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(nonscanning) parallel projection technolo-
gies,[6–8] computed axial lithography as an 
inverse tomography approach based on 
multiple 2D optical one-photon exposures 
from multiple different directions,[9,10] and 
different forms of multiphoton-absorption 
3D printing,[11–16] mostly based on femto-
second or picosecond pulsed lasers. Two-
photon lithography has been pioneered by 
Maruo et al. in 1997.[17] In a few exceptions, 
continuous-wave (cw) lasers have been 
used.[18,19]

Going “faster” can mean scanning a 
single focus faster,[20] adapting multiple 
foci approaches,[21,22] scanning multiple 
foci faster,[3] or printing more voxels/

pixels in parallel per unit time in projection-based approaches 
without scanning in the focal plane,[6,7,9,10,12] yet scanning 
normal to the focal plane. In any case, increasing the printing 
rate is inherently connected to either using more laser power 
and the same photoresist, or to using comparable or less laser 
power by exploiting optimized more sensitive photoresists. 
As femtosecond or picosecond laser power is a precious com-
modity associated with a considerable fraction of the cost of 
most advanced 3D multiphoton laser printers, we dedicate 
the main part of this contribution to a screening of sensitive 
multiphoton-absorption-based photoresists. These photoresists 
are either taken from the published literature, reproduced and 
remeasured in our labs, or are newly investigated herein as 
promising candidates.

Driven by recent advances in rapid multiphoton single-focus 3D laser 
nanoprinting, multifocus variants thereof, and projection-based multiphoton 
3D laser nanoprinting, the necessary average total laser powers from femto-
second laser oscillators or even from amplified femtosecond laser systems 
have exceeded the Watt level. Aiming at ever faster 3D printing, there exist 
two options: Using yet more powerful lasers or searching for more sensitive 
photoresists allowing for higher speeds at comparable or lower power levels. 
Here, altogether more than 70 different photoresists from the literature and 
a few new candidates are reviewed with regard to effective multiphoton sen-
sitivity. A dimensionless sensitivity figure-of-merit allows to directly compare 
data taken under sometimes vastly different conditions.
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1. Introduction

3D additive manufacturing a.k.a. 3D printing is steadily gaining 
importance as a versatile fabrication tool in academia and 
industry.[1] The three key technological challenges currently 
being explored can be summarized as “finer, faster, more”, 
“implying achieving finer features or smaller voxel sizes con-
nected with better spatial resolution,[2] increasing the manu-
facturing speed in terms of the number of 3D printed voxels 
per second (making the technology “scalable”),[3] and making 
accessible more dissimilar materials as well as complex 3D 
multimaterial architectures.[4,5] In the ongoing quest for the 
advanced 3D printing technology, optics-based approaches 
play a prominent role, including one-photon-absorption based 
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At first sight, a sensitive multiphoton photoresist merely 
requires a certain density of strongly absorbing photoinitiator 
molecules within the photoresist. Indeed, substantial efforts 
have been dedicated to designing, synthesizing, and charac-
terizing photoinitiator molecules exhibiting large two-photon-
absorption cross sections at certain wavelengths.[23–35] However, 
it has become evident from recent detailed one-photon-absorp-
tion experiments[36] that the absorption spectrum versus wave-
length may peak at a completely different wavelength than the 
spectrum of the corresponding light-induced polymerization 
rate.[36,37] Importantly, this surprising and not-well-understood 
finding refers to optically thin samples. In optically thick sam-
ples, such behavior may occur as an artifact. Transferring this 
finding to multiphoton absorption implies that it is generally 
not sufficient to search for photoinitiators exhibiting large two-
photon-absorption cross sections, but one must rather search 
for the sensitivity of the entire process starting with the absorp-
tion of light by a molecule and ending with a cross-linked net-
work (at least for negative-tone photoresists). In other words, 
photoresist design and optimization is truly a materials-science 
issue. Unfortunately, on a microscopic level, the underlying 
processes are currently not well understood.[36]

In a few exceptional cases, using laser exposure wavelengths 
at around λ0 = 400 nm, multiphoton photoresists without extra 
photoinitiator molecules have been reported. This includes 
experiments using a quasi-cw laser[38] and using femtosecond 
lasers.[39,40] In these experiments, we assume that the incident 
laser directly excites the HOMO–LUMO (highest occupied 
molecular orbital–lowest unoccupied molecular orbital) 
transition of the underlying monomer by multiphoton absorp-
tion. The processes following this initial absorption are not  
fully clear.

A wealth of experimental observations on sensitive photore-
sists has been published in the literature. Yet, these studies 
not only refer to different types of photoinitiators (if any), but 
also to different photoinitiator concentrations nPI, different 
monomers used, different additives, such as quenchers or 
coinitiators, different free-space laser wavelengths λ0, dif-
ferent numerical apertures of the focusing microscope lenses 
NA, different focus velocities v, different necessary average 
threshold laser powers Pth, different laser pulse durations tp, 
possibly different levels of pulse chirping, and different laser 
pulse repetition rates Rp. This situation hampers the direct 
comparison of photoresists with respect to their sensitivity 
under relevant conditions.

Therefore, herein, we proceed as follows. We briefly reca-
pitulate the point of using two-photon absorption rather than 
one-photon absorption in Section  2. We compare single-focus 
scanning and multiple-focus scanning in terms of the neces-
sary average optical laser powers in Section  3. We motivate 
and define in Section 4 a simple photoresist-sensitivity figure-
of-merit (FOM) that reduces the complexity concerning photo
resist sensitivity into a single dimensionless number for any 
given experiment on a given photoresist system. In Section 5, 
we collect a large number of data from the published literature, 
add a few further candidates, and map all of them (a total of 
more than 70) onto the defined sensitivity FOM. Our experi-
ments on the new candidates are described in Section  6. We 
finally conclude in Section 7.

2. Why Two-Photon Absorption?

For most relevant (negative-tone) photoresists, the incident 
light induces a chemical reaction via a photoinitiator molecule. 
This reaction cures a liquid monomer to a solidified cross-
linked polymer. In the following development step, a solvent 
such as, for example, acetone washes out insufficiently cross-
linked molecules, leaving behind the final 3D printed structure. 
Despite the complex and not fully understood reaction-dif-
fusion kinetics of the photoresist (see, e.g.,[41–43]), two simple 
assumptions, A) and B) respectively, concerning the photoresist 
are usually a good starting point to describe the behavior.

A)	The threshold model: Below a certain local exposure dose—
the (gelation) threshold dose—the material is not sufficiently 
crosslinked. Hence, it is washed out in the development step. 
In regions where the exposure dose is above this threshold 
dose, the material is sufficiently cross-linked and remains af-
ter the development. Thereby, the threshold model basically 
“digitizes” the exposure dose to “material” or “no material”. 
Within the threshold model, arbitrarily small features or vox-
els can be printed.[2,11,42] There is no limit imposed by diffrac-
tion of light.[2]

B)	 The accumulation model: If the photoresist is subject to two 
or more point exposures at the same location or at different 
locations, the photoresist integrates the corresponding expo-
sure doses. On this basis, as explained in detail in ref. [2], 
one obtains a minimum separation between adjacent sepa-
rated features. Precisely, the two-photon Sparrow criterion 
determines the diffraction-limited resolution.[2] Moreover, 
within the accumulation model, it is not possible to 3D print 
arbitrary complex 3D architectures using one-photon absorp-
tion, whereas this is possible using two-photon absorption or 
multiphoton absorption.

