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Abstract

An MST approach to skin perforation using wet etched
silicon microneedles

Gustav Carlsson

The human skin functions as a strong barrier and when administering 
medical drugs through the skin a very high concentration of medicine 
is needed. With the use of microneedles the diffusivity can be 
increased. This project aims to manufacture microneedles with lasered 
holes in them, which could be used to increase the diffusivity and to 
lengthen the window of this increased diffusivity.

Microneedles were wet etched from p-doped (100) silicon wafers in 
potassium hydroxide (KOH) using a square mask design. A laser cutter 
was used to create holes in the microneedles but it proved difficult 
to obtain sharp 90 degrees edges. The laser cutter was then used on 
plane silicon wafers with different protective thin films 
(molybdenum, silicon dioxide and a photoresist) to create holes with 
sharper edges. Lastly, the laser cutter was also used in combination 
with a deep etch on a plane silicon wafer coated with thin films of 
molybdenum and aluminium. 

Microneedles with a height of around 150 micrometers were able to be 
etched from a silicon wafer and the deep etch in combination with the 
laser cutter showed proof of concept in creating holes with sharp 
edges. Future work can be done to further increase the sharpness of 
the edges and to apply this method of creating holes directly on the 
microneedles.
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Mikronålar i kisel tillverkade med mikrosystemteknik-

metoder för perforering av hud 

Gustav Carlsson 

I en tid där läkemedel används i stora kvantiteter och mycket av detta hamnar i naturen finns det 

stor vinning i att minska dessa mängder av medicin. Läkemedel som tas upp genom huden behöver 

ha en stor koncentration för att kunna nå rätt nivåer i kroppen. Detta beror på att den mänskliga 

huden är en effektiv barriär mot främmande ämnen och partiklar vilket försvårar diffusionen, det vill 

säga transporten, av läkemedel genom huden.  Genom att använda mikronålar kan man göra små hål 

i huden som kan öka diffusiviteten vilket kan leda till att medicin lättare tar sig igenom. Detta skulle 

kunna minska både produktionen och spillet av läkemedel. Nålar i den här storleken är tillräckligt 

små för att det inte heller ska medföra någon smärta vid perforeringen. 

Syftet med det här projektet är att tillverka mikronålar med lasrade hål i sig, och göra det med den 

utrustning som finns på Ångströmslaboratoriet vid Uppsala Universitet. Mikronålarna ska tillverkas 

genom våtetsning med kaliumhydroxid (KOH) från en plan kiselskiva och de ska vara 200 mikrometer 

höga. Hålen i mikronålarna ska tillverkas med en laserskärare och ska vara 50 mikrometer djupa. En 

enkel förklarande bild över hur mikronålarna ska se ut kan ses nedan i figur 1. 

 

Figur 1. En tänkt mikronål med ett hål nära toppen. 

Mikronålar är något som har funnits länge och i många olika utföranden, men tanken med det här 

projektet är att hålen i mikronålarna ska ge en bättre effekt vad gäller ökningen av diffusivitet. 

Genom att stansa ut hudmaterial ska det var svårare för huden att återförsegla de hål som skapas 

vilket kan leda till bättre diffusivitet.  

Det här projektet har haft två huvuddelar, etsning av mikronålar samt tillverkning av hål. Etsningen 

av mikronålar utfördes i den renaste delen av renrummet på Ångströmslaboratoriet vid våtbänkarna 

där ett KOH-bad användes för att etsa en kiselskiva. Tillverkningen av hålen i mikronålarna gjordes 

med en laserskärare och initialt var det inte lätt att lyckas pricka mikronålarna med lasern men efter 

en del justeringar fungerade det bra och mikronålarna träffades med lasern. Det visade sig dock svårt 

att få till skarpa kanter runt dessa hål, det bildades vallar av återdeponerat kisel och mycket skräp 

och partiklar uppkom runt hålen vilket inte var önskvärt.   

För att försöka få till bättre och skarpare kanter gjordes ytterligare tester med laser, men nu på plana 

kiselskivor istället för på mikronålarna. Flera skyddande lager(molybden, kiseloxid, och en polymer) 
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användes för att minska skadorna på kiselskivan från lasern. Tanken med skyddande lager var att 

använda lasern på ytan för att skapa ett hål och få det återdeponerade kislet att hamna på det 

skyddande lagret och sedan ta bort detta lager och ha kvar skarpa kanter i kiselskivan. 

Detta visade sig också svårt att få till riktigt bra resultat men en förbättring kunde ses jämfört med 

enbart en plan kiselskiva. Vidare utveckling av metoden var alltså nödvändigt och en djupets i 

kombination med lasern användes då istället. Här användes återigen ett skyddande lager, av både 

aluminium och molybden, men med skillnaden att lasern gjorde mycket grundare hål. Målet var att 

bara lasra igenom det skyddande lagret och exponera kiselskivan (men inte skada den) och sedan 

använda djupetsen för att etsa hål rakt ner i kiselskivan på de punkter där lasern hade öppnat upp 

det skyddande lagret. 

Detta visade sig ge ännu bättre resultat än tidigare, mycket skarpare kanter kunde tas fram med den 

här metoden. Enbart cirka 1 mikrometer höga vallar var kvar runt hålen efter den här metoden, vilket 

kan jämföras med försöken med enbart laser och skyddande lager där vallarna var cirka 10 

mikrometer höga. Det var dock ännu inte helt perfekt, men det var tydligt att tillfredställande 

resultat kan uppnås med mer experiment och försök kring detta. 
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1. Introduction 
Medical drugs that are administered through the skin often require a higher concentration of 

medicine than what is actually needed in the body. The skin is a barrier that the medicine has to 

penetrate.  The skin consists of three layers: epidermis, dermis and hypodermis. The epidermis is the 

outermost layer and it consists of five layers. The outermost of these layers is the stratum corneum 

which is the most difficult layer to penetrate via diffusion [1]. According to Fick’s law the diffusivity 

depends on the thickness, the medium, and the concentration of the diffusion material, 

𝐶𝑎 = −𝐷
∆𝐶

∆𝑥
 

where Ca  is the incremental variation of concentration at distance x, D is the diffusivity constant of a 

material, ΔC is the concentration at distance x=0 and Δx is the length over which the drugs is diffusing 

[2]. Fick’s law is a good model of diffusion when calculating the diffusion of chemical compounds 

through the skin [3]. 

