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ABSTRACT: A  major  challenge  towards  integrated  quantum  optics  is  the  deterministic

integration of quantum emitters on optical chips. Combining the quantum optical properties of

some emitters with the benefits of integration and scalability of integrated optics is still a major

issue to overcome. In this work, we demonstrate a novel approach in which quantum emitters are

positioned in a controlled manner onto a substrate and onto an optical waveguide with nanoscale

precision via direct laser writing based on two-photon polymerization (DLW-TPP). Our quantum

emitters  are  colloidal  CdSe/ZnS quantum dots  (QDs)  embedded  in  polymeric  nanostructures.

Varying  the  laser  parameters  during  the  patterning  process,  size-controlled  QD-polymer

nanostructures have been characterized systematically. Structures as small as 20 nm in height were

fabricated.  The  well-controlled  QD-polymer  nanostructure  systems  were  then  successfully

integrated at will onto a photonic platform, in our case, ion exchange waveguide (IEW). We show

that our quantum dots maintain their high light emitting quality after integration as verified by

photoluminescence (PL) measurements. Ultimately, QD emission coupled to our waveguides is

detected through a home-build fiber-edge coupling PL measurement setup. Our results show the

potential for future quantum optical communications and pave a novel way towards top-down

deterministically integrating quantum emitters onto complex photonic chips.

KEYWORDS: integrated quantum optics, quantum emitters, quantum dots, photopolymers, two

photon polymerization, waveguide
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Luminescent colloidal semiconductor quantum dots (QDs) have already proven to be promising

solid-state quantum emitters in the fields of nanophotonics and quantum optics.1–8 For the practical

realization of such scalable photonic quantum devices, one of the key requirements is the ability to

integrate quantum dots onto specific optical chip locations. Many approaches have been explored,

including electron beam lithography (EBL),9–12 capillary force,13,14 optical trapping,15,16 and atomic

force microscopy transfer methods.17,18 However, these methods have some limitations such as

complicated operations, high manufacturing costs and multiple fabricating steps.19,20 

Direct laser writing based on two-photon polymerization DLW-TPP has been employed for

producing 1D, 2D and 3D arbitrary microscale and even nanoscale polymeric structures in a fast

and simple manner with high positioning and laser writing accuracy.21–24 In conventional DLW-

TPP process, a pulsed laser is tightly focused to a diffraction-limited spot within the volume of

liquid  photopolymers.  Due  to  a  two-photon  absorption  (TPA) process,25 photo-polymerization

(crosslinking of photopolymer) is triggered to form arbitrary hollow 3D polymeric structures by

scanning the laser. Recently, embedding quantum dots into a photopolymer host matrix has been

exploited to produce QD-polymer nanocomposites by photopolymerization, which joins the active

light-emitting  property  of  QDs  together  with  the  technological  feasibilities  of  the  polymer

matrix.26–29 However, optical devices integrated with QD-polymer nanocomposites via DLW-TPP

have not been reported. 

In  this  work,  for  the first  time, we demonstrate  the deterministic  integration of  photonic

devices with quantum emitters via DLW-TPP. A development of conventional DLW-TPP platform

enables  transferring  of  size-controlled  QD-polymer  nanocomposites  onto  preselected  optical

substrates  with  nanometer-scale  precision.  We  succeeded  in  creating  single  QD-polymer

nanostructures at the center of ion exchanged waveguides. The quantum dot emission coupled to

an ion exchanged waveguide (IEW) is demonstrated via photoluminescence measurement. This

work  indicates  good  prospects  toward  practical  realizations  of  deterministic  integration  of

quantum emitters onto complex photonic devices.
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Figure 1. Schematic of conventional DLW-TPP platform. (b, c) Cross-section and 3D Illustration of

developed DLW-TPP platform. Red dots represent quantum dots dispersed inside photopolymer.

White dashed line shows controlling of laser focus height. (d) Conceptual a single QDs-polymer voxel

integrated on a substrate.

Standard  DLW-TPP process  is  executed  with  a  Nanoscribe  Professional  GT printer,30,31 which  is

powered by a femtosecond near-infrared laser at 780 nm, operating with ~100 fs pulse duration and 80

MHz repetition rate  and  a maximum mean power of  Pmax ≈ 20  mW (measured after  the  focusing

objective). Photoresist is drop-casted on a 22×22×0.17 mm3 transparent glass coverslip mounted on x-

y-z piezoelectric translation stages imaged by a 100× immersion oil high resolution optical microscope

objective, as shown in Figure 1.(a). In this conventional DLW-TPP configuration, a typical working

distance of the oil immersion objective is less than 170 μm, which makes this approach to be usedm, which makes this approach to be used

only for thin substrates. If one wants to use on an another substrate containing waveguides in

plane or a silicon on insulator (SOI) substrate, some developments are necessary in order to do

DLW-TPP. Bückmann  et al.  proposed dipping the microscope objective directly into a special

photoresist material.32 However, commercially available oil immersion-type microscope objectives

are  not  designed  for  direct  use  with  the  photoresist  material  instead  of  the  immersion  oil.

