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Abstract: The morphology of quantum dots (QDs) films fabricated by inkjet printing makes a marked impact on
the performance of multi-layer photoelectronic devices, such as quantum dot light emitting diodes, where coffee-ring
and bulge phenomena behave as the typical poor morphology types. Realizing high-quality QDs films through droplet
modulation is key to the development of QDs electroluminescent displays. Ink engineering has been proven effective
in adjusting the film morphology. However, a well-tailored ink with precise rheological properties to eliminate coffee
ring or bulge requires multiple time-consuming experimental attempts, resulting in lower working efficiency. In this
work, we sought to directly bridge the gap between the rheological properties of solvents and the profiles of inkjet-
printed QDs films with post-mortem film analysis and machine learning methods adopted for mutual proof. With red
QDs as the solutes, and alkanes or chain esters as solvents, work on unitary-solvent and binary-solvent ink systems
was investigated to find out that generally, the boiling point of the used solvent displayed significant importance high-
er than that of surface tension or viscosity in both unitary and binary systems. Specifically, the film profile was close-
ly related to the solvent with a higher boiling point in binary systems and uniform films were revealed. A boiling point
range of 250-265 ‘C for the solvent in the unitary-solvent ink system or for the higher-boiling-point solvent in the bi-

nary-solvent ink systems can promisingly result in uniform films after drying.
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1 Introduction

Inkjet printing (IJP) of quantum dots (QDs)
droplets is gaining popularity due to its promising po-
tential in displays". QDs have emerged as an alter-
native to the traditional non-emissive color filters in
LCDs

OLEDs due to their striking properties including nar-

or the self-emissive functional layers in

row-spectrum luminescence, high quantum yield and

[2-7]

solution processability Inorganic colloidal QDs
are the most commonly used type of QDs in inkjet
printing QLEDs, including CdSe, InP, and CdTe™”.
Polymer-based QDs and small-molecule-based QDs
are also frequently used in this field, known for their
high stability and high efficiency, respectively""".
Poly (9,9-dioctylfluorene-co-bis-N, N-(4-butylphe-
nyl) -bis-N,N-phenyl-1 ,4-phenylenediamine) (PFB)
is a typical example of the former, while 4,4’ -bis(N-
carbazolyl) -1,1'-biphenyl (CBP) is a typical exam-
ple of the latter. IJP boasts several operational ad-
vantages over spin-coating and vacuum-evaporation,
such as precise patterning, large-area film produc-

3,12-14 .
'. To ensure uni-

ibility and low material wastage'
form light emission as well as efficient carrier trans-
portation in high-quality optoelectronic devices, uni-
form thickness and smooth surface are required for
each functional layer, rather than the typical unideal
coffee-ring or bulge morphology"”. The solvent evap-

oration and solute deposition of sessile QDs droplets

. There

on substrates determine the film profile*""

are a plethora of factors that can influence the dy-

namics of droplet drying"”.

Specifically, we are in-
terested in how the solvent rheological properties
can alter the deposited film profile and eager to find
out the more efficient means to tailor it, which is the
motivation for this research.

Micro-droplet drying is a very complex process,

and its simplification is therefore crucial for efficien-

cy optimization. It can be summarized that vapor,

il

WS AR AT BN 5 950 5 Bl

1 5 K PR ZR 0 AR B T ) AR AR R R R O A AT

liquid and solid phases may influence the final film
morphology of a picoliter QDs droplet by changing
the interfacial mass transfer fluxes and contact line
motions®, which in turn affects the internal flow pat-
tern of the droplet, as presented in Fig. S1. Specifi-
cally, solvent engineering has been applied in a wide
range of material systems as it can significantly ad-

[16-18,20-22]

just evaporation kinetics . Essentially, it takes
advantage of the differences in rheological properties
of solution between different regions within a droplet
to control the internal flow behavior during drying,
thus altering the solute distribution to form the de-

. . 20,23
sired films™*"

. The widespread use of solvent modu-
lation is based on its operational ease and remark-
able impacts, as a small amount of another solvent

could cause dramatic effects™>

. However, the drop-
let drying process is extremely complex due to a vari-
ety of physical mechanisms and a number of factors
involved, making solvent modulation simple to carry
out but difficult for precise regulation. In most cas-
es, boiling point (7},), surface tension (y) and vis-
cosity (n) are the three key rheological parameters
that have the most significant influence on the drop-

" and clarifying the specific roles

let drying process
and contribution weights of the three parameters to
film formation is of vital importance for the efficient
formulation of QDs inks, the preparation of thin films
with uniform thickness and flat surface, and the pro-
cessing of high-performance quantum dot light-emit-
ting diodes(QLEDs)®". However, the direct connec-
tions between film quality and these parameters still
need to be studied.

