductors’ main advantage
over their epitaxially grown counterparts is the availability of various
low-cost deposition techniques,2,3 which can be used if high optical
gain values and other key parameters can be achieved.

From the material point of view, the realization of lasers requires
several conditions to be met. First, the buildup of optical gain (popula-
tion inversion) processes should be protected from the impact of fast
non-radiative Auger recombination, which requires additional mate-
rial engineering.4 Second, integration with the optical cavity demands
the creation of an active medium with precisely calculated thickness,
preserving the quality and emissive characteristics of the layer while
supporting the desired optical mode. Finally, the device design should
minimize optical losses while maintaining the electromagnetic field
effectively.5 Material engineering directly affects the value of material
gain (gmat) and, thus, contributes to the modal gain coefficient (gmod)

and amplified spontaneous emission (ASE) threshold. The modifica-
tion of intrinsic properties implies the complex challenge for the con-
trol of radiative and non-radiative energy recombination mechanisms
complicated by extrinsic factors, which often leads to a trade-off
between lowering the ASE threshold and increasing the maximum
value of gmod.

In turn, core-shell nanocrystals in the form of nanoplatelets
(NPLs) made of II-VI semiconductors are one of the most promising
families of materials for the creation of both optically and electrically
pumped solution-processable lasers.6–10 However, optimization of the
modal gain coefficient for the deposited thin films is still a big chal-
lenge, which prevents the development of commercialized laser
diodes.11 Although changing the NPL shell type from CdSe/CdSeTe
core/alloyed crown12 to CdSe/CdSeTe/CdS core/multicrown13 allowed
us to reduce the ASE threshold from 26 to 4 lJ/cm2, it also reduced
gmod values by 0.56 times at the same emission wavelength. When
comparing reported studies with CdSe/CdS/CdZnS, changing the
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design from core/crown/shell14 to core/shell/shell15 resulted in an
increase in gmod by only 4.5% while reducing the ASE threshold from
31 to 17.3 lJ/cm2. In light of the above, to better preserve charge car-
rier recombination energy with a minimum loss to Auger processes,
NPLs should have a shell with a continuously graded composition.4,16

In this regard, specially engineered core/alloyed shell CdSe/CdZnS
nanoplatelets (NPLs), also known as colloidal quantum wells (CQWs),
demonstrate a large absorption cross section and a long biexciton radi-
ative lifetime, as well as strong Auger suppression.17

Also, the resulting optical gain depends on the layer thickness
and the efficiency of active layer integration with the optical cavity,
which could be estimated via the mode confinement factor (U). For
the NPLs, the refractive index contrast at the boundary of the active
layer and the substrate contributes to an increase in U from 1% on
bare fused silica to 19.5% on 55nm thick TiO2 with a light-emitting
layer thickness of 42 nm.18 At the same time, gmod growth by 1.86 times
was noted with the increase in the NPL layer thickness from 21 to
28 nm. While in other work, an increase in the active layer thickness
from 100 to 250 nm led to a gmod decrease by 2.3 times due to a reduc-
tion of the optical pumping efficiency.19

On the contrary, there is a large variety of NPL deposition meth-
ods, such as drop-casting,20 spin-coating,21 dip-coating,22 and slot-
dye,3 and each method has different resulting homogeneity of film
thickness, smoothness quality, and NPL package volume density,
which eventually affect gmod. For example, the atomic-scale distance
variation between NPLs is a key factor in the transfer of electrons by
the hopping process.23,24 In this regard, the direct way to increase gmod

is to improve the volume density occupation of the emitters in the film
(D). This effect was demonstrated when the transition from drop-cast-
ing20 to spin-coating (SC)21 resulted in a 1.15-fold gain enhancement
in CdSe NPLs. In turn, SC approach usually faced a problem of so-
called coffee-ring formation, which also affectedD and the final quality
of the film, resulting in gmod reduction. Therefore, a cost-effective and
simple approach is needed for better control of NPL thin film parame-
ters and make themmore suitable for lasing applications.25