If the concentration of medicine is to be lower this means that either the diffusivity or the thickness 

also must be lowered to ensure that enough of the medical drug is delivered. One way of doing this is 

by the use of microneedles by penetrating the outer layers of the skin and thus increasing the 

diffusivity [4].  

If the skin is penetrated by microneedles it can increase the diffusivity but the skin heals and the 

diffusivity returns to normal shortly after. It has been shown that when penetrating rat skin in vivo 

with microneedles the diffusivity is increased immediately but it goes back to the normal level within 

24 hours[4].  

Microneedles come in many different shapes and forms and they can be manufactured by different 

means. They are often manufactured by the use of the same technologies as is used to manufacture 

microelectromechanical systems (MEMS) which means, in short, etching structures in silicon wafers. 

Microneedles can be manufactured by both wet etch and dry etch processes [5], [6] and they can 

differ in length ranging from 100 µm to 1100 µm [4] and they can differ in shape and material[7]. 

 

1.1 Aim of project 
In this project the manufacturing steps to create a silicon microneedle and then to create a hole in 

the microneedle with a laser cutter, will be investigated. The aim is to create a silicon microneedle 

with a lasered hole using equipment available in the clean room at the Ångström laboratory at 

Uppsala University.  

It is interesting to explore the possibilities of having a hole in the microneedle so that some organic 

material from the skin can be “punched” out and thus both increase the diffusivity and lengthening 

the window of increased diffusivity compared to a solid microneedle. In Figure 1 the proposed idea 

of the design of the microneedle can be seen. 
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The target dimensions of the manufactured microneedles is to be around 200 µm in height and have 

a lasered hole in them of around 50 µm in depth. They will be created on a 4 inch silicon wafer which 

means that several “patches” where the microneedles are arranged in an array can fit on the wafer.  

 

Figure 1. The idea of how a microneedle with a hole will look like. The target dimension of the height of the microneedle 
is 200 µm and the target dimension of the depth of the hole is 50 µm. 

 

2. Background 
Several different processes and equipment were used in this project to be able to create 

microneedles with holes in them. In this section some background to them are presented. There are 

some basics steps regarding silicon etching and the structure of silicon that are mentioned in this 

section. 

2.1 Etching of silicon and silicon crystal structure 
To create structures in a silicon wafer there are processes that are commonly used. With the use of 

protective layers and etching solutions structures can be created from the top surface into the bulk 

material of a silicon wafer. In Figure 2 an overview of the basic steps is presented. First the wafer is 

cleaned and then a protective mask layer is added on top of the wafer, silicon dioxide is a common 

material to use as a protective mask. A photoresist is applied and the mask design is first patterned 

to the photoresist and then the mask design is patterned to the oxide by etching the oxide where it is 

not protected by the photoresist. The photoresist is removed and the silicon is etched where it is not 

protected by the masking material to produce the intended structure. Finally the masking material is 

removed. 
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Figure 2. Overview of common process steps. 1) A plane silicon wafer that is cleaned and ready for manufacturing. 2) A 2 
µm thick oxide has been grown on the wafer. 3) A photoresist has been spin coated on top of the oxide. 4) A mask design 
is patterned to the photoresist. 5) The oxide film is etched away in and now has the same structure as the photoresist. 6) 

The photoresist is removed. 7) The silicon nor protected by the oxide mask is etched. The depth of the etch structures are 
dependent on the etch duration.  8) The remaining oxide is removed and the silicon wafer now has the intended structure 
without any protective mask layer. 

 

The silicon wafers used in this project are p-doped with boron and have a (100) orientation. Silicon 

has a diamond cubic crystal structure and a silicon wafer is cut from a single crystal silicon ingot and 

therefore has a well-defined crystal orientation. 

Etching can be isotropic or anisotropic. Some wet etch methods are anisotropic, meaning that etch 

rates are different in different crystal directions which can influence which kind of structures that can 

be etched from a wafer [2]. Potassium hydroxide (KOH) is an anisotropic silicon etchant and 30% KOH 

at 80oC has a etch rate of around 1 µm/min in the (100) plane [8]. This is the wet etchant that will be 

used in this project. 

When etching a masked silicon wafer anisotropic with a (100) face orientation one get a typical “v”-

shaped trench. An example of this can be seen in Figure 3, the “v”-shape is etched in the middle 

where there is no mask to protect the silicon. The (111) plane of silicon has a much lower etch rate 

and therefore this structure is produced. The angle which these two planes intersect in the crystal 

lattice is 54.73 degrees[2]. 
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Figure 3. Important crystal planes in silicon. The wafers used in this project have face orientation of (100) and the sides of 
the trench in the picture have a face orientation of (111). 

 

3. Manufacturing method  
In this section the equipment used is presented and all the experimental work is explained. This 

includes the etching of microneedles, laser ablation both on microneedles and on plane silicon 

wafers a well as deep etching of holes on plane silicon wafers. 

The microneedle etch steps is inspired by the work of Wilke et. al.[9]. In this project silicon dioxide is 

used as a masking material rather than silicon nitride. The thickness of the silicon dioxide is sufficient 

for the etching of the microneedle in this project. 

3.1 Equipment 
All the equipment used in this project has been in the clean room at the Ångström laboratory, 

Uppsala University. Equipment used has been located both in the class 10 000 clean room area and in 

the class 100 cleanroom area. 