The latter statement is the critical motivation for using two-
photon absorption for 3D printing and is hence illustrated 
in Figure  1. For one-photon absorption shown in the first 
row of Figure  1, the exposure dose Dexp is proportional to the 
light intensity, Dexp ∝ I. For two-photon absorption shown in 
the second row of Figure  1, the exposure dose is proportional 
to the squared intensity, Dexp ∝ I2. To counteract the possible 
misunderstanding that the main benefit of two-photon absorp-
tion is a smaller voxel size than for one-photon absorption, 
we choose λ0 = 800 nm free-space wavelength for two-photon 
absorption and λ0/2 = 400 nm free-space wavelength for one-
photon absorption. As a result, the individual voxels shown in 
column (a) of Figure 1 for one-photon absorption (1PA) are sig-
nificantly smaller than those for two-photon absorption (2PA). 
For both cases, we consider a laser focus with a numerical 
aperture of NA = 1.4. In the calculation of the electromagnetic 
fields in the laser focus, we use the Debye approximation as  
in ref. [44]. For both, one-photon absorption and two-photon 
absorption, by virtue of the threshold model, arbitrarily small 
voxels can be printed in 3D. We emphasize that, so far, there is 
no point of using two-photon absorption instead of one-photon 
absorption. In panels (b–d), we raster scan the laser focus over 
a small square and four legs, mimicking a simple table. We 
assume that the total exposure dose is given by the sum of the  
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individual exposure doses. At the end, we apply the threshold 
model to the accumulated exposure dose. For one-photon 
absorption, the table plate is thicker in the middle. This thick-
ening rapidly increases with increasing exposure dose, leading 
to a prominent largely overexposed region for 333% dose in 
the upper row of Figure  1d. A thickening of the plate versus 
increasing dose is found for two-photon absorption in the lower 
row of Figure 1 as well, but the thickness of the plate remains 
roughly constant throughout the plate.

The described distortions can be readily understood intui-
tively: At some point in the tail of the focus, which has a 
Lorentzian shape on the optical axis in the axial direction,[45] the 
intensity may be only 1% of its peak in the center of the focus. 
Upon scanning, and within the accumulation model, these tail 
exposures add up, for example 100 times, in which case the 
residual exposure dose is 100 × 1% = 100%. This explains the 
distortions in the first row of Figure 1. The two-photon absorp-
tion rate is ∝I2. This means that the 1% tail exposure for one-
photon absorption turns into a (1%)2  = 10−4 tail exposure for 
two-photon absorption. Even after adding up this tail exposure 
100 times due to scanning the focus, the parasitic exposure dose 
is merely 100 × 10−4  = 1%. The problem with the tails is not 
fully solved, but has become much less pronounced by using 
two-photon absorption. Importantly, any process that leads to 
an exposure rate  Dexp ∝ I2 rather than Dexp ∝ I (one-photon 
absorption) will suppress the tails. Multiphoton absorption  

Dexp ∝ Im with integer m > 2 is obviously even better to reduce 
the effect of the tails. Finally, we emphasize once again that the 
discussion in this section so far has been based on the accumu-
lation model, B).

A few publications successfully using cw lasers[18,19] for the 
making of 3D microstructures suggest that the accumulation 
model B) has its limits under certain conditions. For example, 
the Schwarzschild effect based on the complex local reaction 
diffusion kinetics[41,43] introduces an effective nonlinearity even 
for strict one-photon absorption.

C)	The “forgetting photoresist” model. The polar opposite of the 
photoresist accumulation model B) is described by a photore-
sist that completely “forgets” all below-threshold exposures, 
for example by fast enough diffusion of small oligomers to 
regions sufficiently far away from the excitation focus. Such 
a “forgetting photoresist”[2] would completely change the 
picture because the above tail-accumulation argument be-
comes obsolete (cf. Figure 1). There simply would not be any 
tails. In other words, one could 3D print arbitrary complex 
3D architectures by using one-photon absorption and a low-
power continuous-wave laser. Furthermore, such a “forget-
ting photoresist” would not underlie any restrictions in terms 
of spatial resolution due to optical diffraction.[2] Neither the  
Abbe diffraction barrier nor the two-photon Sparrow criteri-
on[2] would apply.

Figure 1.  Illustration of 3D laser nanoprinting with a numerical aperture of NA = 1.4. In the first row, we consider one-photon absorption (1PA) at 
wavelength λ0/2 = 400 nm with an exposure dose proportional to the intensity of light, Dexp ∝ I. In the second row, we consider two-photon absorption 
(2PA) at fundamental wavelength λ0 = 800 nm with an exposure dose proportional to the squared intensity, Dexp ∝ I2. In column (a), we assume the 
photoresist threshold model and show resulting structures for single-voxel exposure doses of 167%, 200%, and 333%, displayed by three isosurfaces. 
At a single-voxel exposure dose defined by 100%, the peak of the dose profile of a single voxel is at the threshold and, hence, only a singular point 
results. In columns (b–d), we additionally assume the photoresist accumulation model and sum up sequential exposure doses as shown in column 
(a), aiming at 3D printing a table, composed of a plate and four legs. The in-plane voxel spacing used for the plate is 0.2 μm. The used single-voxel 
exposure doses are indicated at the top. Note the huge proximity effect for 1PA despite the smaller voxel size for 1PA.
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3. Single-Focus 3D Printing versus Multiple Foci

As this paper is concerned with minimizing the laser power 
necessary for multiphoton 3D laser printing, it is interesting to 
briefly recapitulate whether—for a given fixed photoresist—3D 
printing using a single laser focus or using an integer number 
of N ≥ 1 foci leads to a lower required total average laser power P.

Let us consider only two-photon absorption with m = 2 (all 
of our findings can easily be generalized to m-photon absorp-
tion with integer m  ≠ 2). The individual focus velocity shall 
be v. We aim at a constant target printing rate, p, in units of 
voxels s−1. The voxel size or diameter shall be d, leading to  
p = Nv/d, hence

= /v pd N 	 (1)

Furthermore, the two-photon transition rate is proportional 
to =1 1

2P Pm , with the power P1 for one laser focus. For fixed 
constant exposure dose of one voxel, the product of expo-
sure time and 1

2P  needs to be constant. The exposure time is 
∝1/v, leading to =/ const.1

2P v  With the total power for N foci  
P = NP1 (assuming negligibly small interference effects among 
the foci), we obtain

∝P N v 	 (2)

Figure 2 visualizes these two simple Equations (1) and (2) for 
v and P in a P(v) diagram in double-logarithmic representation. 
The vertical power scale is in arbitrary units because the abso-
lute powers depend on the sensitivity of the photoresist used. 

Figure 2 refers to a given and fixed photoresist sensitivity. The 
solutions of the problem are the crossing points, which we have 
highlighted by the green circles. Clearly, the problem has dif-
ferent solutions for different integers N. These solutions cor-
respond to different necessary total laser powers P. Obviously, 
the solution with the lowest power corresponds to N = 1 (in 
contrast, for one-photon absorption, all solutions correspond 
to the same power P, not depicted). This means that it is best 
to 3D print using a single laser focus rather than using mul-
tiple foci—provided that the necessary focus velocity v is achiev-
able experimentally. Generally, the choice of the solution, i.e.,  
the choice of N, depends on whether the experiment is limited 
by the available average laser power or limited by the accessible 
maximum focus velocity. Using multiple foci makes sense if 
the focus velocity is a limiting factor. This situation has applied 
for our recent work,[3] where we used N = 3 × 3 = 9 foci, leading 
to a total peak printing rate of nearly 107 voxels s−1.