Moreover, diversity of substrate shapes and sizes limits its mounting to standard substrate holders.

Thus,  a  need  exists  for  developing  a  DLW-TPP configuration  that  can  transfer  QD-polymer

nanocomposites onto thicker optical substrates. 

Here,  we  developed  a  DLW-TPP  platform configuration  for  integrating  QD-polymer

nanocomposites on complex photonic chips, as shown in Figure 1.(b, c). First of all, two tungsten

microwires with 25 μm, which makes this approach to be usedm diameters are placed directly between a coverslip and a face-down thick

glass substrate for creating a free space. Secondly, a homemade photopolymer (pentaerythritol

triacrylate monomer) resist containing colloidal CdSe/ZnS quantum dots is placed into the space

thanks to  the capillary force. Then the laser  is  focused at  the interface between polymer and

substrate during the patterning process. Finally, the non-exposed parts of photopolymer liquids are

subsequently removed in an acetone solution, resulting in a QD-polymer nanocomposite on the

thick substrate. A QD-polymer nanocomposite fabricated by standard or developed DLW-TPP is

depicted schematically in Figure 1.(d).
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Figure 2. Characterization  of  QD-polymer  voxels.  (a)  Tilt-view  SEM image  of  a  voxel  array  by

changing laser power P (10 – 20 mW with a step of 2 mW) and exposure time T (1 – 5 ms with a step of

1  ms). The default value  H in this sample is 0 nm. (b) 3D AFM image of the array of single voxel

structures of the same sample with (a). (c, d) Dependency of the height and diameter of single voxel

structures in function of P, T respectively. T = 5 ms in (c), P = 20 mW in (d). (e) Tilt-view SEM image

of an array of voxel structures by only changing the focal plane H (0 - 500 nm with a step of 50 nm).

(f)  3D AFM image of  the  array  of  single  voxel  structures  of  the  same sample  with (e).  (g)  Size

controlling by adjusting H with P = 20 mW and  T = 5 ms. (h) Measured PL image of a voxel array,

marked with the dashed yellow square in (a). 

Parametric study on fabricating QD-polymer nanocomposites by this developed DLW-TPP was

then performed. The ellipsoidal-shape volume of photo-polymerized resist inside the focused laser

beam,  called  voxel,  represents  the  ultimate  resolution  reachable  during  the  DLW fabrication.

Previous efforts for improving the precision of voxels by changing laser writing power P and laser

exposure time T have been demonstrated on conventional DLW-TPP platform.33–35 Herein, to show

the high fabricating accuracy of our developed platform with QD-polymer nanostructures,  we

systematically  investigate  the  dependence  of  the  size of  the  QD-polymer  nanostructures  by a

fabricated array of 6×5 voxels (with pitches of 1 μm, which makes this approach to be usedm) on silica substrates while adjusting P and T.

Our  process  also shows  great  repeatability  and high  yield. Figure  2.(a,  b)  show,  respectively,

scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the QD-

polymer nanostructure voxels fabricated on the substrate. Clearly, by adjusting laser power and

exposure time, the diameter and height of the voxels can be controlled with high spatial accuracy.

The dependence of P on the voxel dimensions (diameter and height) is shown in Figure 2.(c). The

dimension of voxel structures can be scaled down to ~ 20 nm in height and ~ 126 nm in diameter

(with  P=10 mW,  T=1 ms), in this case, only few quantum dots are trapped inside the polymeric

voxel considering that the average quantum dot diameter is typically around 10 nm. Moreover, the

relationship  between  voxel  size  with  exposure  time  is  shown  in  Figure  2.(d).  As  expected,

diameter and height decrease along with the decreasing of T. Consequently, this is an efficient way

of controlling the volume of voxels by carefully adjusting P and T to control the amount of energy

applied to the QD-polymer resin. In addition, as shown in  Figure 1.(b), the DLW-TPP equipped

with x-y-z movement stage allows tuning the laser focal position H during the patterning process.