In this work, we apply a flat stamping method to demonstrate the
NPL layer modal gain engineering by modifying the thickness, rough-
ness, and D values of the film to overcome the problems after the
deposition. By optimizing the applied pressure on the stamp, we
achieve a shorter interparticle distance, which improves D values of
the NPL layer. As a result, the described approach lets us increase gmod

up to 2.39 times for core/alloyed shell CdSe/CdZnS nanoplatelet layers
and can be applied as an additional step to all the solution-processable
nanomaterials where the spin-coating method is used for deposition.
In general, the application of flat stamping gives an opportunity for
better light-emitting layer integration with resonators and multilayered
systems by controlling the U factor and affecting optical gain efficiency
in an active medium.

In our experiments, we used the SC method to create samples
with different thicknesses from NPL solution in hexane with a concen-
tration of 50mg/ml (samples names: SC1, SC2, and SC3) and
25.6mg/ml (SC4) by deposition on a glass substrate. At a rotation
speed of 700 rpm for SC1 and SC4, and 1000 rpm for SC2 and SC3,
60ll of solution was applied and spinned for a minute. Additionally,
the samples prepared by the SC method as well as by the layer-by-layer
deposition technique from the NPL solution with a concentration of
25.6 and 128.5mg/ml were investigated (see the supplementary

material). Atomic force microscopy (AFM, HORIBA SmartSPM -
1000) measurements yielded average thickness values around
204.3nm (SC1), 205.1nm (SC2), 161.6 nm (SC3), and 69.96 nm (SC4)
(the roughness data are given in Table S1). The thickness values of the
samples were employed in our ellipsometry measurements with a
commercial ellipsometer Accurion EP4.

To investigate the influence of the material volume density on
optical gain characteristics, the spin-coated NPL films were modified
by flat stamping as schematically shown in Fig. 1(a). In the stamping
process, standard glass slides (1� 1 cm2) were used as a stamp. The
size of the stamps, smaller than the samples (1� 1.5 cm2), made it pos-
sible to directly compare the optical characteristics of the exactly same
NPL film before and after the stamping [Figs. 1(b) and 1(c)].

The stamping regime consists of applying the pressure on the
stamp for 5min: 1500 kg/cm2 on SC1 and SC3, and 1000 kg/cm2 on
SC2 and SC4. A decrease in thickness on average to 137.4 nm (SC1S),
133.4 nm (SC2S), 143.3 nm (SC3S), and 44.3 nm (SC4S) were
observed. The modal gain characteristics of the obtained samples
were measured using the variable stripe length (VSL) technique (see
details in the supplementary material).26 The features in the intensity
growth of the ASE peak of the samples were investigated at four
fluences: 78.4, 209, 418, and 784 lJ/cm2 (Table S1). Such a range was
chosen because the NPL gain growth saturation effect is weak when
we compare it to the classical quantum dots (QD). This can be
explained by the higher surface area, which led to the multiexcitonic
properties dominating that higher gain saturation threshold in one
order from the onset of gain.27 The effect of stamping on the gmod

values of sample SC3 is illustrated in Figs. 1(b) and 1(c), as the repre-
sentative sample.

To interpret the measured data, the small signal gain model was
implemented,26

I ¼ A
gnet

egnet�L � 1ð Þ; (1)

where I is the ASE peak intensity, A is the optical growth factor, L is
the stripe length of the excitation beam, and gnet is the obtained net
modal gain. The small signal gain model assumes linearity of intensity
growth at low fluences, and the gnet values’ range coincides with the
values obtained from similar NPLs.13,15,18 The net modal gain can be
expressed as

gnet ¼ C� D� gmat � a; (2)

where gmat is the material gain, which is related to the material light-
emission properties.18 The loss coefficient a contains contributions
from light absorption and scattering during propagation through the
layer. Here, C is a “mode confinement” factor defined by the degree of
optical mode confinement within the gain medium,