Besides the fruitful studies on unitary-solvent
inks, several pairs of binary solvents were reported
to produce uniform films for QLEDs in recent years,
hugely boosting the eternal quantum efficiency™ .
They discovered that preventing interlayer ero-
t

sion""*"** balancing capillary outward flow and Ma-

128,32.,34]

rangoni flow and controlling the three-phase
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P are the keys to affect the film mor-

line motions
phology and thus the efficiency of the device. How-
ever, ink engineering, the crucial process to realize
the large-area and low-cost fabrication of cutting-
edge devices, still largely depended on recipes devel-
oped by manual trial and error based on semi-empiri-
cal theories in most of the previous research. Specif-
ically, multiple effecting factors and corresponding
film-forming mechanisms were studied and present-
ed from a qualitative point of view, which brought
confusion and difficulties to efficient ink tailoring.
Therefore, clarifying the functions of each solvent
component and the order of priority of diverse factors
makes sense and matters a lot.

In this work, we tried to bridge the gap between
the rheological properties of solvents and the film
profiles of inkjet-printed colloidal QDs droplets us-
ing post-mortem film analysis, in-situ observation of
the drying process and machine learning. Temporal
observations of the drying process and theoretical
calculations were main analyzing tools, while ma-
chine learning models based on data simulation were
involved to help support conclusions to reduce labor
and time costs. By integrating experiments and mod-
eling for cross-check and mutual proof, we correlat-
ed the rheological properties of solvents and final
film profiles of inkjet-printed QDs drops, expecting
to offer a more efficient insight into the selection of
the solvent components to mitigate coffee rings or

bulges.

2 Experiment

2.1 Materials

The red QDs were purchased from Shenzhen
Planck Innovation Technology Co., Ltd., China. n-
Octane and n-Hexadecane with purity better than
99% were purchased from Sigma-Aldrich Inc., Ger-
many. n-Nonane, n-Decane, n-Undecane, n-Dodec-
ane, n-Tridecane, n-Tetradecane, n-Pentadecane, bi-
cyclohexane, methyl dodecanoate, methyl tridecano-
ate, amyl hexanoate, butyl hexanoate, methyl decano-
ate, chlorobenzene and decalin were purchased from
Aladdin Ltd., China. Heptylcyclohexane, nonyley-

clohexane and hexyl hexanoate were purchased from

Macklin Inc., China. Octylcyclohexane was pur-
chased from Tokyo Chemical Industry Co., Ltd., Ja-
pan. All the solvents were filtered through a 45-pm
polyethersulfone syringe filter for organic solution
samples before used.
2.2 QDs Ink Preparation

QDs powder was dissolved with an appropriate
amount of the modulated solvent to make a concen-
tration of 30 mg/mL. The fresh QDs ink was shaken
evenly for uniform dispersion and filtered through a
0. 45-pm polytetrafluoroethylene filter to remove im-
purities. The QDs ink was then loaded into a car-
tridge for printing. Therefore, the QDs ink consists
of a volatile liquid or a mixture of two volatile liquid
and QDs with an average size of (9.377 + 1.544)
nm(Fig. S2).
2.3 QDs Film Preparation

The QDs ink droplets with various formulations
were inkjet-printed at ambient temperature by a
piezoelectric printer(JetLab I1) with a 20-pwm nozzle
from MicroFab Technologies, Inc., USA. The volt-
age waveform and negative pressure of the printer
were adjusted to generate a string of vertical drops.
The printer parameters and calibrate position were
set to fix the printing patterns on the perfluoropoly-
ethers (PFPE) substrate with surface energy of 45—
50 mN/m. After printing, the samples were dried out
at room temperature and were taken off from the plat-
form for further characterization.
2.4 Characterizations