3.1.1 Laser cutter 

The laser cutter has a wavelength of 532 nm and operates with 5 W. It is manufactured by Östling 

and the model name is AIO G+ 532 nm 5 W. Two objectives were available with a minimum spot size 

of either 26 µm or 16 µm. The laser cutter can operate with a pulse frequency of 1 kHz-100 kHz with 

a pulse width of 2-100 ns. The software for the laser is XS-designer. The power of the laser can be 

changed and adjustments to the pulse frequency can be made. Thus the energy per pulse can be 

controlled.  In addition the number of passes, i.e. the number of times each point or area is hit by the 

laser, is an important setting for controlling the total energy on each point or area. 

3.1.2 ZYGO optic profiler 

The ZYGO optical profiler is a surface analysis tool manufactured by ZYGO and with model name 

NexView NX2. It uses coherence scanning interferometry to image and measure a surface in three 

dimensions [10]. 
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3.1.3 Scanning electron microscope (SEM) 

Two different SEM tools were used, a Zeiss 1530 and a Zeiss Merlin. Image from a SEM is created by 

sweeping an electron beam across a surface and detecting the intensity of emitted electrons. Each 

point on the surface that is being targeted generates on pixel in the image. The smaller the point that 

is being targeted the better the magnification [11]. 

3.1.4 Wet benches 

Wet benches were used in the coverall part of the clean room for the etching of the microneedles 

and cleaning of wafers. A large set up of wet benches are available in the Ångström clean room with 

different acid and solvent baths. Fume hood were used to mix some of the chemicals and to etch 

some of the metal thin films. 

3.1.5 Photolithography lab 

The photolithography lab in the clean room was used to coat wafers with photoresist using a spin 

coater and Shipley microposit S1813 photoresist. A MA6 mask aligner manufactured by Karl Süss was 

used to pattern the mask design onto the wafer. 

3.1.6 Olympus microscope 

An Olympus MX63 optical microscope was used as a quick tool to analyse the wafers during the tests, 

to verify that the tests were going in the correct direction. Then when more thorough analyses were 

needed they were made with either the ZYGO or the SEM. 

3.1.7 Sputter 

The sputter used is a von Ardenne CS 730S magnetron sputter. It can deposit thin films of several 

different materials. In this project it was used to lay thin films of aluminium and molybdenum. 

3.1.8 Deep etch and Bosch process 

The deep etch used is a PlasmaTherm SLR DRIE with which a Bosch process was used to etch.  

The Bosch process is a common process in deep silicon etching that consists of several cycles. There 

are two main steps, a passivation step and a etch step. In the passivation step a fluorite-based 

polymer passivation layer is deposited on the surfaces of the structures by use of a C4F8 gas.  In the 

etch step a SF6 gas is used to remove the layers on horizontal surfaces by a sputtering process and 

the horizontal surfaces are subsequently etched and the vertical surfaces are kept un-etched. This 

process gives very good aspect ratio and is able to etch very deep and witch very straight walls [12]. 

3.1.9 Vision alignment system 

An Omron FH/FZ5 series inspection camera is connected to the laser. It is able to detect different 

shapes and figures on a surface and obtain coordinates from these. A Matlab script was used in 

conjunction with this to translate the coordinates from the vision system into coordinates that can 

be used in the laser software XS-designer. In this project it was used to obtain the coordinates from 

microneedles on the silicon wafers. By modelling the microneedles as circles they could be detected 

by the camera. In Figure 4 one can see a picture of a zoomed in image of microneedles on a silicon 

wafer when the camera is obtaining coordinates for the microneedle. 
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Figure 4. Picture of the software for the vision alignment system where coordinates for the microneedles were obtained. 

The green square indicates in which area the camera is going to search and the green circle inside the square indicates 
what shape the camera is searching for. 

 

3.2 Mask design 
With the target height of the microneedle being 200 µm a mask size of 500 µm is suitable [9]. But in 

addition to this, mask sizes of 450 µm and 550 µm will also be used. In case of different etch 

behaviours than expected there is less need to remake the whole chromium mask. The design is thus 

quite simple, squares with a side length of 450 µm, 500 µm, and 550 µm is used. 

There have been many different attempts to create microneedles with different mask designs [9]. 

Squares, circles, and diamond shapes have been investigated along with other “help structure” (such 

as windmill, squares with beams, and squares with squares on corner). It was concluded that squares 

gave the best results and that these help structures could increase the amount of microneedles on a 

given area [5], [13]. From this it was deemed that a simple square mask design was to be used in this 

project.   

The distance between the squares in the mask is either 150 µm, 200 µm, or 250 µm. These lengths in 

combination with the square lengths give a pattern period of 700 µm (450+250, 500+200, and 

550+150).  

The mask design is divided into 1x1 cm areas which include an array of 14x14 of these mask squares. 

There are a total of 28 of these 1x1 cm areas on the mask and each of these areas contains only one 

type of square. There are ten areas with 450 µm squares, eight areas with 500 µm squares, and ten 

areas with 550 µm squares. A view of the CAD-design can be seen in Figure 5.   

In addition there is an area in the middle which contains increasing sizes of squares. The sizes of 

these go from 200 µm up to 889 µm. This gradient of squares is to be used as an indicator of the 

etching process.    
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Figure 5. CAD-design of the lithography mask used. Each red squared is filled with 14x14 smaller squares when the .CAD-
file is converted to the mask printer. The gradient in the middle of the design has squares with sides ranging from 200 µm 
up to 889 µm. 

 

When using a square mask convex corner undercut comes into play. This means that the (111) planes 

are etched away by other faster etching planes. The formation of a needle tip under a square mask is 

due to the (312) planes coming together to form a tip. In Figure 6 an overview of the etch steps can 

be seen. This image is taken from the work of Wilke et al.[5] At the last step the tip is formed and the 

mask falls off. 

