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Local electron triggered reactions of functional surface adsorbates were used as a maskless, dry, and

minimally invasive nanolithography concept to stabilize the polarisation of individual vertical cavity

surface emitting lasers (VCSELs) on a wafer in a post-processing step. Using a 30 keV focused electron

beam of a scanning electron microscope and injecting volatile organo-metallic (CH3)2Au(tfa)

molecules, polarisation gratings were directly written on VCSELs by dissociating the surface adsorbed

molecules. The electron triggered adsorbate dissociation resulted in electrically conductive Au-C nano-

composite material, with gold nanocrystals embedded in a carbonaceous matrix. A resistivity of

2500 mUcm was measured at a typical composition of 30 at.% Au. This material proved successful in

suppressing polarisation switching when deposited as line gratings with a width of 200 nm, a thickness

of 50 nm, and a pitch of 500 nm and 1mm. Refractive index measurements suggest that the optical

attenuation by the deposited Au-C material is much lower than by pure Au thus giving a low emission

power penalty while keeping the polarisation stable.

Introduction

The possibility to deposit or remove very small amounts of

material for trimming purposes on a fully processed micro/

nanodevice at the right place at will without interference to

surrounding sensitive areas can be very cost effective even if the

speed of the deposition (or etching) is very low compared to

standard photolithography. In this article, we describe an

emerging lithography concept, based on gas-assisted focused

electron beam induced deposition (FEBID),1 which enables local

deposition of conductive material for refining the performance of

a micro-optical device, a vertical-cavity surface-emitting laser

(VCSEL), see Fig. 1. Long-wavelength emitting VCSELs in the

1310 nm range offer numerous advantages for applications in

local and access networks and optical spectroscopy thanks to

their low power consumption, high speed modulation, and ease

of coupling to optical fibers.2 However, due to the cylindrical

symmetry of these devices typically made on standard (100)

GaAs or InP substrates, they suffer from the lack of a stable

polarisation state and hence the polarisation can flip along

orthogonal h100i directions during operation, i.e. during current

injection. Approaches for achieving polarisation control in

VCSELs comprised non-isotropic gain using (311) substrates3

and non-cylindrical resonators.4 Classical, resist-based e-beam

lithography approaches were also used to fabricate polarisation

stabilizing line gratings on the VCSEL’s distributed Bragg

reflectors (DBRs) in combination with metal lift-off5 or deep

reactive ion etching.6 However, using above methods, 100%

Fig. 1 Gas-assisted focused electron beam induced deposition for laser

refining. By scanning the focused electron beam, polarisation gratings

can be deposited on top of individual VCSELs without the need for

masks, lithography resist removal, or wet chemistry steps.
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yields were not achieved; moreover, a post-process method which

could trim individual VCSEL devices to achieve standard emis-

sion output is preferable.

We will demonstrate here that the FEBID lithography process

illustrated in Fig. 1 is a viable method for depositing line gratings

on top of individual VCSELs such that their polarisation state

can be adjusted. The technique relies on the local dissociation of

functional, volatile, surface physisorbed molecules by a focused

electron beam. The volatile dissociation reaction products desorb

into the vacuum chamber of the scanning electron microscope

(SEM) and are removed by the vacuum system, while the non-

volatile dissociation products form the deposit. Since the mole-

cules are continuously supplied to the substrate surface via a gas

injection system, the deposition can be continued to produce to

(almost) any desired three-dimensional deposit shape by moving

the focused electron beam or keeping it stationary. Once the

desired structure is written, the gas injection system is closed and

the non-dissociated molecules desorb, leaving the desired litho-

graphic deposit pattern on the surface.

This nanolithography concept is, by its nature, maskless and

single step in contrast to standard resist based lithography and

lift-off procedures. It does not require any wet chemical step,

does not implant any material (which is the case when using

focused Ga-ion beams) and thus is minimally invasive to sensi-

tive underlying and surrounding structures and devices.