The shape and size distribution of QDs were de-
termined from a transmission electron microscopy
(TEM, JEM-1400 Plus) from JEOL Ltd., Japan.
The luminescence spectrum was recorded by a spec-
troscopy (QE Pro) from Biaoqi Electronics Technolo-
gy Co., Ltd., China. The viscosity of the QDs inks
or pure solvents was obtained by a rotational viscom-
eter(LVDV-I+) from Brookfield AMETEK Inc. , USA,
while the surface tension was measured by an optical
tensiometer (Theta Lite Model TL 100) with its cor-
responding software OneAttension from Biolin Scien-
tific, Sweden. The post-mortem film profiles of QDs
films were observed by a 3D laser confocal scanning

microscope (LEXT OLS5000) from Olympus Optical
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Co. Lid., Japan. The normal and fluorescent imag-
es of the QDs films were captured by a polarized
light microscope (Axiolab 5 with Axiocam 105 Color
Microscope Camera) from Carl Zeiss Microscopy
GmbH, Germany in normal mode and fluorescent
light mode respectively. All the measurements were
carried out at temperature about 25 “C and humidity
about 55%.
2.5 Profile Datasets

Fig. 1 shows the quantitative parameters measured
from a film profile captured by a 3D laser confocal
scanning microscope. In Fig.1 (a), central height
(H) refers to the average height of the area with a
length equal to 10% of diameter(D) in the middle of
the film. As mentioned above, the typical unideal
film morphology may be coffee rings or bulges. The
coffee ring effect describes an unideal profile of the
film where most of the solutes migrate to the rim and
accumulate there, resulting in a typical concave vol-

[21,35]

cano-like profile On the contrary, bulges result

from the accumulation of QDs in the middle, which
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Fig.1

For the unitary-solvent ink system, boiling
point, surface tension and viscosity of pure solvent
were used as input variables to build a Random For-
est Model for predicting the surface curvature of the
film profile. For a binary-solvent ink system, the dif-
ference between boiling points (AT,,), surface ten-
sion (Ay) and viscosity (An) of the minor solvent
(30% vol) and the major solvent (70% vol) were
used as input variables defined as equation (1), (2)
and (3) respectively:

AT, =Ty = T (1)

bp bp-minor bp-major ?

causes a convex mountain-like profile"*”. There-
fore, surface curvature A shown in Fig. 1(b), which
was obtained from a quadratic function f(x) = Ax* +
Bx + C, was defined to characterize the convexity of
the film surface in this work. Four sample groups of
film surface data, which implied concave (b1), flat-
ununiform (b2), flat-uniform (b3) and convex (b4)
film respectively, were fitted into the function for
suitability check, whose results are presented in
Tab. S1. The b2, b3 and b4 groups displayed per-
fect fitting with the coefficient of determination R’=
1. 000 while the b1l group performed slightly badly
with R? = 0. 498, which might be attributed to a mis-
match between the smooth fitted curve and the origi-
nal steep inner side of the ring structure. However,
these results proved sufficient feasibility for quadrat-
ic function in surface profile characterization, where
A>4E-6 indicates concave while A<-4E-6 indicates
convex and the range 4E-624>-4E-6 indicates flat
surface with a spin-coated film as the standard one

(Fig. S3).
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Quantitative parameters of a deposited film morphology. (a)Central height H, diameter D. (b)Surface curvature A.

AY = Yoo = Vuors (2)
AN = Niner = Moajor - (3)

2.6 Model Construction
Furthermore, four datasets consisting respec-
tively of 120 pairs for unitary-solvent system (Tab.
S2), 56 pairs for binary-solvent system using decalin
as the major solvent(Tab. S3), 120 pairs for binary-
solvent system using bicyclohexane as the major sol-
vent (Tab. S4) and 64 pairs for binary-solvent sys-

tem using octylcyclohexane as the major solvent
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(Tab. S5) were constructed.
Firstly, we constructed Random Forest Models

[36-37]

to calculate feature importance™". The pseudocode
for this process is presented below:

(1) Initialize an empty dictionary to store fea-
ture importance scores.

(2) For each tree in the forest:

a. Traverse the tree and calculate the total de-
crease in node impurity (weighted by the probability
of reaching that node) for each feature.

b. Add the feature importance scores to the dic-
tionary.

(3) Normalize the feature importance scores by
dividing them by the sum of all feature importance
scores.

(4) Return the normalized feature importance
scores.

Secondly, we used the Random Forest Models
to make predictions. The pseudocode for this pro-
cess is presented below™":

(1) For each tree in the forest:

a. Traverse the tree and predict the outcome
for the test data.

b. Store the predicted outcome.