 

Figure 6. Overview of etch process of a square mask in KOH. After 150 min in this example the (111) planes disappear 
when the faster etch planes meet each other. Image taken from the Wilke et al. [5].  
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3.3 Photolithography  
To pattern the mask design to the silicon wafer a photolithography process was used. The design 

from the mask was transferred into a SiO2 layer on top of the silicon wafer by the use of these 

following steps. 

3.3.1 RCA1 and RCA2 wash 

The silicon wafers were washed in a RCA1 and RCA2 bath followed by a HF dip. The RCA1 bath is a 

solution containing ammonium hydroxide and is used primarily to wash away particles. The RCA2 

bath is solution containing hydrochloric acid and is used primarily to wash away metal 

contaminations. The whole process takes about 25 minutes. This was done to make sure the wafers 

were as clean as possible before they were heat treated to form an oxide. 

3.3.2 Silicon dioxide 

Silicon forms a natural oxide layer but with an oxidising process the layer can be made much thicker. 

To grow a silicon dioxide layer that is 2 µm thick the wafers were heat treated in a H2O atmosphere 

at 1050oC for 16 hours. The chemical reaction is as follows:   

𝑆𝑖 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 2𝐻2  

3.3.3 Patterning 

For many MEMS-applications either a negative or positive photoresist can be used when patterning 

the mask pattern to a silicon wafer. In this project a positive photoresist was used (Shipley microposit 

S1813). The resist was applied to the wafer using a spin coater at 6000 rpm. The wafer with the resist 

was heated on a hot plate at 100 oC for 2 minutes. This gave approximately a 1 µm thick photoresist 

layer. After this the wafer was exposed to light through the chromium mask for 5 seconds and then 

developed in a solution of 400 ml “Microposit 351 Developer” and 1600 ml H2O for 45 seconds. 

Lastly, to harden the resist the wafer was hard baked on a hot plate at 115 oC for 5 minutes. 

3.4 Etching 
The wafer was etched in buffered HF to obtain the mask pattern in the SiO2 as it was in the 

photoresist. The photoresist was then removed from the wafer by being rinsed in an acetone 

megasonic bath for 2 minutes, then dipped in two baths of acetone, and finally rinsed in isopropanol 

for about 30 seconds. After this the wafer was cleaned in RCA1 and RCA2 bath for 10 minutes each. 

The wafer is now ready for the KOH etch.  

The etch selectivity of silicon (100) to silicon dioxide is about 250 and the etch rate of silicon (100) is 

about 1 µm/min in 30% KOH at 80oC [8]. This means that the 2 µm thick silicon dioxide layer was 

enough as a mask layer during the silicon etch.  

The silicon wafer was etched in fresh 30% KOH at 80oC for 3 hours and 16 minutes (196 minutes). The 

30% KOH solution was mixed from 2.1 litre 50% KOH and 1.4 litre H2O. This gives a 3.5 litre 30% KOH 

solution. The solution was mixed directly in the bath at the wet bench. The wafer was first put in a 

hot water bath at the same temperature to heat it up so that when it was put in the bath with KOH 

the etching would start evenly. After about 2 hours the wafer was lifted out of the bath and visually 

inspected.  

When the etch depth is deep enough the under-etching from both sides of the oxide mask reaches 

the middle of the mask. At this point the square mask is detached from the wafer and this could be 
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seen with the naked eye by inspecting the wafer. The gradient in the middle of the wafer with mask 

sizes of 200 µm to 900 µm was used to see how far the etching had progressed. SiO2 is hydrophilic 

and crystalline silicone is hydrophobic so when the wafer was lifted out of the bath it showed where 

there was oxide and where there was just silicon. This was a crude method of knowing how far the 

etching has gone, but since the structures are quite large it worked well. A more detailed analysis 

was made with SEM-imaging and ZYGO surface profiler measurements. 

It was deemed that it needed additional etch time. After about 3 hours the wafer was checked again 

and for the last 3 minutes of etching the wafer was checked every minute. After the etching was 

completed the wafer was put in the same hot bath as before the etching for about 1 minute and then 

rinsed in a cold bath, and then put in another hot bath before finally rinsed in the cold bath. The 

wafer was dried using a spin dryer. 

3.5 Laser ablation 
Laser ablation is the process of removing material from a surface using a laser pulse.  The interaction 

between a photon and an electron in the material is what causes the atomic bonds to break leading 

to ablation of the material. Long wavelengths of the laser give lower photon energies and short 

wavelengths give higher photon energies. Longer wavelengths lasers require a longer pulse duration 

which increases the thermal effect on the target site. Lasers with higher energy photons can 

therefore make use of shorter pulse durations [14]. Important factors to focus on for this project is 

the amount of deposited material and heat affected zones. It has been shown that a shorter pulse is 

more favourable if less damage is wanted [15]. 

First the laser cutter was used on a plane silicon wafer to get an understanding of how small the 

holes could be made and how deep they could be made. After this the laser cutter was used directly 

on the microneedles in order to try to hit them. The vision alignment system was used together with 

the laser cutter to try to get better aim and hit the microneedles exactly where it was wanted.  

After this the laser was again used on plane silicon wafers but with different thin films to be able to 

get sharper edges around the holes. Three thin film materials was used, molybdenum, silicon dioxide 

and Shipley microposit S1813 photoresist. The molybdenum was deposited using the von Ardenne 

sputter. The silicon oxide was grown on the wafers by heat treatment. The photoresist was spin 

coated in the photolithography lab.  

After several holes were lasered on the coated wafers the thin films were removed. The 

molybdenum was etched away using a solution of sulfuric acid and hydrogen peroxide. The oxide 

was etched away in buffered HF. The photoresist was removed using an ultrasonic bath with 

acetone. The removal of the thin films was all made using the wet benches in the clean room.  