U ¼
ð
NPLs

1
2
Re E � H�f gẑdxdy

.ð1
�1

1
2
Re E � H�f gẑdxdy; (3)

where E and H are the electric and magnetic fields at fixed z, respec-
tively. The integral in the numerator is evaluated across the optically
active portion of the waveguide, the NPL layers.18

Therefore, the device design parameters, such as thickness and
refractive indexes, affect the modal gain value through C, but even in
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well-designed optical gain electroluminescent devices, the mode con-
finement can reach values C ¼ 0.3–0.4 only.1

We evaluated the effect of the flat stamping on the physical prop-
erties of spin-coated NPL films, thereby on the mode confinement fac-
tor U. The stamping process improves the surface quality (root mean
square, RMS) of sample SC1S up to 3.03nm [Figs. 2(a) and 2(d)] and
for sample SC2S up to 4.2nm, while for the sample SC3S, it slightly
decreased to 4.23nm, and to 5.11 nm for sample SC4S. Such differ-
ences are due to the carefulness of the stamping process and indicate
the high initial quality of the films.

AFM measurements of samples SC1 and SC1S indicate that the
surface structure is preserved during the stamping process. However, it
resulted in changes in the light-emitting properties of the layer. To
image the impact of stamping on the NPL films, we used SEM with an
InLens (Zeiss Crossbeam 350) secondary electron detector. The SEM
image in Fig. 2(b) shows that the sample on a glass substrate after
stamping (right part) has a brighter shade. The depth of the material
layer from which we collect the signal at such a regime is about a hun-
dred of nanometers. The increase in the material volume density after
stamping results in a rise of the signal intensity from the modified part
(Fig. S3). The measured ASE threshold 17.8 lJ/cm2 [Fig. 2(e)] is com-
parable with the similar II-VI NPLs reported previously.12,15,28,29 The
PL peak position was at k¼ 641nm while the ASE peak is redshifted
in 15nm for the sample SC2 [Figs. 2(c) and 2(f)].

On the n and k curves of the NPLs, there are two characteristic
excitonic peaks referring to light and heavy holes.30 The n, k values of
the initial sample were measured by visualizing an ellipsometer in a
range of wavelengths 400–800nm (Fig. S1). Despite the lack of mate-
rial density control in SC technique, the n, k values (see additional

materials) agree with the results in the previous works for similar
materials.31

To calculate the U factor by the software Comsol Multiphysics,
the refractive index at a wavelength corresponding to the samples’ ASE
band peak, as well as the NPL layer thickness of each sample, were
taken (Fig. S5). The U parameter of the initial films was at the level of
0.93 for SC1, 0.93 for SC2, and 0.86 for SC3, which is mostly due to
the difference in the sample thickness. The waveguiding effect deter-
mines the layer thickness limit under which the U factor drops dramat-
ically. The SC4 sample, with its low thickness, is characterized by the
significant influence of the waveguide process in the substrate on the
light-emitting properties of the sample and calculated U values 0.1 far
from the effective one [Fig. S5(b)].

Parameter U decreases after the stamping process due to the
reduction of the samples’ thickness on average, to the level of 0.82 for
SC1S, 0.77 for SC2S, and 0.85 for SC3. The influence of U and NPL
layer quality coincides with the results obtained when measuring the
gnet of the samples. The surface quality improvement decreases the
losses during the waveguiding component of a, supporting an increase
in gain (Table S2).