(2) Calculate the mode of the predicted out-
comes across all trees.

(3) Return the mode as the final prediction.

In our work, all the datasets were then indepen-
dently divided into training and test sets at a ratio of
8-2 and used for the construction and evaluation of

the prediction model.

3 Results and Discussion

The rheological properties of the prepared sol-
vents were divided into four groups, as shown in
Tab. S6, S7, S8 and S9, corresponding respectively
to a unitary-solvent system and three binary-solvent
systems with decalin (DCL), bicyclohexane (BCH)
and octyleyclohexane(OCH) as the major solvent re-
spectively. No nozzle clogging was observed during
all the printing processes, which indicated that the
boiling points of the chosen solvents were high
enough to ensure a stable droplet formation over a

long time period. Fig. S4, S5, S6 and S7 show the

corresponding deposited film profiles from which all
the data were measured according to the measure-
ments depicted in Fig. 1. Information about diameter
D, and central height H could be found in Fig. S8
and S9 for unitary-solvent ink system and binary-sol-
vent ink systems respectively.

All the unitary solvents were divided into four
group based on their chemical structure, correspond-
ing to cyclohexane-X (sample #1-sample #3), cyclo-
hexane-alkane (sample #4—sample #6), alkane (sam-
ple #7—-sample #10) and ester(sample #11-sample #
15), according to the tags noted in Tabh. S6. Since
solvents of the same group have similar structures
and properties, one solvent was chosen from each
group: bicyclohexane, n-octyl cyclohexane, n-hexa-
decane, and methyl dodecanoate. The morphology
and particle size distribution of the nanoparticles
were measured by TEM. As shown in Fig. S10(a),
S10(b), S10(c), S10(d), after being dissolved in
the above four solvents, the size of the quantum dots
did not change significantly compared to that in n-oc-
tane(D, = (9.377 + 1.544) nm). It should be not-
ed that after being dissolved in methyl dodecanoate,
the particle size distribution range of the quantum
dots was slightly wider (Fig. S10(e) ), which is be-
cause quantum dots tend to aggregate slightly in es-
ter solvents with weak polarity (Tab. S6), but still
within a good range of solubility. These histograms
proof good interaction between quantum dots and the
solvents. Fig.2(a)—(c) show the relationship of sur-
face curvature A with T},, v, and 9 of pure solvent in
the unitary-solvent system respectively. It was found
that A decreased as T),,, ¥, and 7 increased in every
single group. However, despite different chemical
structures, A decreased as the T}, increased as a
whole, while A did not exhibit such obvious correla-
tions with y or n(Fig. 2(b) and (¢)). Therefore, Ty,
was deluded to be the key parameter deciding A of
the deposited film profile.

Generally, T, of solvent controls the evapora-
tion rate, while y decides wetting and 1 determines
the internal friction of solvent”™. The evaporation
rate relates closely to the speed of capillary compen-

sation flow inside the droplet®. The faster the
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evaporation, the faster the liquid flows".

Besides,
wetting affects liquid flow with adhesive force be-

The lower the adhe-

tween droplet and substrate™

sive force, the faster the liquid flows. Moreover, in-
ternal friction suppresses flowing™. The lower the
friction, the faster the liquid flows. Therefore, lower
Ty, higher y and lower 1 can promote flowing. Fig.
S11 shows the temporal evolution for ink droplets
with unitary solvents of (a) bicyclohexane (sample #
2), (b) n-tetradecane (sample #8) and (¢) octyley-
clohexane (sample #5) respectively taken by an opti-
cal microscope. Two changing processes of three-
phase contact line, sticking and sliding, were depict-
ed in Fig. S11, whose durations were then denoted
correspondingly as t,. and tg4 presented in Fig.
2(d). Previous work has reported that the descending
of droplet surface during the initial period of drying
is attributed to a large amount of solvent dismissing

. = [20,41-43
into the air' !