We  thus  fabricated  an  array  of  QD-polymer  voxels  to  investigate  the  possibility  for  further

reducing the voxel size, as shown in  Figure 2.(e, f).  The dependences of the voxel size on  H is

shown in  Figure 2.(g).  In  this  case,  we also demonstrate  our ability  to  fabricate  QD-polymer
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structures with different shapes, such as lines, squares and cube (shown in Supporting Information

Section S1). 

Due to the importance in defining the fluorescence properties of the quantum dots, we measured

the photoluminescence (PL) emitted by each voxel. For that, we made an array of QD-polymer

voxels with longer distances between the voxels (5 μm, which makes this approach to be usedm) in order to avoid illumination from the

neighboring voxels.  Figure 2.(h) shows far-field fluorescence image of the array excited by an

LED source emitting at 450 nm within a ≈ 30 × 10 μm, which makes this approach to be usedm2 field of view. The emitting light was

filtered by a 530 nm long-pass filter and recorded by an Electron-Multiplying CCD camera. Bright

points with different intensities are clearly visible and correspond to the quantum dot emission

from voxels with different volumes. As we can control  the size of the voxels at will,  we can

therefore control the number of quantum dots inside a given voxel. We point out the potential of

this control for the practical integration of single QDs into these polymer nanostructures that can

be positioned onto specific photonic devices by simply changing the voxel volume, specifically by

adjusting  P,  T and  H.  Another  approach  for  reducing  QD  number  embedded  in  polymeric

structures  is  to  decrease  QD mass  concentration  in  the  polymer  liquid.  We  investigated  this

approach with three different concentration of quantum dots (see Supporting Information Section

S2). 

As already mentioned, the main motivation for this work is to create site-controlled quantum

dots as quantum light sources for subsequent use on optical channels. Although the transfer of

emission  from  quantum  dots  into  optical  circuits  has  been  shown  using  various  integration

methods,36–38 DLW-TPP has never been used so far for realizing photonics devices. In order to

confirm the potential  of  our developed approach in this context,  we combined ion exchanged

waveguides (1×1×0.3 cm3) with our QD-polymer nanostructures acting as efficient light sources in

the visible wavelength range. Figure 3.(a) shows an SEM image of IEWs. Each waveguide has a

width of about 2  μm, which makes this approach to be usedm, a depth of about 2 um and separated from neighboring waveguides by 51

μm, which makes this approach to be usedm. In our case, surface buried IEWs are beneficial for this application due to their flexibility to

be tailored into various applications, with relatively simple and economic fabrication.39–41 The 3D

schematic of IEW is shown in inset of  Figure 3.(a). IEWs have a gradient index profile due to

index increment as ion diffuse further into the glass substrate to form waveguides. The refractive

index distribution profile and more sample information can be found in Supporting Information

Section  S3.  After  the  patterning  using  our  developed  DLW-TPP  platform,  QD-polymer

nanostructures were fabricated directly at the center of a given waveguide, as shown in Figure 3.

(b). The enlarged SEM image in inset shows the details of the QD-polymer nanostructure.
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Figure 3. SEM image of IEWs, coated by a conduct carbon layer with 4 nm in thickness. Schematic

3D view of the IEWs shown in inset. (b) Fabricated single QD-polymer voxel at the center of a IEW.

Inset  shows the enlarged SEM image of this nanostructure.  (c) Home-build PL measurement setup

consisting of fiber-waveguide coupling stage and spectrum detection systems.

A home-built  photoluminescence  measurement  set-up  is  used  to  detect  the  quantum  dot

emission coupled to the IEW, as shown in  Figure 3.(c). A 617 nm LED light source below the

sample stage allows individual  devices to  be imaged. The input single  mode fiber  (Thorlabs-

630HP,  mounted  on  a  x-y-z  piezoelectric  stage)  is  aligned  at  the  end  of  the  corresponding

waveguide facet with a 640 nm continuous laser to optimize the fiber-IEW coupling. Some of the

alignment light is scattered out of the waveguide plane. The spatial distribution of light intensity

along the waveguides is  projected onto an CCD camera and this  allowed us to  observe light

propagation  and  to  pre-align  our  waveguides  to  the  optical  fiber  (as  described  in  Supporting

Information Section S4). Once the input fiber is properly aligned, the sample is excited from top

simultaneously by switching the excitation laser to 532 nm through a 60× microscope objective

(numerical aperture NA = 0.9). The QD emission coupled to the IEWs is collected and detected by

a  CCD-cooled  grating  spectrometer.  The  far-field  QD  emission  can  also  be  collected  by  a

multimode fiber  and  directed  through  a  540 nm long-pass  filter  towards  another  commercial

portable spectrometer (Ocean Optics, QE Pro).  