In the light of the above discussion, projection-based mul-
tiphoton 3D laser printing[12] can be seen as a case of extremely 
large N, where the focus scanning velocity v is replaced by 
the axial velocity, i.e., by the layer thickness (or effective voxel 
height) divided by the exposure time for one plane.

4. A photoresist Sensitivity Figure-of-Merit (FOM)

Let us consider N = 1 from here on. Typical pulse peak intensi-
ties, I, required for two-photon-absorption induced polymeriza-
tion of negative-tone photoresists for 3D laser nanoprinting are 
in the range of about  I = 1 TW cm−2 = 1012 W cm−2 = 1016 W m−2,[46]  
give and take an order of magnitude. The pulse peak intensity 
of a periodically pulsed focused laser can be estimated from its 
average laser power P (in units of W), the pulse duration tp (in 
units of s), the pulse repetition rate Rp (in units of s−1), and the 
effective laser spot radius r (in units of m) via

π
= 1

p p
2

I
P

R t r
	 (3)

For the special case of a continuous-wave (cw) laser, we have 
Rp tp = 1. The radius r of an ideal Gaussian focus, precisely, the 
point at which the intensity reaches 1/e2 of the spatial peak, is 
given by[45]

λ
π

=
NA

0r 	 (4)

The factor π in the denominator can be discussed, but drops 
out below anyway. Furthermore, we inappropriately made use of 
the small-angle approximation. However, the thereby resulting 
error is comparably small to other uncertainties in our analysis. 
Hence, the spatial and temporal peak intensity is given by

π
π λ

=
( NA)

p p

2

0
2

I
P

R t
	 (5)

The following experimental imperfections (1–4) can reduce 
the peak pulse intensity with respect to this value. There-
fore, the expression for I represents an upper bound. 1) The 

Figure 2.  Illustration for two-photon 3D laser printing with an integer 
number N of foci scanned in parallel. For clarity, only N = 1, N = 10,  
N = 100, and N = 1000 are shown. Lines of constant voxel exposure dose 
(blue) and lines of constant printing rate (red) in units of voxels/s are plotted 
versus the focus velocity on the horizontal axis (logarithmic scale) and 
versus the total average laser power on the vertical axis (logarithmic scale). 
The intersections of the blue and red curves are the possible solutions, which 
are highlighted by the green circles. Clearly, the solution for a single focus  
(N = 1) leads to the lowest total laser power, but also to the largest neces-
sary focus velocity. The vertical scale has arbitrary units because the absolute 
power levels depend on the sensitivity of the multiphoton photoresist used.
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laser pulses can be chirped due to the group-delay disper-
sion accumulated in optical materials or components in the 
beam path, which means that the pulse peak power and the 
peak intensity I decrease for a given average power P and 
that the pulse length increases. Most optical setups in the 
literature and all presently commercially available machines 
do not report on compensating for the group-delay disper-
sion, the effects of which tend to become more severe when 
going from the red to the blue end of the visible spectrum. 
The effect can be drastic. For example, in our recent work at 
around λ0 = 790 nm,[3] the measured pulse duration tp increased 
by about a factor of ten from the output of the laser (about  
100 fs) to the focal spot (about 1 ps). We compensated this 
temporal stretching by a prism-based arrangement.[3] 2) Not 
all of the laser power may actually pass through the aperture 
at the entrance pupil of the focusing microscope lens (case of  
“over-illuminated” entrance pupil). 3) The power may refer to a 
position in front of the microscope lens rather than to the focal 
position. Typical relevant microscope lenses have an optical 
transmittance on the order of T = 70%. Aspects (2) and (3) are 
not relevant if the power has been measured and quoted behind 
the microscope lens. Otherwise, we will generically assume full 
illumination of the aperture and T = 70% (unless a specific value 
has been quoted in the reference under discussion). 4) The aper-
ture of the microscope lens may have been under-illuminated or 
the laser-beam wavefront is aberrated, in which case the effec-
tive numerical aperture is lower than the numerical aperture 
of the microscope lens, thus the power required to achieve a 
certain peak intensity is larger than it would have been ideally. 
All of these possible experimental shortcomings (1–4) make the 
peak laser intensity in the focus lower than it could have been 
and therefore reduce the sensitivity FOM (to be defined below) 
based on the reported experimental numbers to a value lower 
than it could have been if these errors had not been made.

Next, the multiphoton exposure dose, Dexp, deposited during 
an exposure time texp (typically with texp ≫ tp) by the mode-
locked train of femto- or picosecond laser pulses is given by

( )=exp 2 exp p p
2D s t R t I 	 (6)

The coefficient s2 describes the effective two-photon sensi-
tivity of the photoresist. The exposure time can be estimated by

= 2
expt

r

v 	 (7)

where v is again the focus velocity in units of m s−1 (the pref-
actor of 2 could be discussed, but drops out below anyway). 
In summary, the exposure dose Dexp, which needs to be kept 
constant to achieve a certain sufficiently large cross-linking 
density of the photoresist, is given by

λ
π

π
π λ

( )=








2

NA

( NA)
exp 2

0
p p

p p

2

0
2

2

D s
v

R t
P

R t
	 (8)

Solving for s2 leads to

λ ( )= − −const. NA2 th
2

0
3

p p
3s v P R t 	 (9)

with const. = Dexp /(2π). Here, Pth refers to the minimum average 
laser power, the threshold power, which still leads to a sufficiently 
cross-linked material after the exposure process under these con-
ditions. To eliminate the unknown prefactor and to arrive at rea-
sonable dimensionless values for the FOM, we define

=FOM 2

2�
s

s
	 (10)

where 2�s  is a hypothetical reference two-photon photoresist 
with the following properties: = 1 m s�v −1, = 1 Wth

�P , �λ = µ1 m0 ,  
= 100 MHzp

�R , = 100 fsp
�t , and =NA 1� . In other words, the 

FOM is given by the formula

λ ( )= − −FOM NAth
2

0
3

p p
3v P R t 	 (11)

if v is inserted in units of m s−1, Pth in units of W, λ0 in units 
of μm, Rp in units of 100 MHz, and tp in units of 100 fs. NA is 
dimensionless.

A single sensitivity FOM value alone has no meaning. The 
FOM becomes meaningful when comparing the sensitivity 
FOM values of two or more different photoresists. The larger 
the FOM, the more sensitive the photoresist system.

The following examples (1)—(5) shall illustrate the FOM 
according to (11). 1) Consider two publications using the exact 
same two-photon photoresist, the same wavelength, the same 
repetition rate, the same scan speed, the same NA, but two 
different pulse lengths tp. As a result, the two publications 
would have measured two different threshold laser powers Pth. 
Insertion into (11) would lead to the same FOM. 2) Consider 
two publications using the exact same two-photon photoresist, 
the same wavelength, the same repetition rate, the same NA, 
the same pulse length tp, but two different scan velocities v. As a 
result, the two publications would have measured two different 
threshold laser powers Pth. Insertion into (11) would again lead 
to the same FOM. 3) A four times larger FOM leads to a two 
times lower threshold power Pth at otherwise fixed param-
eters. 4) Reducing the free-space wavelength λ0 by a factor of  
2 (e.g., from 800 to 400 nm), for otherwise constant parameters, 
decreases the FOM by a factor of 23 = 8. 5). The FOM indirectly 
depends on the photoinitiator concentration nPI: If a publica-
tion on a certain photoresist system has used a lower concentra-
tion nPI than what would have been possible given the solubility 
limit, the threshold power Pth has been higher, and thus the 
FOM is lower than what would have been possible.