3.6 Deep etch 
The PlasmaTherm SLR was used on a silicon wafer with a thin film of aluminium and molybdenum. 

The molybdenum layer was on top of the aluminium layer and each layer was about 200 nm thick.  

Holes were first lasered and then the deep etch was used. Three rows of holes were lasered with 

different power settings, 70%, 60% and 55% and each row had 21 holes with 2 to 22 passes. After 

this the wafer was etched in the deep etch for 50 cycles using the Bosch process. The holes were 

analysed with both the ZYGO optic profiler and the SEM after the metal thin films were removed 

from the silicon wafer.    
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4. Results 
There are four parts in the result section of this work, etching of the microneedles, lasering holes on 

the microneedles, lasered holes and cleaning of them on silicon wafers, and deep etching of holes on 

silicon wafers. The results are analysed with SEM, ZYGO surface profiler, and the Olympus 

microscope. 

In Figure 7 a 1x1 cm square with 14x14 microneedles from the silicon wafer is shown. It has been cut 

out from the silicon wafer. 

 

Figure 7. Photograph of a 1x1 cm square with 14x14 microneedles etched and cut from a silicon wafer.  

 

4.1 Etching of microneedles on silicon wafer 
When the etching under the mask reaches the center a tip is formed. This in turn makes the mask 

disconnect from the silicon surface (since there is no longer any material to support the mask). A 

larger mask requires a longer etch time to form a needle shape. A progression of this can be seen in 

Figure 8 where three microneedles is shown. One microneedle had an oxide mask smaller than 

500x500 µm, one had precisely a 500x500 µm oxide mask and one had an oxide mask larger than 

500x500 µm. The microneedles under the smaller oxide mask were much smaller and had begun to 

over etch. 
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Figure 8. SEM images of three sizes of needles after 196 minutes etching. The samples are tilted 30 degrees.  When the 
mask size was smaller than 500x500 µm the microneedle was over etched and became smaller as can be seen in the left 
image. When the mask size was larger than 500x500 µm a whole needle is not yet formed and the oxide mask remains on 

top of it, this can be seen in the right image. When the mask size was 500x500 µm the tip of the microneedle is formed 
and the oxide mask has fallen off. 

 

4.1.1 Surface and shape of the microneedles 

The etched microneedles were analysed using a scanning electron microscope. Some roughness can 

be seen on the sides of the microneedle. A clear tip has been formed and there are four clear sides of 

the needle and there is a hint of an octagonal base. In Figure 9 a close up image of a microneedle 

with these characteristics can be seen.  

A microneedle not completely formed which still has the oxide mask covering it has a clear octagonal 

base and has a larger base width. In Figure 10 a comparison between these two cases can be seen. 

Note that the image of the microneedle with oxide still present has a smaller magnification and it 

comes from a larger square mask size. 

 

Figure 9. SEM image with a 15 degree tilt of sample. One microneedle etched from a 500 µm mask is visible. 
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Figure 10. SEM images of samples tilted 30 degrees. On the right hand image a microneedle with a more clearly defined 
octagonal base structure can be observed, compared to the left hand image. This microneedle is however larger than the 
one on the left. Notice the different resolutions in the images. 

 

Since the square masks are quite large in comparison to the finished microneedle there will be some 

space in between the microneedles when they have formed. The base of the microneedles is around 

150 µm and the period of which they repeat in is 700 µm.  In Figure 11 one can see several 

microneedles and the space between them. The distance between the microneedles is equal in both 

the x- and they-direction and the distance from tip to tip is 700 µm. The sample in this image is tilted 

70 degrees. The roughness and particles that can be seen on the surface comes from the laser cutting 

process.  

 

Figure 11. SEM image of several microneedles with a 70 degree tilt on the sample. Roughness and residue on the surface 
comes from the laser cutting process. The microneedles are arranged in an array with a distance of 700 µm between 
them in both directions. 
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4.1.2 Height and angle of a microneedle 

To get a better view of the angle and height of the microneedles they were also analyzed using the 

ZYGO surface profiler. Result from this measurement on one of the microneedle is shown in Figure 

12. The height of this microneedle in the picture is about 140 µm. More measurements were done 

on other microneedles and the heights were between 140 µm and 170 µm. The angle of the side of 

the microneedle from the midline can be estimated to 26.5 degrees. This means that the top angle is 

53 degrees. 

 

Figure 12. ZYGO image of a microneedle from a 500 µm mask. The height is about 140 µm and the top angle is 53 
degrees. 

 

In Figure 13 a SEM image of a microneedle with a tilt of 70 degrees can be seen. The 1x1 cm patch 

was cut out of the wafer to be able to be tilted this way in the SEM microscope. On the surface of this 

microneedle there are a lot of particles, these likely stem from the cutting process. 

 

Figure 13. SEM image of a sample tilted 70 degrees. This 1x1 cm square has been cut out with a laser cutter. Some 
roughness and residue on the surface comes from the cutting process.  
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4.2 Laser ablation of holes in microneedle 
Lasered holes in the microneedles were made using the laser cutter with the vision alignment 

system.  

The pattern used in the laser software was an array of 14x14 points. (In reality they were very small 

lines of 10 µm which the laser interprets as points.) The minimum spots size that can be achieved for 

the laser is 16 µm, this means that the lines were small enough so that the laser interprets them as 

one point and thus makes no sweeping motion. 

The vision alignment system was used to measure the coordinates of one microneedle at each corner 

in a 1x1 cm square. These four coordinates gave a center point and by using a Matlab-script new 

coordinates are calculated to be used in the laser software to align the pattern to the microneedles.  

Several attempts were made using the vision alignment system but none were completely successful. 

The pattern from the laser was always a few mm wrong in one direction. By using a low power 

microscope it could be seen approximately how far away from the microneedles the holes were. 