While dissociation of molecules by electrons is a long studied

subject extending several fundamental science fields, including

DNA radiolysis and related genotoxic damage,7 surface

science,8,9 auto-catalysis,10 self-assembled monolayers,11 and

semiconductor process plasmas,12 its potential for an electron-

controlled chemical lithography concept was intensely studied

only recently, both for nanoscale deposition and etching, see

reviews.13–17 Recent device prototypes demonstrate the flexibility

in shape and material deposited by FEBID: magnetic sensors for

bead detection,18 nanopores for DNA sequencing,19 plasmonic

antennaes,20,21 plasmonic-photonic nanodevices for label-free

detection of molecules,22 graphenoid membranes,23 single-crystal

nanowires,24 and tunable strain sensors.25 In semiconductor

industry FEBID processes are used for in-line 45 nm node

photomask repair.26 Recent impressive progress in FEBID

technology comprises the control over shape down to the

nanometre scale using in situ detection schemes,27 automation

protocols for wafer processing,28 and the control over material

purity and nanocomposite composition via co-injection of reac-

tive and organic gases.29–32

Experimental

The VCSELs in this study emitted at 1310 nm wavelength. They

had an InAlGaAs/InP multi-quantum well active region and

a p++/n++ InAlGaAs regrown tunnel junction for optical and

electrical confinements. The non-doped AlGaAs DBRs were

fused to the InP-based cavity using a localized double wafer

fusion process.33,34 These VCSELs have been demonstrated to be

suitable for high speed telecommunication applications, with

good performance obtained at 10 Gb s�1 modulation speeds up

to 100 �C.35

FEBID of polarisation stabilizing gratings on top of the

VCSELs was carried out in a dual beam FIB/SEM (Lyra Tescan)

with a tungsten filament operating at 30 kV for best lateral

resolution. With a gas injection system (Alemnis) equipped with

an internal reservoir, the vapour molecules of dimethyl-Au-tri-

fluoroacetylacetonate, (CH3)2-Au(O2C5H4F3), (CAS 63470-53-

1), were directed to the VCSEL. The impinging molecule flux was

around 1 � 1017 molecule cm�2 s with the nozzle positioned 100

mm close to the VCSEL. Exposure time and position of the

electron beam were controlled using lithography software. A

beam current of 100 pA was used for grating wire deposition in

multiple scans (800 ns dwell time, 10 ms refresh time). The

material composition was determined by energy dispersive X-ray

spectrometry (EDX) and the wire geometry was determined by

focused ion beam (FIB) cross-sectioning. Refractive index

measurements of the nanocomposite FEBID material were per-

formed with a spectroscopic imaging ellipsometer (nano-

fil_ep3se, Accurion GmbH, G€ottingen).

Results and Discussion

VCSEL Polarisation

Fig. 2 shows two typical examples of a successful suppression of

polarisation switching by a FEB deposited polarisation gratings.

The polarisations 0� and 90� refer to the principle

Fig. 2 Suppression of polarisation switching in VCSELs by grating

deposition parallel to the unwanted polarisation direction. The pitch

distance is 1 mm. The insets show SEM tilt views of the FEB deposited

gratings on the VCSELs’ top DBR mirrors. (a) Grating stabilizes

0� polarisation. (b) Grating stabilizes 90� polarisation.
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crystallographic axes [100] and [010] of the (100) oriented wafer,

respectively, from which the VCSELs were fabricated. The

gratings must be aligned parallel to the electric field vector of an

unwanted polarisation mode in order to suppress it; the polar-

isation selection mechanism is then brought about mainly by

increased cavity losses for this optical mode. The increase in

power and threshold current of the stabilized mode seen in

Fig. 2a and b could be attributed to a decrease in the reflectivity

of the output mirror due to the formation of the grating. The

exact reason for this behaviour is currently subject of ongoing

simulation work.

The total length of all grating wires together was 180 mm per

VCSEL. The grating wire pitch was 1 mm, and the wire was

200 nm wide at full width at half maximum (FWHM) and 80 nm

thick. This yields a total deposited volume of roughly 3 mm3.

Since optimized deposition yields for FEBID range around

0.025 mm3 per nanocoulomb,36 this volume could be written

within about two minutes using a field emission electron source

microscope at 1 nA electron beam current. As we used a tung-

sten-source equipped microscope at 100 pA current, the total

deposition time was about a factor 10 higher in our experiments.

With respect to fabrication throughput it is worth to mention

that the single electron beam approach, presented here for

feasibility, could be upscaled to wafer scale level. Presently,

massively parallel multi-electron-beam systems have been

developed as a next generation, maskless lithography concept

operating with 200 to 10 000 electron beams37–39 for classical

resist exposure. If adapted to resistless gas-assisted FEBID,

simultaneous fabrication of gratings on many VCSELs could be

performed.