A subset of the publications that we refer to in Section 4 indeed 
uses a constant focus scanning velocity v. However, another 
subset of references instead uses a fixed focus position (i.e., v = 0) 
and quotes the exposure time texp and power Pth at the threshold. 
In order to include these publications into our screening of 
photoresists with respect to sensitivity as well, using Equations (4) 
and (7) from above, we convert their data into an effective velocity

λ
π

= 2

NA
eff

0

exp

v
t

	 (12)

and insert veff according to (12) instead of v into formula (11) for 
the sensitivity FOM.

To summarize this section, the spirit of the defined dimen-
sionless two-photon-absorption based photoresist-sensitivity 
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FOM is that it assesses what has actually been accomplished 
and not what could have been accomplished by either modi-
fying the photoresist system or by eliminating shortcomings 
of the measurement setup or combinations thereof. The sen-
sitivity FOM aims at being a photoresist material property, and 
does ideally not depend on the properties of the measurement 
setup or the measurement conditions. In particular, it ideally 
does not depend on the focus velocity v.

5. Review of Photoresist Systems

In Figure  3, we plot the threshold laser power Pth versus the 
focus velocity v (at which these data have been taken) on a 
double-logarithmic scale. The references and the raw input data 
of all data points shown in Figure 3 are given in Tables 1 and 2. 
No corrections of any sort have been performed. The upper hor-
izontal scale shows the exposure time texp corresponding to v. 
This additional scale is necessary because some data have been 
taken for fixed focus position, i.e., for v = 0 (see Section 4), and 
finite exposure time texp at this fixed position. The set of loga-
rithmic straight lines with a slope of 1/2 illustrates the scaling 

∝thP v  expected for ideal two-photon absorption.
For some of the data points (see Tables  1 and  2), no 

threshold powers are available from the published litera-
ture. To include these data as well, we have taken the power 
quoted in these publications required to 3D print a structure. 

Due to the accumulation of exposure dose (“proximity effect”) 
when printing entire structures rather than point exposures 
or simple isolated lines, these powers can be lower than the 
threshold power. They may also be higher than the threshold 
power. We cannot know. Thus, these data points have to be 
taken with caution. We have indicated them in Figure 3 by a 
gray background.

As discussed in Section 4, all the data shown in Figure 3 are 
difficult to compare directly because they have been taken under 
vastly different conditions. Therefore, in Figure 4, we show the 
same data as in Figure  3, but converted into the dimension-
less sensitivity FOM described in Section 4. Here, in principle, 
the horizontal focus-velocity axis is not necessary as the FOM 
should ideally not depend on the focus velocity v. However, we 
keep this axis to ease the comparison with Figure 3 and to indi-
cate at which velocities these data have actually been taken. A 
much more interesting quantity to be plotted on the horizontal 
axis would have been the minimum consistently attainable fea-
ture size for a given material. For instance, one straight-forward 
way of sensitizing a photoresist is to deplete it from solvated 
oxygen.[41] However, this leads to pronounced proximity effects 
and a loss of resolution.[41] Unfortunately, the data availability 
for minimum feature sizes or voxel sizes is scarce, especially 
when combined with photoresist sensitivity data.

The symbols in Figures 3 and 4 indicate different photoresists, 
the colors of the symbols encode the used exposure wavelength. 
Dark red symbols correspond to about λ0 = 1000 nm wavelength, 

Figure 3.  The threshold laser power Pth (logarithmic scale) for various multiphoton photoresist systems is plotted versus the focus scanning velocity 
v (logarithmic scale). The upper horizontal scale provides the effective exposure time texp (for a voxel size of 364 nm, corresponding to λ0 = 800 nm 
exposure wavelength) that is equivalent to v. The color of the symbols roughly indicates the exposure wavelength. The various symbol types are 
explained in the legend. For simplicity, only the photoinitator classes have been indicated except for last group (star symbols) where the names of 
the commercially available photoresist are given. For the data points indicated by the gray background, no threshold power is available and we have 
instead taken a typical 3D printing power. Hence, these points have to be taken with some caution. Data points with bright colors indicate measure-
ments of the same photoinitiator but different monomer. Small data points connected by lines indicate measurements of the same photoresist but 
varying focus velocity. Measurements without labels have been performed by us. The raw data underlying all data points are provided in Tables 1 and 2. 
Furthermore, a few data points on SZ photoresists, which exhibit unusual low polymerization threshold powers at low laser repetition rates, are not 
included in this graph for the sake of clarity. They are shown in Figure 4 and specified in Tables 1 and 2. The parallel gray straight lines with a slope of 
1/2 correspond to the scaling 

th ∝P v .
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red to about λ0 = 800 nm wavelength, green to about λ0 = 532 nm  
wavelength, and blue to about λ0 = 400 nm wavelength. The pre-
cise wavelengths are given in Tables 1 and 2.

In Figure  4, the sensitivity FOM of the various photo
resists varies by about six orders of magnitude. Due to the 
large number of entries, it is not meaningful to discuss the 
individual data points. We emphasize once again that, for a 
given two-photon-absorption-based photoresist, the FOM—by 
its definition—does not depend on v.

Sadly, we do not see any clear trends or correlations of the 
photoresist sensitivity with respect to the chemistry of the pho-
toresist composition in Figure 4. Therefore, for what follows in 
this section, we only discuss three groups of data points with 
sensitivity FOM exceeding 100.

Among the most sensitive photoresist systems that have 
successfully been tested and applied at large focus veloci-
ties is PETA (pentaerythritol triacrylate) as monomer and 
DETC (7-diethylamino-3-thenoylcoumarin) as a commercially 
available photoinitiator.[47] This system is exceptional in dif-
ferent regards. First, the concentration of the photoinitiator is 
lower by an order of magnitude than what is commonly used 
for other photoinitiators. Naively, low concentration leads to 
low sensitivity (see Section  4). Unfortunately, the concentra-
tion of DETC in PETA cannot be increased due to its solubility 
limit. Second, under these conditions, DETC shows two-photon 
induced fluorescence, indicating that the primary absorption is 
indeed a second-order process. However, the overall nonlinear 
behavior of DETC in PETA as a photoresist is not consistent 
with ideal two-photon absorption but is rather effectively a 
third-order process. This observation has been made previously 
when varying the laser pulse repetition rate[48] and, indepen-
dently, when varying the exposure time.[43]

The mechanisms underlying this third-order behavior are 
not fully understood. Such behavior could generally result if, 
for example, two-photon absorption brings an electron from the 

ground-state manifold to the excited-state manifold of the photo
initiator molecule, from where the electron relaxes into some 
lower-energy intermediate state with rather long lifetime. From 
there, one-photon absorption brings the electron to a state from 
which radicals can be generated. Overall, three photons need to 
be absorbed to start the chemical reaction. However, this simple 
picture fails to describe the complex behavior of DETC in regard 
to a possible depletion laser beam[47,49] (which is not used here). 
As a result of its effective third-order behavior, the sensitivity FOM 
of DETC in PETA depends on the focus velocity v. This behavior 
does not agree with the discussion in Section 4. Nevertheless, the 
threshold powers of DETC at large focus velocities are lower than 
those of many other photoresists (see Figure 3). Clearly, due to the 
third-order behavior, the effective sensitivity advantage of DETC 
increases with increasing focus velocity v according to FOM∝v3/2, 
currently making it an attractive option for rapid 3D laser printing 
at around λ0 = 800 nm laser wavelength.