Using our PL measurement set-up, we first measure the far-field quantum dot emission in order

to verify that the quantum dots embedded in the polymer nanostructures are still active, as shown

in  Figure 4.(a). The recorded spectrum shows an apparent peak at 588.5 nm with a FWHM of

about 43.1 nm, which is indicative of our CdSe/ZnS QD-like emission signatures. We should also

mention that a significant far field QD emission was observed as shown in the inset (red emission

spot, filtered by a 580 nm long pass filter).  The results show the evidence of the presence of

quantum dots inside the polymer nanostructures and their high emission quality. 

 6 / 12



Figure 4. Spectrum of far field quantum dots emission for the single QD-polymer nanostructure on

IEW with a Gaussian fit (red line). Inset shows the far field quantum dots emission light (white dashed

line represents the outline of the IEW). (b) Normalized extracted spectrum collected from waveguide

facet by a single mode fiber. Black line for QD-polymer nanostructure placed on IEW while grey line

for IEW without QDs on top. 

Finally, we studied  the  quantum dot  emission coupled to the IEW and collected from the

waveguide-facet with the optical fiber. Figure 4.(b) shows the extracted spectrum which gives rise

to a narrow luminescence peak at 591.1 nm with a FWHM of about 8 nm. The wavelength at

maximum intensity is  in very good agreement with the far field spectrum presented above.  The

spectra with high intensity between 500-560 nm represents the 532 nm excitation laser, and the

broad spectral emission between 600-700 nm arise by the fluorescence from IEW substrates which

is  verified  by  the  measured  PL  spectrum  performed  on  a  bare  IEW  without  QD-polymer

nanostructure,  as  plotted in  grey solid  line.  Interestingly,  there  is  a  strong discrepancy of  PL

spectrum FWHM between QD emission into far field and into the IEW. This discordance is related

to the dissimilarities in the PL measurement conditions. The IEW guided mode has its energy

density maximum underneath the surface. Because of the evanescence of the guided mode above

the  glass  surface,42 it  is  expected  that  the  QD-waveguide  coupling  efficiency  decreases

exponentially  from  the  surface to  the  center  of  the  polymer  nanostructure  (as  simulated  in

Supporting Information Section S5). As a consequence, only few to even one single quantum dot

localized at very short distances from the waveguide interface might be efficiently coupled to the

waveguide. In the other way, far field emission is collected from  an  ensemble of quantum dots

embedded into the polymer voxel.  Typically, the emission wavelength is highly related to QD’s
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diameter.43 This certainly causes an  inhomogeneous broadening of  the  collected  emission line

shape,44–46 resulting in the broad quantum dot emission peak in Figure 4.(a). The size distribution

of our quantum dots is analyzed in Supporting Information Section S6. Further investigations will

be done to  push the  limits  of  the fabrication and characterization  process  in  order  to  control

carefully the number of quantum dots embedded the polymeric nanostructures. For detecting the

emission from less quantum dots (even single QDs) coupled to the IEW, it is possible to increase

the signal by improving coupling efficiency from quantum dots to IEWs.

To  conclude,  we  demonstrated  the  capability  of  our  developed  DLW-TPP  method  for

enabling on-demand quantum dots positioning on a thick substrate and on a photonic optical chip.

Based on this technique, the control of three fabricating parameters, namely, the laser power, the

exposure time and the focal height, provides a full control of the QD-polymer voxel size, which is

strongly  related  to  the  volume  of  the  voxels,  all  confirmed  by  far  field  photoluminescence

measurement. Single QD-polymer nanostructures have been successfully integrated at the center

of an ion exchanged waveguide. The  quantum dot emission was measured from the waveguide

facet by our home-build measurement setup. The extracted spectrum of our quantum dot emission

showed a narrow peak at 590 nm which is in good agreement with the far field measurement result

and suggests  that  the PL from very few to single  quantum dot is  efficiently  collected by the

waveguide. These prove the high potential of  QD-polymer nanostructures for nonclassical light

sources  positioned  onto  photonic  circuits.  Future  work  will  focus  on  improvements  of  the

emission efficiency from quantum dots into the waveguide to enable the efficient detection of

quantum  dot  emission  from  the  waveguide  facet  for  smaller  integrated  QD-polymer

nanostructures. Finally, our developed DLW-TPP technique opens an exciting route for the top-

down deterministic integration of quantum dot or other quantum emitters such as colored centers

in nanodiamonds within future complex quantum photonic circuits. 
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