A thin halo deposit along the wires can be observed which is

due to backscattered primary electrons exiting the surface. The

backscattered electron yield from a 30 keV primary electron

beam impinging on GaAs is 32.8% and their lateral exit radius

measured from the centre of the impinging focused electron

beam is about 3.6 mm. Since the halo will simply absorb the

VCSEL emitted light and will not contribute to polarisation

stabilisation, it would be desirable to prevent its deposition. This

can be achieved by low-energy electron beams; for instance, for

a 1 keV impinging primary electron beam the lateral BSE exit

range is only 12 nm in GaAs. However, with tungsten filament

equipped SEMs the beam size becomes unacceptably large at

such energies40 which prevented us from depositing in these more

favourable conditions. Fig. 3 shows that polarisation can also be

forced against the naturally stable polarisation axis of the

VCSEL. FEBID gives thus the freedom to choose the individual

laser polarisation using a post-process step, decoupled from the

industrial VCSEL wafer fabrication. The wire grating pitch was

550 nm, the thickness 100 nm and the width at FWHM 165 nm.

Generally, it was found that FEB deposited grating wires with

550 nm pitch distance and a width of around 160 nm had to have

a minimum thickness of around 30 nm to make a visible effect in

the power vs. current diagrams of VCSELs. At this minimum

thickness polarisation switching was not yet fully suppressed but

shifted to lower or higher injection currents depending on the

mutual orientation of the grating wires and the initially stable

polarisation axis at low injection current. Further studies will

seek to push to the resolution limits of sub-10 nm reported for

FEBID of grating wire widths on membranes.27 If such small

wires would prove to stabilize polarisation, further gains in

fabrication throughput could be expected due to the fact that less

material needs to be deposited.

Analysis of FEBID material

The material deposited by a 30 keV electron beam using the

(CH3)2-Au(O2C5H4F3) molecule was measured to be composed

of about 30 at.% Au, 60 at.% C, and 10 at.% O. The inset in Fig. 4

shows a dark field transmission electron microscopy image of the

nanocomposite structure typically obtained from this organo-

metallic molecule under electron dissociation. It was observed

that gold nanocrystals were embedded in an amorphous carbo-

naceous matrix. The gold nanocrystal size was distributed

around 2 nm which could be concluded from the thinnest edge

parts where separate grains could be resolved. The Au/C-nano-

composite structure was obtained since not only metal–ligand

bonds were dissociated by electrons but also co-dissociation of

intra-ligand bonds occurred which led to non-volatile fragments

forming the amorphous carbonaceous matrix. The electrical

resistivity of the grating wires was measured to be 2500 mU cm in

two-point measurements, being about 1000 times larger than

pure bulk gold.

In principle, there are routes to increase the FEB triggered

reaction outcome of metal content by using additional reactive

gases like oxygen, water, or atomic hydrogen30,31,41 and by

injecting carbon-free inorganic molecules, like AuClPF3
42 or

Pt(PF3)4.
43

However, as was experimentally shown above, the present

nanocomposite material was already well suited for VCSEL

polarisation stabilization. Measurements of the complex refrac-

tive index, ~n¼ n + ik, are shown in Fig. 4 together with the values

for bulk gold44 for comparison. At the telecom’s long-wavelength

range above 900 nm the optical properties of our FEB deposited

Au/C nanocomposite seem to be favourable with respect to pure

gold since a low light attenuation by absorption can be expected

due to the low k-value, hence the emission power penalty should

be smaller. In general, the wavelength dependencies of n and k of

Fig. 3 Forced 0�-polarisation for injection currents >5.4 mA. Without

grating the VCSEL showed stable 90� polarisation for all injection

currents. Inset: SEM tilt view of FIB cross-section of VCSEL (with top

DBR) with FEB deposited polarisation grating having a 550 nm pitch.
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the FEBID Au/C nanocomposite material shows similarities

with thin colloidal gold layers,45 especially the low, yet peaked k

value and the high n value with respect to bulk gold. However,

while the thin colloidal gold films showed a peak for n around

600 nm, probably due to plasmon resonances, such a peak was

not observed in our nanocomposites. On absolute scale, FEBID

deposits showed larger n and k values compared to colloidal gold

films, probably due to the additional carbonaceous matrix

present in our material.

Conclusions

We have demonstrated the potential of FEBID as lithographical

concept for minimally invasive, nanoscale post-processing of

long-wavelength, high-speed telecom VCSELs, specifically for

refining the polarisation of the output beam without noticeable

power penalty. The nanocomposite FEBID material is func-

tional and further experiments and simulations will seek to

optimise the metal-to-carbon ratio and the metal nanocrystal size

with respect to polarisation stabilisation and minimum amount

of material to be deposited. No detrimental effect of electron

irradiation on laser emission properties was observed.
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