Parameter U mostly depends on the refractive index (n) contrast
and thickness of the light-emitting layer, while gmod could be estimated
by the stimulated emission cross section (re) and density of the popu-
lation inversion (Npop.inv.),

gnet ¼ U� re � Npop:inv: � a ¼ U� re � nt �
Fp
Fs

1� Fp
Fs

� a; (4)

FIG. 1. (a) Sample preparation scheme. Net modal gain measurements result from initial SC3 (b) and stamped SC3 (b) part of the sample at different fluences made by the var-
iable stripe length method.
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where nt is the density of active centers, Fp is the pump fluence, and Fs
is the single-exciton saturation pump fluence level.6

By using Eq. (4), it is possible to assess the influence of the stamp-
ing effect on gmod of the NPL layer. Increasing the material volume
density and, as a consequence, the nt value (equal to D), brings the
gmod closer to gmat—the value depending only on the intrinsic property
of the NPLs.

With the decrease in the thickness of the light-emitting layer, the
U values also decrease dramatically, critically affecting optical gain
properties. To estimate such an effect on parameter U, simulation in
the Comsol Multiphysics was performed with a different refractive
index [Fig. 3(a)]. The high refractive index of the light-emitting mate-
rial allows us to achieve high U values even from a layer tens of nano-
meters thick.

The key parameter affecting gmod is the density of active centers
nt and a, which could be estimated by fitting measured values of gnet at
different fluences [Fig. 3(b)]. For all the samples, parameter a was fit-
ted separately and found to correlate with surface roughness (see Table
S2).15,18 The saturation pump fluence level Fs for all the samples was
affected by several conditions: NPLs are the same between all the sam-
ples; no additional layers are added to affect the U, but the material
volume density and layer quality affect stimulated emission propaga-
tion through the NPL layer. During the fitting, stimulated emission
cross section re value of 4.32� 10�15 cm2 was taken from the article
by Foroutan-Barenji et al. due to the fact that this is a characteristic
value of the CdSe/CdZnS NPLs itself.18

The net modal gain data analysis [Fig. 3(c)] shows that the high-
est gmod value of 476.2 cm

�1 among the initial samples has SC3 with nt
111.2� 1015 cm�3. It should be noted that samples SC2 and SC3
applied at 1000 rpm had different thicknesses after deposition. Sample
SC2 with a greater thickness was characterized by lower nt values
75.2� 1015 cm�3 and caused its lower gmod values 321.5 cm�1 com-
pared to SC3. Sample SC1, with almost the same thickness as SC2, also
had low nt and gmod values of 268.1 cm�1. As an additional fact, a
smaller layer thickness allows more uniform pump distribution. This
effect determines a higher gmod for thin samples.18

After the stamping process, the gmod values of all samples
increased. The most noticeable increase was observed in samples
SC1S and SC3S stamped at a higher pressure—1500 kg/cm2, which
made it possible to increase D to the greatest extent. The highest
improvement in the gmod values up to 639.8 cm�1 is noted for sam-
ple SC1S. This suggests that, initially, the sample had the lowest
material volume density, which determined nt¼ 62.6� 1015 cm�3

of the layer. Taking this into account, spin-coating at 700 rpm
made it possible to obtain the highest gmod values after stamping
due to the largest initial amount of material on the substrate, which
made it possible to achieve the maximum density of active centers
nt¼ 151� 1015 cm�3. By comparing the obtained maximum
value with nt¼ 459� 1015 cm�3 inherent to the calculated
gmat¼ 1850 cm�1 at 1000 lJ/cm2 of the NPLs,18 the ratio of the
gain and nt values is preserved and justifies the obtained gmod

values.

FIG. 2. AFM images of sample SC1 before (a) and SC1S after (d) stamping by 1500 kg/cm2. (b) SEM image of a sample border between SC1 (left) and SC1S (right). ASE
spectral behavior of sample SC2 (c) and SC2S (f). (e) ASE intensity dependences on incident pumping fluence for the sample SC2 before and SC2S after stamping by pres-
sure 1000 kg/cm2.
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For the samples SC2S and SC3S, the gmod values increased in
almost the same values and reached 356.6 and 533 cm�1, respectively.
Low SC2S gmod values are due to stamping at a lower pressure of
1000 kg/cm2. The magnitude of such changes depends on the relative
increase in D of the film. In the samples with an initially high D, these
changes are weaker.