Manual adjustments in the laser software could be made from this information so that the 

microneedles could be hit with the laser pattern. Many holes were lasered at the same time to 

increase the chance of hitting a microneedle.   

In Figure 14 a microneedle with a lasered hole on one of the sides can be seen. The rim around the 

hole is quite rough and there is some larger damage around the lasered hole. The settings of the 

laser to make this hole were 80% power and 50 passes. In Figure 15 the same microneedle as in 

Figure 14 can be seen but with a 30 degree tilt. This gives a better view from the side and how the 

hole is drawn out down the side of the microneedle. 

 

Figure 14. SEM image of a microneedle with a lasered hole in its side. Some roughness and damage can be seen in the rim 
around the hole.   
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Figure 15. SEM image of a microneedle with a lasered hole. Sample is tilted 30 degrees.  This image gives a better view on 
the hole from the side. Roughness can be seen around the hole. Additional damage has been done on the left hand side 
of the hole where material from the side of the microneedle has been torn away.  

 

Additional testing with the laser cutter was made. Different settings on the power and number of 

passes were used, at first both 50 and 100 passes and powers from 57% to 72% were used. In Table 1 

the different settings used for this particular test can be seen. With these settings the pattern used 

was an array of 98x7 holes, where each row of microneedles was lasered with this pattern. A simple 

CAD-file of small lines (10 µm in length) was used. This method was used as a way to increase the hit 

percentage of the laser on each microneedle which would make for easier analysis. The laser pattern 

was then shifted -700 µm in the y-direction in the laser software so that the next row of 

microneedles could be hit. This procedure was repeated for every row on the square and the settings 

on power and passes were changed for each row. In Figure 16 one can see a ZYGO image of a 

microneedle surrounded by an array of lasered holes.  

 

Figure 16. ZYGO image of a microneedle with an array of lasered holes around the needle. The laser was used in this 
manner to increase the chance of hitting the microneedle with one laser burst.  
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Table 1. Different settings of power and passes for each row of microneedles. Row 5 (marked with *) was not used 
because that row overlapped with the origin in the laser software. With a reflective material and this setup it is a safety 
precaution to avoid damaging the laser.  

Row Power Passes 

1 70 50 

2 60 50 
3 60 100 
4 63 50 

5* -* -* 
6 63 100 
7 66 50 
8 66 100 
9 69 50 

10 69 100 

11 72 50 
12 72 100 
13 57 50 

14 57 100 
 

4.2.1 ZYGO measurements on microneedles with holes 

In Figure 17 a ZYGO measurement of a microneedle can be seen, this is the same microneedle as in 

the SEM image in Figure 14. With the Zygo measurement one can get a better view of the edges and 

the height differences of the hole. As can be seen in the figure the hole in the microneedle has got a 

sharp edge near the top but it has a blunt edge near the bottom. A measurment slice is also added to 

the picture, this shows that the lower edge of the hole is around 100 µm from the tip of the 

microneedle.  

 

Figure 17. ZYGO measurement of a lasered hole on a microneedle.  

 

4.3 Lasered holes on silicon wafer 
When using laser ablation to create holes in silicon some of the removed material from the hole 

accumulates on the surface, creating a wall surrounding the hole. The roughness on the rim of the 

hole on the microneedle that can be seen in Figure 15 is due to this problem. If a hole is lasered on a 
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plane silicon wafer a wall forms around the hole. This wall could consist of both melted silicon that 

cools down and of SiO2. Removed silicon from the hole could react with the oxygen in the air and 

form SiO2 on the surface around the hole. 

Since the aim is to get as sharp an edge as possible this needs to be removed. Several attempts to 

remove these walls by using different cleaning steps have been made. 

4.3.1 Megasonic cleaning bath 

A megasonic bath was used to try to clean the particles and roughness from the wafer. The wafer 

was placed in a beaker with a concentration of 50% ammonium which was placed in the megasonic 

bath at 40oC, at 100% power for 10 minutes. This did not clean the roughness around the lasered 

holes. In addition the solution etched the surface of the wafer. 

4.3.2 Thin film protective layer on a silicon wafer  

Attempts were made with three different thin films as a protective layer before using the laser 

cutter. The idea was that the deposited material attaches on the protective layer surrounding the 

hole. An etchant is then used to etch away the protective layer taking with it all the deposited 

material. The three materials tested were molybdenum, silicon dioxide and a polymer photoresist.   

4.3.3 Molybdenum layer 

A layer of approximately 2 µm molybdenum was coated on a silicon wafer by sputtering at 1000 W 

for 480 seconds. After this treatment, holes with different power settings and different number of 

passes were created using the laser. The molybdenum was etched away using a solution of sulfuric 

acid and hydrogen peroxide. In Figure 18 before and after pictures from an Olympus microscope can 

be seen. There is an improvement but there is still material left around the edges of the hole after 

the etching. 

                  

Figure 18. Lasered hole with 70% power on a 2 µm molybdenum layer. Left hand picture is before a sulfuric acid and 
hydrogen peroxide bath and right hand picture is after the bath. 

 

4.3.4 Silicon dioxide layer 

A wafer with a 2 µm layer of thermal SiO2 was used. The same procedure with the laser as on the 

molybdenum coated wafer was utilised. In Figure 19 it can be seen that after the SiO2 is etched away 

with HF there is still some walls around the lasered hole. Much of the particles and roughness have 

been removed but not all of it.  



18 

 

              

Figure 19. A lasered hole with 70% power on a 2 µm SiO2 layer. Before and after a HF etch to remove the SiO2.  

 

4.3.5 Photoresist layer 

A third attempt with using a protective layer was done, this time with a photoresist (Shipley 

microposit S1813). This is the same photoresist that was used in the lithography step. With a spin 

coater at 4000 rpm for 45 seconds a layer of about 1.2 µm in thickness was coated on a silicon wafer. 