Therefore, with the corresponding
Ty, of the three solvents increasing, the ., length-
ened. Interestingly, the second stage was different

from what had been observed before*

, the droplet
neither dried out with a pinned rim nor slid on the
substrate. Instead, the rims of the three droplets all
slid right on the deposited QDs film and the droplet
ultimately dried out in the middle of the film. This

scenario may be attributed to the relatively low sur-
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face energy of PFPE substrate(45-50 mN/m), which
enabled easier depinning for the rim. Several rules
for substrate selection were listed before"***. in-
cluding solvent orthogonality and good wettability
emphasized the most, based on which an ultra-thin
PFPE was chosen as the interfacial layer between
the transporting layer and the QDs emitting layer.
Firstly, PFPE lacks solubility in organic solvents,
preventing interfacial erosion between different func-
tional layers. Secondly, despite low surface energy
compared to the usual transporting layer, PFPE can
provide sufficient wettability for the solvents select-
ed in this work because a substrate can be fully wet-
ted once the surface tension of the liquid is lower

than that of the substrate™**,

Besides, this smaller
gap between the two surface tensions enables weaker
pinning of the three-phase contact line, thus acceler-
ating in the depinning process. Herein, with y and 7
rising in turn, their influence on the flow ability of
liquid canceled out, resulting in a similar ¢y, for dif-
ferent solvents. Specifically, Fig. 2 (d) shows that
the t,. is longer than the t;4. During the t., the
dissipative force of the solvent molecule into the am-
bient air is quite violent and drags the solvent to the

rim, thus hugely affecting the locations of solutes at

the beginning. However, in the bulk liquid phase,

viscosity has a small impact because the droplet is
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Fig.2 Experimental data and a drying diagram of unitary-solvent system. Relationships between A and T},,(a), y(b), and n(c)

of pure solvent. (d) Sticking time ;. and sliding time ¢

slide

of the three ink droplets during drying. (e)Schematic diagram

of the three stages of drying a QDs ink droplet. Ca refers to capillary flow inside the droplet.
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not flowing at this moment. Additionally, due to the
violent evaporation at the rim, the solvent displays
weaker wetting on the substrate. As time passes,
this force gradually reduces, but the amount of sol-
vent in the droplet is far less than at the beginning,
which is unable to move the solutes despite constric-
tion to the middle of the film during ..

Herein, three stages of evaporation of an ink
droplet on a PFPE substrate were depicted in Fig.
2(e). In stage I, the rim of the droplet pins, and
the height of the liquid surface drops because of the
capillary compensation flow towards to rims inside
the droplet during evaporation. This stage, who lasts
for a longer time, is mainly controlled by the boiling
point and also affected by the surface tension. The
lower the T,, the higher the evaporation rate, and
further the shorter the t..; with the same T, the
lower the 7y, the smaller the contact angle, and fur-
ther the shorter the t,,. In stage II , the droplet
overcomes pinning. At this point, the droplet has to
overcome the obstruction on the rim, i. e., the real-
time deposited QDs. Therefore, a solvent with lower
viscosity with stronger flow ability is easier to break
free from pinning. In stage I, the three-phase con-
tact line of the droplet slides on the deposited QDs
film until the droplet dries out. To maintain the
spherical shape, the rim of the ink droplet slides in-

[18

ward driven by surface tension'”, whereas viscosity
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. Herein,

controls the ability of a liquid to flow'
this stage is controlled by surface tension and viscos-
ity, the higher the y or the lower the 7, the shorter
the tgi0.. Considering the longer ¢ compared to
Laides Ty, was considered the most important parame-
ter to determine the ultimate deposited profile of
QDs film in the unitary-solvent system, followed by
v and 7 in sequence. Additionally, within all the
inks prepared, QDs ink with octyleyclohexane (T}, =
259 C,y =31.6 mN/m, n = 3.11 cP) as the uni-
tary solvent could be used to print flat film.

Fig. 3 shows the relationships of A with AT,
Ay, and An of pure solvents, respectively, in binary-
solvent systems. Generally, A decreased as the AT,
i. e., the pr*, increased (Fig.3(a) ). For DCL-based
group, concave film appeared mostly when AT <
44.10

58.00

‘C while convex film appeared when AT},>
°‘C without a flat film achieved. For BCH-
based group, concave film appeared when AT <
15.00
29.30 °C, and a flat film was achieved when AT}, =
20.00 C. For OCH-based group, flat films were
formed when AT, = =20.00 ‘C or AT}, = -5.00 C,
and convex film appeared mostly when AT, ,> 5. 50 °C