The calculated nt value of the sample characterizes a specific NPL
film, taking into account the fluence level and efficiency of the optical
pump applied to it. Thus, when evaluating gmat of NPLs in the article
by Foroutan-Barenji et al., the calculated maximum value of the den-
sity of active centers of a 49 nm thick sample reached 459 � 1015

cm�3, which exceeds the value of 151� 1015 cm�3 of the SC1S sam-
ple.18 This difference is determined by the advantage of the layer qual-
ity due to the self-assembly deposition at such a small thickness. The
quantity of ideally packed 20� 20� 5 nm3 NPLs is 500� 1015 in
1 cm3, which coincides with the nt obtained based on the correspond-
ing material gain value. The NPL size of about 20� 20� 7 nm3 used
in this work gave 182� 1015 NPLs in 1 cm3 and determined a packing

density of 0.829, which is comparable to or exceeds the highest values
for the layers created by the spin-coating method and proves the
advantages of the stamping process. Thus, the larger size of the plate-
lets, while maintaining the internal structure, causes a decrease in the
density of active centers, resulting in a decrease in optical gain.

To predict the optimal thickness of the light-emitting layer in the
devices in terms of modal gain, gnet dependencies were constructed
with the preservation of the a in the samples as well as the calculated U
at n¼ 1.9 [Fig. 3(d)]. When the layer thickness exceeded 90 nm, the
appearance of positive gnet values was noted. However, when the level
of 200 nm was exceeded, the gain growth approached its saturation fol-
lowing the U values. It should be noted that with a change in the thick-
ness and surface quality, the a values as well as Fs change, which will
affect the shape of the curves describing real samples. However, based
on the simulation results, it can be concluded that the highest gnet val-
ues can be obtained under the condition of the light-emitting layer
thickness exceeding 200nm. This conclusion coincides with the results
of other reported studies, in which, for example, for a perovskite

FIG. 3. (a) Thickness dependence of U for the films with different refractive indexes (see Table S4). (b) Measured net modal gain for different samples (dots). The numerical fit
of the experimental data (solid line) by using Eq. (2). (c) Modal gain extracted from the fitting data for all the samples. (d) Calculated net modal gain values thickness depen-
dence while maintaining a values of each sample.
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CsPbBr3 film, record values were obtained at a film thickness of 100–
250nm.19 A further increase in the thickness of the light-emitting layer
will affect the pumping efficiency and, in electrically pumped devices,
also the properties of charge carriers under the applied field.5

To summarize, we have shown that the modification by the flat
stamping method improves the quality of the light-emitting layer,
which is beneficial for lasing applications. Reducing the layer thickness
has a negative effect on the gnet values; however, an increase in the den-
sity of active centers, nt, allows us to completely overcome such an
effect on a thickness range of 137.4–204.3nm. Significant gmod growth
in all the samples when stamping with 1000 and 1500 kg/cm2 was
detected. Creation of polycrystalline film samples with a thickness of
more than 200 nm and their subsequent stamping leads to obtaining
the highest gain growth of both gnet, up to 1.26, and gmod, up to 2.39
times. In all samples, the gmod values increased due to the growth of
the nt. Net modal gain analysis allows us to evaluate the properties of a
specific sample and to model possible maximum values of the modal
gain of such a material layer. It is also possible to evaluate the influence
of the device design in terms of net modal gain.

The proposed method of film modification can be used as an
additional step in the design of various light-emitting devices. The
development of such devices opens opportunities across multiple
fields, from general laser technologies to emerging areas of on-chip
photonics,32 compact laser sources33,34 for high-performance comput-
ing,35 and sensing.36,37

See the supplementary material for NPL solution preparation,
film deposition and flat stamping processes, morphological and optical
properties of NPLs film, VSL optical measurements and the modal
gain data fitting analysis, and Comsol Multiphysics numerical model-
ing results.
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