This was then baked on a hot plate at 100oC for 120 seconds to harden the photoresist. Several holes 

were lasered into the wafer and then an ultrasonic bath with acetone was used to strip the 

photoresist from the wafer. The results from before and after the lift off can be seen in Figure 20. 

The results are similar to the other two attempts with using a thin film, there is less roughness and 

much of the particles have been removed but there is still a wall surrounding the hole.  

               

Figure 20. Lasered hole with 70% power on a layer of 1.2 µm photoresist. Right hand picture is before photoresist strip 
and left hand picture is after.  

 

4.3.6 Height of the walls from ZYGO measurements 

The walls surrounding the lasered hole were measured with the ZYGO surface profiler. A wafer that 

had a molybdenum layer was measured upon. The walls were between 5 µm and 10 µm high 

depending on power settings of the laser and as can be seen in Figure 21 the edges around the 

lasered hole are not sharp. Ideally it would be a sharp 90 degree angle from the surface down into 

the hole but it is formed like a crater.  
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Figure 21. A ZYGO measurement on a lasered hole on a silicon wafer which had ha molybdenum protective layer during 
the use of the laser. In this measurement the walls surround the hole is about 7 µm high. 

 

4.4 Deep etching of a hole in a silicon wafer 
Aluminum and molybdenum was sputtered on a silicon wafer. Each layer was about 200 nm thick 

and the molybdenum layer was sputtered on top of the aluminum layer. The idea was that the metal 

thin film was to be used as a masking material and with the laser cutter just cut through the two thin 

films without damaging the silicon surface.  Aluminum is a good material to use as a mask during 

deep etching of silicon but it does not work well with the laser at a wavelength of 532 nm. An 

aluminum layer is too reflective for the laser to be able to remove any material. But with a less 

reflective metal layer, in this case molybdenum, on top of the aluminum this problem is avoided and 

the laser is able to cut through the metal thin films to expose the silicon beneath.  

A thin film deposited on the silicon wafer by the use of sputtering, instead of for example a spin 

coated photoresist, was needed. In future steps it has to be able to be deposited evenly on the 

microneedles. A spin coated photoresist layer would not be a smooth layer on an array of 

microneedles.  

The wafer was lasered with three different power settings, 70%, 60% and 55%. For each power 

setting 21 holes were lasered, each with a different number of passes ranging from 2 to 22 passes. 

The first pass is as before at 50% power.  After this the wafer was deep etched with a Bosch process 

in the PlasmaTherm SLR for 50 cycles. Each cycle etched about 1 µm deep for a total of around 50 

µm. The silicon is only etched where the laser has penetrated the two metal layers and the silicon is 

exposed. The etched hole goes straight down into the wafer for about 50 µm. After this the metal 

thin films were removed using a solution of sulfuric acid and hydrogen peroxide. The holes were 

analyzed with the ZYGO surface profiler and the result from a hole lasered with 55% power and 2 

passes can be seen in Figure 22. The wall surrounding the hole is present as in the previous 

experiments although it is smaller, approximately 1.5 µm. Since a deep etch process have been used 

the sides inside the hole is much more straight and smoother compared to only using the laser. In 

addition a hole that is deep etched has a smaller diameter than a hole that has been lasered with 

many passes.  
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Figure 22. A ZYGO measurement of a lasered hole with 55% power and two passes and then deep etched using the Bosch 
process. The hole is about 50 µm deep and the wall surrounding it is about 1.5 µm in height.  

 

The same hole was also analyzed with a SEM, in Figure 23 the hole can be seen with a 10 degree tilt. 

The surface was hit with two passes, one with 50% power and one with 55% power. They do not 

completely overlap which is the cause of the shape of the hole. 

 

Figure 23. A SEM image of a hole lasered with 55% power and then deep etched using the Bosch process. The hole is first 
lasered with 50% power and then lasered with 55% power.  The alignment is not optimal between the two burst, the 
second stronger burst has hit the surface to the left of the first burst.   

 

5. Discussion 
The first step of this project, which was to etch microneedles from a silicon wafer worked as 

intended and expected. By following the work of Wilke et. al.[9] good results were achieved, 

however the height of the microneedles were shorter than the aim. They were around 150 µm when 

the target height was 200 µm. With a larger mask size higher microneedles could possibly be 

achieved. When the laser cutter was used to create holes in the microneedles it was evident that this 

method did not work properly at the first attempt. There was just too much roughness, damage and 

deposited material around the holes. Improving the holes became the main focus of work from this 
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point on. It was necessary to figure out how to make the lasered holes better, with less deposited 

material. From this point it was natural to begin to experiment on a plane silicon wafer instead of on 

the microneedles.  

Although the lasered holes on the microneedles were not optimal it was shown that it is possible to 

hit them with the laser cutter and to create a hole on the side of the microneedle. However, the 

vision alignment system used in conjunction with the laser proved to not work as well as hoped and 

since the focus of the project changed towards improving the lasered holes optimizing the vision 

alignment system was not prioritised. 

The thin film approach of coating a layer that could be removed easily and to bring with the 

deposited material proved to not work as good as expected. From the results it is evident that 

material and particles further away from the lasered hole is getting removed. These particles are not 

able to penetrate the protective layer. In close proximity to the hole however there is still roughness 

and deposited material left behind after the cleaning steps for all three attempts with thin film 

protective layer. 

The laser removes and damages too much of the protective layer and thus enables melted silicon to 

attach not to the thin film but rather to the silicon wafer itself. This in turn makes it difficult to 

remove with the process used to remove the thin film. 

The SiO2 likely behave similar to the metal in that it gets damaged or melts and washes away thus 

enabling silicon from the hole to be deposited on the rim. Since everything further away from the 

hole is removed in the HF etch but not the deposited material around the hole this shows that the 

possibility that the deposited material is SiO2 is not viable. There could of course be some SiO2 that 

forms from the ablated silicon but the main component of the walls surrounding the hole is solidified 

melted silicon. 