‘C while convex film appeared when AT},>

without a concave film recorded. On the contrary, A
did not exhibit obvious correlations with Ay or An
(Fig. 3(c) and (d)). Boltzmann sigmoidal fitting was

further adopted to evaluate the correlations of A with
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Fig.3 Experimental data and fitting functions of binary-solvent systems. Relationships between A and AT, (a), Ay(c), and Ay

(d) of binary solvents. (b)Fitting Boltzmann sigmoidal functions to A-AT,, datasets.
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ATy, Ay, and An respectively, whose results are
presented in Tab. S10. A strong correlation of A
with AT}, can be found in each group, although the
respective Chi-Sqr value varied as the result of dif-
ferent major solvents used. In comparison, the cor-
relation of A with An was weak, because only the
BCH-based A-An dataset can be fitted into conver-
gence with a less desirable Chi-Sqr value. Further-
more, the correlation of A with Ay was considered
to be the weakest, given none of the A-Ay datasets
could be fitted into convergence. Fig. 3 (b) pres-
ents the A- AT,, Boltzmann sigmoidal fitting lines.
On the DCL-based line and BCH-based line, an in-
flection AT}, of 40 C and 1 ‘C existed, respective-
ly, indicating that the film profile started to change
from a deep concave towards flat and further con-
vex. However, there was no such an inflection point
on OCH-based line because none of binary solvent
in this group resulted in concave film in experi-
ments. Preliminarily, it could be deducted from the
fitting line three corresponding ideal AT, ranges
(Tab. 1), which were 54-56 °C for the DCL-based
group, 17-21 °C for the BCH-based group, and N/A
~6 °C for the OCH-based group. Combined with the

corresponding T}, the ideal pr* ranges were 250-
252 °C, 256-260 °C and <253 “C. Noticeably, a ma-
jor solvent with a higher T}, can tolerate a broader
range of boiling point differences for good film for-
mation.

It is therefore concluded that the main parame-
ter determining A is the boiling point T}, of the mi-
nor solvent and its ideal range is between 250-
260 ‘C. Combing with the results of the unitary-sol-
vent system, it was found that it is the higher-boiling-
point solvent in binary-solvent systems determines
the ultimate deposited film morphology, because a
unitary solvent with a T}, of around 260 °C can also
result in flat film. However, it is preferred that T,
be higher than that of the major solvent to accelerate
the whole drying rate because the small amount. It
can stay until the last stage of evaporation despite of
smaller amount and thus function to smoothen the ul-
timate film profile. Furthermore, a low-boiling-point
major solvent with good solubility is preferred be-
cause it can shorten the overall evaporation dura-
tion. With 7}, is less than 260 °C, flat films are more
likely to be realized when the range of T, is be-
tween 250-260 “C.

Tab.1 Properties of three kinds of major solvent and the respective ideal range of boiling point of the minor solvent

according to Boltzmann fitting results

Major solvent r,/C y/(mN-m™) n/cP Inflection AT, /°C Ideal AT, range/'C Ideal Th,,* range/°C
DCL 196.0 30.6 2.4 40 54 ~ 56 250 ~ 252
BCH 239.0 33.4 3.4 1 17 ~ 21 256 ~ 260
OCH 259.0 31.6 3.1 N/A N/A ~6 <253

Random forest(RF), a machine learning predic-
tion model, incorporates the importance of input vari-

ables for prediction™.

It yields quantified informa-
tion about the features and their contribution to the
prediction via multiple tree models as shown in Fig.
S12. Therefore, RF models were utilized to perform
importance analysis and prediction on film profile, i.
e. A value, in this work. In addition, R’ and root
mean square error (RMSE) were used as evaluation
metrics for the model performance.

Fig. 4 shows the results of the feature impor-

tance analysis in each system, where the inserts rep-

resent the performance in predicting A. The inserted
line plots show that the training and test sets had
similar trends. For the unitary-solvent system, the
key factor was the T, of the solvent(Fig. 4(a)), fol-
lowed by ¥ and 7 in sequence, which was in good co-
ordination with the experimental result. For the bi-
nary-solvent systems, it can be seen that AT, took
the first place in the three systems in spite of differ-
ent major solvents used (Fig. 4 (b)), (e), (d) ),
whereas the surface tension and viscosity played a
less dominating role, indicating the great importance

of ATl,p*. However, the order of Ay and An varied in
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different systems, which may be atiributed to the
properties of different major solvents. These RF
models accurately predicted A in the unitary-solvent
system, the binary-DCL-based system and the bina-
ry-BCH-based system with R’ values achieving
0.956 7, 0.983 9 and 0. 944 2, respectively. For A