A promising photoresist system composed of a photoini-
tiator containing donor and acceptor groups in a conjugated 
backbone is BDMeABnCHx ((2E,6E)-2,6-bis(4-(dimethylamino)
benzylidene)-4-methylcyclohexanone) and the monomer 
BPADA (ethoxylated bisphenol A diacrylate). BDMeABnCHx 
reportedly has a high two-photon absorption cross-section, 
while being obtainable with a one-step synthesis.[31] Our experi-
ments show that the effective nonlinear behavior of BDMeAB-
nCHx in BPADA, similar to that of DETC in PETA, is not a 
second-order process (see Figure  3). Furthermore, the sensi-
tivity of the two photoresists is comparable, even though the 
concentration of BDMeABnCHx in BPADA is even lower 
than that of DETC in PETA due to solubility limitations. We 
discuss a modified and improved version of BDMeABnCHx in 
Section 6.

At yet higher focus velocities, or equivalently, at yet smaller 
exposure times, while keeping the exposure dose constant by 
increasing the peak laser power, four-photon absorption and 

Figure 4.  As Figure 3, but the reported laser power of all data points is converted into the dimensionless photoresist-sensitivity figure-of-merit (FOM). 
Ideally, for a given two-photon photoresist, the FOM should not depend on the focus scanning velocity v.
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Table 1.  The nomenclature in the second column connects the symbols shown in Figures 3 and 4 as well as in the first column with the reference 
numbers of this review listed in the third column. The fourth column provides the photoresist composition in a nomenclature extended with respect 
to the legends of Figures 3 and 4. More complete information on the photoresist composition and on other aspects is given in the file provided in the 
Supporting Information. The fifth column of this table lists the dimensionless photoresist-sensitivity figure-of-merit FOM (cf. vertical axis of Figure 4), 
the sixth column the corresponding scanning velocity v (cf. horizontal axis of Figures 3 and 4). The threshold laser power Pth plotted on the vertical 
axis of Figure 3 is given in the seventh column. The following four columns provide the parameters which are necessary to convert the Pth values into 
the FOM values, namely the laser wavelength λ0, the laser pulse duration tp, the pulse repetition rate Rp, and the microscope objective numerical 
aperture NA. The last column lists the used photoinitiator concentration nPI.

Sym. Label Ref. Photoresist FOM v [m s−1] Pth [W] λ0 [m] tp [s] Rp [Hz] NA nPI [wt%]

2002-1 [25] BSB-S2 + SU-8 + GBL 4.03 × 10−1 5.00 × 10−5 3.50 × 10−3 7.45 × 10−7 8.0 × 10−14 8.2 × 107 1.40 2.500

2005-1 [13] Irg369 + ORMOCER I 1.74 × 10−3 1.42 × 10−5 3.00 × 10−2 7.80 × 10−7 8.0 × 10−14 8.0 × 107 1.40 0.250

2006-1 [26] BMPyPCbzTos + MA + DEP-6A 2.01 × 10−1 1.77 × 10−4 1.00 × 10−2 7.80 × 10−7 8.0 × 10−14 8.2 × 107 1.40 0.100

2007-1 [27] BCPhPnCbz + MAA + DEP-6A 2.29 × 10−2 1.00 × 10−5 1.01 × 10−2 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.720

2007-1 [27] BCPhBnCbz + MAA + DEP-6A 9.12 × 10−1 1.00 × 10−5 1.60 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.750

2007-1 [27] BNPhPnCbz + MAA + DEP-6A 5.72 × 10−1 1.00 × 10−5 2.02 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.770

2007-1 [27] BNPhBnCbz + MAA + DEP-6A 3.65 × 100 1.00 × 10−5 8.00 × 10−4 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.800

2007-2 [28] BPnDPhAnt + MAA + DPHA 5.70 × 100 1.00 × 10−5 6.40 × 10−4 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.367

2009-1 [29] BTPhAQ + MAA + DPHA 3.81 × 100 1.00 × 10−5 8.00 × 10−4 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.40 0.500

2009-1 [29] BTPhABnQ + MAA + DPHA 3.61 × 10−1 1.00 × 10−5 2.60 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.40 0.500

2010-1 [18] SU-8 4.52 × 10−2 9.92 × 10−5 1.57 × 10−2 5.32 × 10−7 cw cw 1.40 ?

2010-1 [18] IP-L 4.75 × 10−3 2.00 × 10−4 6.87 × 10−2 5.32 × 10−7 cw cw 1.40 ?

2010-2 [16] Irg369 + SZ2080 2.21 × 102 1.00 × 10−4 2.33 × 10−6 1.03 × 10−6 3.0 × 10−13 1.0 × 103 1.40 1.000

2010-2 [16] DABP + SZ2080 3.45 × 102 1.00 × 10−4 1.86 × 10−6 1.03 × 10−6 3.0 × 10−13 1.0 × 103 1.40 1.000

2010-2 [16] Pure SZ2080 2.86 × 101 1.00 × 10−4 6.46 × 10−6 1.03 × 10−6 3.0 × 10−13 1.0 × 103 1.40 0.000

2011-1 [35] BNPhBnC + MAA 1.61 × 10−1 1.00 × 10−5 4.02 × 10−3 7.80 × 10−7 1.0 × 10−13 8.2 × 107 1.45 0.100

2011-1 [35] BNPhBnC/PhOMe + MAA 1.42 × 10−1 1.00 × 10−5 4.28 × 10−3 7.80 × 10−7 1.0 × 10−13 8.2 × 107 1.45 0.100

2011-1 [35] BNPhMBnC + MAA 1.27 × 10−1 1.00 × 10−5 4.53 × 10−3 7.80 × 10−7 1.0 × 10−13 8.2 × 107 1.45 0.100

2011-2 [14] DETX + SZ2080 9.02 × 101 1.00 × 10−4 2.21 × 10−4 5.32 × 10−7 8.0 × 10−12 1.0 × 106 1.40 1.000

2012-1 [30] BDAPhPnOAnt + MAA + DPHA 3.65 × 101 1.00 × 10−3 2.53 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.940

2012-1 [30] BPTPnOAnt + MAA + DPHA 9.12 × 10−1 1.00 × 10−5 1.60 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.867

2012-1 [30] BCPhPnOAnt + MAA + DPHA 3.33 × 10−2 1.00 × 10−5 8.37 × 10−3 8.00 × 10−7 8.0 × 10−14 8.0 × 107 1.42 0.899

2013-1 [31] DBAn2PhOMe + TTA + ETA 1.47 × 10−1 5.00 × 10−5 6.87 × 10−3 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.377

2013-1 [31] BDBAn3FL + TTA + ETA 6.76 × 10−2 5.00 × 10−5 1.01 × 10−2 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.400

2013-1 [31] BDMAnPhPn + TTA + ETA 9.59 × 10−2 5.00 × 10−5 8.49 × 10−3 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.202

2013-1 [31] BDBuABnCPn + TTA + ETA 7.99 × 10−2 5.00 × 10−5 9.30 × 10−3 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.324

2013-1 [31] BDMeABnCHx + TTA + ETA 6.75 × 10−2 5.00 × 10−5 1.01 × 10−2 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.200