The photoresist has a very low melt point compared to silicon and metal and there is a possibility 

that it could flow and wash away from the rim around the hole exposing the silicon wafer even more 

than the metal layer and the oxide layer.  

To circumvent these problems with deposited material on the rim of the lasered holes less damage 

on the protective layer is needed. This could be achieved by tweaking the laser cutter even more and 

try to lower the power output. A balance between power setting, repetition rate and number of 

passes is needed for the laser cutter to work properly. It can become unstable if the settings do not 

match each other.   

Similar attempts to create holes on a silicon wafer have been made by others and by cutting straight 

through a silicon wafer better edges can be achieved on the backside of a silicon wafer. Figure 24 is 

taken from Klotzbach et al. ‘Laser Micromachining’[16] and it shows a hole that goes straight through 

a 555 µm thick (111) silicon wafer has been created with a laser. The wafer was etched in 20% HF to 

remove particles and walls surrounding the hole. All de deposited material was not removed from 

the etching and there are still walls around the hole, which can be seen in the figure. However, from 

the backside of the wafer, where the hole emerges there is a lot less roughness suggesting that there 

are sharper edges around the hole on that side of the wafer. The laser used to make these holes was 
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a Nd:YAG laser with wavelength 355 nm. A repetition rate of 10 kHz was used. 20000 pulses were 

needed to go through the wafer [16].  

 

Figure 24. Image taken from Klotzbach et. al. ‘Laser Micromachining’[16]  A hole straight through a silicon wafer, cleaned 

with 20% HF. Left hand side is the incident hole and the right hand side is the hole on the backside of the wafer. The 
wafer was 555 µm thick with (111) orientation. 

 

Creating holes from the backside and straight through microneedles gives rise to even more 

challenges of hitting the microneedles at an appropriate point. In addition a hole that goes straight 

through the microneedle was not part of the intended design but it is something that might need to 

be further looked into. 

5.1 Power of the laser 
In the experiment with the aluminium and molybdenum thin films and the deep etch the power of 

the laser could be lower. When used at 55% one burst was enough to break through both metal 

layers. Additional test where the settings and power of the laser are optimized so that it precisely 

breaks through to the silicon could be made and possibly improve the result. This could further 

reduce the amount of melted material around the edges of the hole. 

If the method with the deep etch is compared to only using the laser it is evident that less laser 

machining gives less deposited material around the hole. It is also advantageous to use a deep etch 

since the inside walls of the hole is kept much straighter and the depth of the hole is easier to 

control. The disadvantage is that it is a more complex process that takes longer time and requires 

more equipment. 

5.2 Other laser systems 
The lowest pulse width that can be achieved with the laser cutter used in this project is 2 

nanoseconds but it is suggested in other works that an even lower pulse width causes less damage. A 

pulse width in the femtosecond region is better suited for decreasing the amount of deposited 

material on a SiO2 layer on silicon [17]. A pulse width in the picosecond region compared to a pulse 

width in the nanosecond region on sintered Si3N4 will also cause less damage and give sharper edges 

[18]. In addition a single pulse laser ablation might be advantageous over even a two pulse ablation; 

on a thin (100 nm) layer of SiO2 on a silicon surface using more than one laser pulse gave rise to walls 

around the ablated zone but when only using one pulse this wall was not observed [17].  
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 Pulse width and number of passes play an important role when minimizing the damage done to the 

surface. The wavelength of the laser could also be a variable to further investigate. Short pulses 

along with short wavelengths (266 nm and 355 nm) reduced the deposition of melted material and 

reduces the heat affected zone [16].  

5.3 Deep etch in combination with the laser cutter 

After the use of the laser and the deep etch the walls around the hole is about 1.5 µm. This is 

clearly better than the earlier experiments with using only the laser cutter on thin film 

protected silicon wafers. The height of these smaller walls could prove low enough. It would 

be interesting to test how this method works when used on microneedles to see if the holes 

have a good quality also when created on a microneedle. If the results are good when tested 

on the microneedles this could be a viable step forward.  

6. Conclusion  
The aim of this project was to manufacture 200 µm high microneedles with holes in them with sharp 

90 degree edges. Microneedles of length around 150 µm were etched from a silicon wafer. Holes in 

the microneedles were created with a laser cutter but the edges were not sharp enough. Holes 

created with both the laser cutter and by use of deep etching on a plane silicon wafer coated with 

aluminium and molybdenum showed edges with much less roughness compared to holes created 

with only the laser cutter.   

The proposed method of manufacturing microneedles with holes is viable and there is some proof of 

concept when using the laser cutter and the deep etch in combination to create holes with sharp 

edges. Exclusively using the laser cutter available in the clean room at the Ångströms laboratory to 

create holes in the microneedles proved difficult and other approaches is better to explore, such as 

using the laser cutter in combination with the deep etch.  

7. Future works 
Using a deep etch in combination with the laser cutter showed the best results in creating holes with 

sharp edges so this is something that should be investigated further. Additional tweaking with the 

laser is required here so that only the protective layers are affected by the laser and the silicon 

underneath is undamaged.  

The use of other laser cutter with different energies, pulse widths and wavelengths could also be an 

interesting path to explore further, but this requires access to different laser equipment. 

Evaluating methods for replicating the microneedles is also something that should be done in the 

future. This would be necessary to be able to manufacture microneedles in bigger volumes if wanted. 

This could possible by moulding in polymer materials.  

Testing on skin-like materials is also something that needs to be done to verify that the microneedles 

work as intended. This entails measurement of diffusivity through skin or skin-like material as well as 

measurements of how quickly the skin reseals and heal the perforation created by microneedles. 
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