Unitary-solvent system
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in the binary-OCH-based system, an R’ value of
0. 798 0 was obtained, indicating a less precise pre-
diction which might be attributed to the similar pro-
files and thus the similar A inputs in this system. In
addition, the RMSEs were small in four systems, in-
dicating the acceptable precision.
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Fig.4 Importance of variables on surface curvature A. (a) Unitary-solvent system. (b) Binary-solvent system using decalin as the

major solvent. (c¢)Binary-solvent system using bicyclohexane as the major solvent. (d)Binary-solvent using octylcyclohex-

ane as the major solvent. Inserts: line plots for true values and predicted values of A for the corresponding group by RF

models. R?, coefficient of determination on test set data. RMSE, root mean square error on test set data.

Furthermore, Fig.5 shows the predictions of dif-
ferent input features on A in the unitary-solvent sys-
tem (Fig. 5(a), (b), (¢)) and the binary-solvent
systems (Fig. 5(d), (e), (f)). In the unitary-sol-
vent system, Fig. 5(a) firstly reveals that A was sig-
nificantly affected by T),, which could be depicted
by the significant differences in stratification at dif-
ferent T\,,. With 7 rising, A gradually changed from
positive to negative, implying that the film profile
changed from concave to convex. Secondly, the ef-
fect of y on A was related to T),,(Fig. 5(b) ). When
T\, was relatively low (190-260 °C ), high y ( > 29

mN/m) corresponded to high A, while low y corre-

sponded to low A; when T), was relatively high ( >
260 °C), the change of y performed ignorable effect
on A. Thirdly, the effect of i on A was related to T),,
and y(Fig. 5(¢) ), where the change of 1 displayed
almost no effect on A at any set of 7, and y. In bi-
nary-solvent systems, Fig. 5(d) reveals that a minor
solvent with a higher boiling point promoted the for-
mation of flat films because of the lower evaporation
rate during the whole drying process. In addition,
with a further increase of the major solvent’s boiling
point, the combinations that were applicable for a
flat film formation increased, benefitting from the

general slow evaporation, but this may lead to
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lengthy drying during which other unideal situations,
such as quenching and irregularities, may occur.
Fig. 5(e) and Fig. 5 (f) show the statistical influ-

ence of Ay and An on A, from which we can see that
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there were no clear effects. These results can be cor-
responded to the RF importance analysis and were
in full agreement with the experimental data and

speculative conclusions.
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Fig.5 Prediction on surface curvature A by RF models. In the unitary-solvent system. (a)The trend of A with variable T}, y and

7 of pure solvent. (b) The trend of A with variable T}, under the same 7 and different y. (c) The trend of A with variable

T}, under the same y and different . In the binary-solvent systems, the statistic trend of A with variable AT, ,(d), Ay(e)

and An(f).

As the result of a longer drying time, the sur-
face irregularities were smoothened. For the unitary-
solvent system, solvents with T',, of 250-265 °‘C were
preferred. For binary-solvent systems, minor sol-
vents with 7}, of 250-260 C were preferred, while a
major solvent with a relatively lower boiling point
would be better to offer high evaporation rate during
the initial drying stage. In addition, machine learn-

ing unveiled the potential of big data analysis in ink

engineering, especially considering the complexity
and multiple affecting factors. Despite slight errors,
such predictions enable effective tweaks of the prop-

erties free from labor-intensive trial and error.

4  Conclusion

We first identified the crucial parameter affecting
the inkjet-printed QDs film profiles with experimen-

tal results as well as machine learning prediction
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support. The results showed that the boiling point
was more important compared with surface tension
and viscosity. A boiling point range of 250-265 C
for the solvent in the unitary-solvent ink system or
for the higher-boiling-point solvent in the binary-sol-
vent ink systems can promisingly result in uniform
films after drying.

In comparison with previous ink engineering
methods, highlighting boiling point avoided complex
calculations of the Marangoni number and viscous
force, offering a simpler way to find a suitable sol-
vent. In addition, machine learning developed mod-
els to conduct prediction and offer guidelines based
on the great amount of data, enabling effective
tweaks of the properties free from labor-intensive tri-

al and error. Furthermore, it could help consider the
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