2014-1 [41] Irg819 + PETA 4.70 × 100 3.72 × 10−2 5.00 × 10−2 8.10 × 10−7 1.0 × 10−13 8.0 × 107 1.40 1.397

2014-1 [41] Irg819 + DPEPA 8.13 × 100 3.68 × 10−2 3.78 × 10−2 8.10 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.799

2014-1 [41] Irg819 + TMPTA 1.49 × 100 3.68 × 10−2 8.84 × 10−2 8.10 × 10−7 1.0 × 10−13 8.0 × 107 1.40 1.406

2014-1 [41] DETC + PETA 3.09 × 101 3.72 × 10−2 1.95 × 10−2 8.10 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.286

2014-1 [41] ITX + PETA 6.27 × 100 3.68 × 10−2 4.31 × 10−2 8.10 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.845

2016-1 [53] Irg369 + DTMPTA 4.52 × 10−1 4.00 × 10−3 5.00 × 10−2 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 1.000

2016-1 [53] Irg369 + DTMPTA + PETMP 1.57 × 100 5.00 × 10−3 3.00 × 10−2 7.80 × 10−7 1.0 × 10−13 8.0 × 107 1.40 1.000

2017-1 [15] Irg369 + SZ2080 2.47 × 102 5.00 × 10−4 6.00 × 10−5 5.15 × 10−7 3.0 × 10−13 2.0 × 105 1.40 1.000

2017-1 [15] Pure SZ2080 1.39 × 102 5.00 × 10−4 8.00 × 10−5 5.15 × 10−7 3.0 × 10−13 2.0 × 105 1.40 0.000

2019-1 [43] DETC + PETA 2.29 × 102 1.82 × 10−1 1.84 × 10−2 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 0.250

2019-1 [43] DETC + TMPETA 2.31 × 101 1.82 × 10−1 5.80 × 10−2 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 0.250

2019-1 [43] DETC + BPFDA 1.35 × 102 1.82 × 10−1 2.40 × 10−2 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 0.250

2019-1 [43] DETC + THICTA 1.60 × 102 7.28 × 10−3 4.40 × 10−3 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 0.250

2019-1 [43] Irg369 + PETA 5.61 × 101 1.82 × 10−1 3.72 × 10−2 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 2.000

2019-1 [43] Irg819 + PETA 3.04 × 101 1.82 × 10−1 5.05 × 10−2 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 2.000

2019-1 [43] Pure PETA 6.18 × 100 1.82 × 10−1 1.12 × 10−1 8.00 × 10−7 1.4 × 10−13 8.0 × 107 1.40 0.000

Adv. Optical Mater. 2020, 2000895



www.advancedsciencenews.com www.advopticalmat.de

2000895  (9 of 14) © 2020 The Authors. Published by Wiley-VCH GmbH

five-photon absorption of the monomer itself set in.[48] Hence, 
photoinitiators are no longer needed. However, under these 
conditions, the microexplosion threshold typically appears at 
only slightly larger laser powers than the laser polymerization 
threshold. Such behavior makes the operation of the 3D printer 

critical with respect to laser power to within some percent and, 
therefore, not attractive for reliable real-world application.

At focus velocities between 10 μm s−1 and 1 cm s−1 in 
Figure 4, the SZ photoresists (cf. full five-pointed star symbols) 
exhibit FOM > 100 for fundamental excitation wavelengths 

Table 2.  Continuation of Table 1.

Sym. Label Ref. Photoresist FOM v [m s−1] Pth [W] λ0 [m] tp [s] Rp [Hz] NA nPI [wt%]

2019-2 [32] BMOA-1T + TTA + ETA 2.03 × 101 3.16 × 10−1 9.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.345

2019-2 [32] BtBuA-1T + TTA + ETA 2.57 × 101 3.16 × 10−1 8.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.398

2019-2 [32] BMA-1T + TTA + ETA 4.57 × 101 3.16 × 10−1 6.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.313

2019-2 [32] BTMSA-1T + TTA + ETA 4.57 × 100 3.16 × 10−2 6.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.430

2019-2 [32] BHA-1T + TTA + ETA 3.36 × 101 3.16 × 10−1 7.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.285

2019-2 [32] BFA-1T + TTA + ETA 3.36 × 101 3.16 × 10−1 7.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.321

2019-2 [32] BCNA-1T + TTA + ETA 3.36 × 100 3.16 × 10−2 7.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.335

2019-2 [32] BSO2MA-1T + TTA + ETA 6.58 × 100 3.16 × 10−2 5.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.442

2019-2 [32] BDBAn3FL + TTA + ETA 6.43 × 100 1.00 × 10−1 9.00 × 10−2 7.98 × 10−7 7.2 × 10−14 7.3 × 107 0.80 0.317

2019-3 [33] BDAPhTX + PETA 2.09 × 10−1 1.00 × 10−4 5.50 × 10−3 8.00 × 10−7 2.5 × 10−14 8.0 × 107 1.49 0.250

2019-3 [33] DANTX + PETA 2.56 × 10−1 1.00 × 10−4 4.97 × 10−3 8.00 × 10−7 2.5 × 10−14 8.0 × 107 1.49 0.500

2019-3 [33] ITX + PETA 5.95 × 10−2 1.00 × 10−4 1.03 × 10−2 8.00 × 10−7 2.5 × 10−14 8.0 × 107 1.49 1.500

2019-4 [34] 36CbzDBOx + TMPTA + TMP3EOTA 1.12 × 100 7.50 × 10−4 1.40 × 10−2 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 0.100

2019-4 [34] 36CbzDAOx + TMPTA + TMP3EOTA 1.52 × 100 7.50 × 10−4 1.20 × 10−2 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 0.087

2019-4 [34] 27CbzDBOx + TMPTA + TMP3EOTA 1.52 × 100 7.50 × 10−4 1.20 × 10−2 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 0.100

2019-4 [34] 27CbzDAOx + TMPTA + TMP3EOTA 4.47 × 100 7.50 × 10−4 7.00 × 10−3 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 0.087

2019-4 [34] TPO + TMPTA + TMP3EOTA 1.28 × 100 7.50 × 10−4 1.31 × 10−2 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 0.045

2019-4 [34] IP-L 1.30 × 100 7.50 × 10−4 1.30 × 10−2 8.00 × 10−7 1.0 × 10−13 8.0 × 107 1.42 ?

2019-5 [52] OXE + PETA 1.37 × 103 4.00 × 10−5 2.20 × 10−4 7.40 × 10−7 1.4 × 10−13 8.0 × 107 0.65 0.101

2019-6 [51] Pure SZ2080 1.41 × 102 1.00 × 10−2 1.46 × 10−4 5.15 × 10−7 3.0 × 10−13 2.0 × 105 1.40 0.000

— [—] DETC + PETA 4.74 × 101 1.24 × 10−1 2.93 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + PETA + TEA 9.00 × 101 1.24 × 10−1 2.13 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + PETA + DBAm 9.00 × 101 1.24 × 10−1 2.13 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + PETA + DPIHFP 9.00 × 101 1.24 × 10−1 2.13 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + PETA + DBA + DPIHFP 1.45 × 102 1.24 × 10−1 1.68 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

—– [—] Pure PETA 1.91 × 101 6.14 × 10−2 1.13 × 10−2 4.05 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.000

— [—] Pure DPHA 2.95 × 101 6.14 × 10−2 9.07 × 10−3 4.05 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.000

— [—] Pure BPADA 5.67 × 101 6.14 × 10−2 6.54 × 10−3 4.05 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.000

— [—] Pure BPAGMA 4.23 × 101 6.14 × 10−2 7.57 × 10−3 4.05 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.000

— [—] IP-DIP 3.33 × 101 1.24 × 10−1 3.50 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 ?

— [—] IP-L 3.33 × 101 1.24 × 10−1 3.50 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 ?

— [—] IP-S 5.92 × 10−1 2.21 × 10−3 3.50 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 ?

— [—] DETC + BPADA 5.37 × 101 1.24 × 10−1 2.76 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + DPHA 7.92 × 101 1.24 × 10−1 2.27 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + UDMA 3.33 × 100 1.24 × 10−2 3.50 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + BPAGMA 1.87 × 101 6.99 × 10−2 3.50 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] DETC + PETA + PETMP 6.26 × 101 6.99 × 10−2 1.91 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.500

— [—] BDMeABnCHx + PETA 1.12 × 102 1.24 × 10−1 1.91 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.100

— [—] BDMeABnCHx + BPADA 2.13 × 102 1.24 × 10−1 1.38 × 10−2 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.400

— [—] BDBuABnCHx (BBK) + PETA 9.05 × 102 1.24 × 10−1 6.71 × 10−3 8.20 × 10−7 1.0 × 10−13 8.0 × 107 1.40 0.700
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in the green, red, and infrared spectral region. SZ2080 desig-
nates a monomer mixture, which has been used in conjunc-
tion with various photoinitiators.[50] In Figure  4, experimental 
data on SZ2080-mixtures containing Irgacure 369, DABP 
(4,4′-bis(dimethylamino)benzophenone), DETX (2,4-diethyl-
9H-thioxanten-9-one), and without any photoinitiator are 
shown. These data correspond to low repetition rates of either 
Rp = 1 kHz or 200 kHz (cf. Tables 1 and 2). They show a pro-
nounced increase of the FOM for increasing focus velocity 
v,[51] whereas the FOM should be constant for ideal two-photon 
absorption, as discussed above for DETC in PETA and BDMe-
ABnCHx in BPADA, respectively. This behavior again indicates 
the importance of processes higher than second order. Unfortu-
nately, we have not found experimental data for SZ photoresists 
at pulse repetition rates larger than Rp  = 200 kHz and for  
v > 1 cm s−1. For Rp = 200 kHz and v = 0.4 m s−1, the spacing 
between adjacent voxels would already be 2 μm, leading to dis-
connected voxels for sub-μm voxel diameters. Based on the obser-
vations made in ref. [47], we speculate that the effective exponent 
of the photoresist nonlinearity, and hence the effective photore-
sist sensitivity, might change when going from Rp = 200 kHz  
to order Rp = 100 MHz repetition rates.

The largest figure-of-merit shown in Figure 4 and Tables 1 
and  2 is FOM = 1368.[52] This result has been obtained at a 
fairly small focus velocity of v = 40 μm s−1 and with a photo
resist system based on the monomer PETA. The photoinitiator 
(OXE) is a carbazole-based two-photon absorption module 
with a chevron-shaped structure, associated with an O-acyl-
α-oxooxime function, which integrates a photocleavable 
NO bond. OXE requires a five-step synthesis. The authors 
reported that the photolysis of OXE seems relatively insensi-
tive with respect to oxygen.[52] This behavior suggests that the 
photocleavage mainly proceeds via a singlet excited state. In 
many other photoresists, the oxygen concentration sensitively 
influences the polymerization threshold power as well as the 
accessible spatial resolution by suppressing the proximity 
effect.[41] Furthermore, in their experiments, the authors used 
a fairly low numerical aperture of NA = 0.6. On this basis, the 
achievable spatial resolution of the OXE in PETA system is 
presently not clear. Furthermore, it is not clear whether the 
FOM = 1368 of this interesting photoresist system can experi-
mentally be carried over to state-of-the-art focus scanning 
velocities, which are four orders of magnitude larger than the 
used v = 40 μm s−1.

6. New Experiments

As can be seen from Tables  1 and  2, some of the data points 
in Figures  3 and  4 are original for the present paper, others 
have been remeasured by us here for previously introduced 
photoresists to allow for a direct comparison within this paper. 
In this section, we provide details for all of the photoresists cor-
responding to these data in Figures 3 and 4.

Experimental setups allowing for determining the threshold 
laser power in two-photon based 3D printing have been 
described many times in the literature.[43,53] The home-built 
3D laser lithography setup used here is closely similar to the 
one used in ref. [47]. The most important components are a 

mode-locked femtosecond laser oscillator (Mai Tai HP, Spectra-
Physics) operating at Rp  = 80 MHz repetition rate and λ0  = 
820 nm center wavelength, an acousto-optic modulator, piezo-
electric translation stages to move the sample with respect to the 
laser focus, and a focusing microscope lens (Leica HCX PL APO 
100 ×/1.4–0.7 Oil CS), which is used in oil-immersion mode.[11] 
The laser pulses are focused through a BK7 glass substrate 
into the photoresist.[11] The liquid photoresists are drop-cast 
onto the glass substrate. For a chosen exposure time texp, we 
expose a series of spatially separated points with different laser 
powers P. During the exposure time, we do not move the focus 
with respect to the sample. After development of the photo
resist using acetone, we inspect the sample by using an optical 
microscope and identify the minimum power, the threshold 
power Pth, that has led to a visible polymer dot. To our expe-
rience, the determined values for Pth vary in detail depending 
on which optical microscope or which imaging mode one uses 
or whether one rather uses electron microscopy. However, this 
variation is on the level of about ± 10%,  which is hardly vis-
ible within the symbol size in the double-logarithmic plots in  
Figures 3 and 4. All laser powers are measured at the position of 
the objective lens through an aperture of 5.6 mm in diameter, 
corresponding to the objective lens entrance pupil diameter.

As the photoresist composed of PETA as a monomer and 
DETC as a photoinitiator has proven to be highly sensitive 
(see Section 5), we have considered adding coinitiators to this 
resist system. Onium salts and amines have been reported 
to increase the polymerization rate and conversion.[54] For 
instance, the onium salt DPIHFP (diphenyliodonium hex-
afluorophosphate) gets reduced by a formal electron transfer 
after light absorption by the photoinitiator. DPIHFP then 
forms unstable diaryl iodine free radicals.[55] Amines assist the 
polymerization reaction by forming a charge-transfer complex 
with dissolved oxygen,[56] which converts into a hydroperoxide, 
consuming oxygen and generating further radical species after 
decomposing.[57] Through the consumption of oxygen, this pro-
cess also attenuates radical inhibition.

Since both amine and onium salt can improve the perfor-
mance of the photoinitiator[58] we have investigated the incor-
poration of amines, i.e., a tertiary amine TEA (triethylamine) 
and a secondary amine DBA (dibutylamine) as well as the 
onium salt DPIHFP in the photoresist system. All the formu-
lations containing PETA, DETC, and either amine or onium 
salt as a coinitiator show slight improvements with respect 
to the threshold laser power. Adding both, amine and onium 
salt, decreases the threshold laser power even further. DBA 
shows a more prominent effect than TEA. However, all sensi-
tivity improvements are comparatively small for short exposure 
times (corresponding to high focus velocities). Furthermore, 
resist systems with said coinitiators show a deviation from the 
third-order process previously observed for pure PETA and 
DETC toward a second-order process, accelerating the increase 
of the required threshold laser power versus the focus velocity. 
This behavior is disadvantageous.

Alongside DETC, the photoinitiator BDMeABnCHx[31] shows 
a high FOM. However, due to low solubility in commonly used 
monomers such as PETA, BDMeABnCHx has not surpassed 
the FOM of DETC based photoresists so far. To increase the 
solubility of BDMeABnCHx in PETA, we have modified its 
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chemical structure: In our synthesis (see the Supporting 
Information), we have replaced the methyl side groups with 
longer alkyl chains, i.e. butyl groups, leading to the derivative 
BDBuABnCHx (BBK). This small variation increases the solu-
bility in PETA by a factor of seven. Thereby, the FOM of BBK 
in PETA increases to FOM = 905 at an effective focus velocity 
of v = 12.4 cm s−1 (see Figure 4 and Table 2), which is larger by 
a factor of eight with respect to BDMeABnCHx in PETA. This 
is the largest FOM at large focus velocities reported so far.

7. Conclusion

We have reviewed more than 70 different photoresist systems 
that are suitable for multiphoton based 3D laser micro- and 
nanoprinting by scaling the raw data from the literature and 
the original data presented here to a dimensionless photore-
sist-sensitivity FOM. We find that this photoresist-sensitivity 
FOM varies by about six orders of magnitude from FOM < 10−2  
to FOM > 103. For six different photoresist systems, a FOM 
> 102 at focus velocities v  ≥ 1 cm s−1 has been demonstrated 
experimentally. Interestingly, many of these photoresists 
exhibit effective nonlinearities that are not consistent with 
pure two-photon absorption. A single photoresist exhibits a 
FOM > 103, albeit measured at a fairly small focus velocity of  
v = 40 μm s−1 and with unclear spatial resolution and proximity 
effect. Here, the behavior has been consistent with two-photon 
absorption. Translated back to a simple set of dimensioned 
quantities, a photoresist-sensitivity of FOM = 102 corresponds 
to a polymerization threshold laser power of Pth  = 100 mW 
at a focus velocity of v = 1 m s−1, a fundamental laser center 
wavelength of λ0  = 1 μm, a pulse duration of tp  = 100 fs,  
a pulse repetition rate of Rp = 100 MHz, and at a microscope 
objective numerical aperture of NA = 1. For an array of 4 × 4 
laser foci, the total power exiting the microscope lens would 

already be as large as 1.6 W. Even for a well-engineered optical 
system, an overall power loss from the laser to the focusing 
objective lens that is smaller than a factor of two is very hard to 
achieve, leading to necessary femtosecond-laser powers >3 W.  
Therefore, further improvements in regard to photoresist 
sensitivity are very highly desirable, especially for high-speed 
multifocus multiphoton 3D laser nanoprinting[3] or high-speed 
projection-based multiphoton 3D laser nanoprinting.[12] These 
improvements might be accomplished by increasing the solu-
bility of existing efficient photoinitiator molecules via chemical 
modifications or by the synthesis of completely novel efficient 
photoinitiators. For example, the recently introduced BBK 
and OXE photoinitiators discussed in this review go in this 
direction.

A possible future avenue toward sensitive nonlinear photo
resists is to replace two-photon absorption by two sequential 
resonant one-photon absorption processes. As illustrated in 
Figure 5, two-photon absorption is connected to a virtual inter-
mediate state in the middle between a lower and an upper 
energy level, the lifetime of which is directly determined by 
the femtosecond optical pulse duration. If we replace this vir-
tual state in Figure  5a by a real electronic intermediate state 
with longer lifetime shown in Figure  5b, the sensitivity can 
potentially be increased. Suppose that the intermediate state 
lifetime is not too long and that the transition rate from the 
intermediate energy level to the upper energy level is suffi-
ciently large. In this case, the intermediate-state population 
probability remains sufficiently small compared to unity at all 
times. Thus, the upper-state occupation and hence the exposure 
rate would be proportional to the square of the intensity—just 
like for two-photon absorption. Interestingly, an inexpensive cw 
laser could be used to mediate the two sequential one-photon 
absorption processes.

While we have emphasized the aspect of photoresist sensi-
tivity in this review, it should be clear that many other mate-
rials aspects of photoresists are equally important for applica-
tions. Examples are the achievable spatial resolution, the size of 
the process window before microexplosions occur, the ease of 
handling, the optical refractive index, the mechanical Young’s 
modulus, etc.

Let us finally address some yet more fundamental limits 
of high-speed 3D nanoprinting: Using state-of-the-art sensi-
tive multiphoton photoresists, previous work has 3D printed 
a record-high number of 300 billion = 3 × 1011 voxels at a peak 
printing rate of nearly 107 voxels s−1.[3] Suppose that future pro-
gress yields an improved 100 nm voxel size. 3D printing a  
1 cm3 volume, equal to 1015 voxels, would then take 108 s, which 
is more than three years. As another example, a 1 L = 10 cm3 
volume with 10 nm voxel size, corresponding to 1021 voxels total, 
would take more than 3000 years—even if the 3D printing rate 
was boosted up by three orders of magnitude to 1010 voxels s−1. 
The number of 1021 voxels, equivalent to 1021 Bits, approaches 
the estimated total digital data accumulated by humankind 
in the year 2020, which is estimated to be around 45 billion 
Terabyte = 4.5 × 1022 Byte > 3.6 × 1023 Bit.[59] This number is 
comparable to the Avogadro number NA  = 6.022 × 1023. This 
discussion shows that 3D printing may be boosted by more sen-
sitive photoresists and yet higher 3D printing rates, however, it 
is eventually going to be limited by the enormous information 

Figure 5.  Schematic illustration comparing different effectively nonlinear 
absorption mechanisms from a lower-energy electronic state (#1) to a 
higher-energy electronic excited state (#2) of a molecule. Electrons in 
level #2 shall eventually initiate the polymerization process. a) Simulta-
neous two-photon absorption of laser light. The energy of the intermediate 
“virtual” state (dashed), halfway between levels #1 and #2, is induced by 
the light field itself. Its lifetime corresponds to the laser pulse duration.  
b) Same, but with a real intermediate state, i.e., an electronic state that 
exists if the light field is switched off. Here, an electron can be excited to 
the upper state by two sequential one-photon absorption processes. Under 
suitable conditions, the occupation of level #2 is proportional to the square 
of the laser intensity, just like for two-photon absorption in panel (a).
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content of specimen that are large in overall volume and that 
contain fine features at the same time.

This dilemma asks for novel approaches. One approach that 
has recently been implemented in two different commercially 
available instruments (Nanoscribe GmbH and upnano GmbH) 
is to change the size and volume of the voxel dynamically over 
a large range during the multiphoton 3D printing process. 
Only where required, the minimum possible voxel size is used. 
Clearly, this ansatz only works for certain types of 3D architec-
tures, e.g., for free-form surfaces. A distinct approach is to com-
bine controllable directed self-assembly on the nanometer scale 
with multiphoton 3D printing on the sub-micrometer scale and 
above. Such demonstrations have recently emerged, too.[60,61] 
All of these approaches would benefit from more sensitive mul-
tiphoton photoresists as well.
Note added in proof:
Recently, we have become aware of a submitted paper  
(C. Arnoux et al., DOI:10.26434/chemrxiv.12662315.v1) in 
which two new photoinitiators are presented, for which we 
derive FOM = 204 and FOM = 362, respectively.
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