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Abstract

Design and fabrication of a rotationally symmetric cold
gas nozzle in silicon

Ernesto Vargas Catalan

In this master thesis, the goal was to devise design patterns and a fabrication process
for manufacturing a 3-D rotationally symmetric converging-diverging cold gas
micronozzle in silicon.

The report explains the theory of etching and the methods involved. The work begins
with calculations and simulations of the etching processes. The chosen etch technique
utilizes so called microloading and reactive ion etching lag effects, which essentially are
phenomena where the etch rate can be adjusted by breaking up mask features into
subpatterns, and the etch depth for a given recipe and time can be made to differ
locally. The subpatterns consisted of very small rectangles and triangles with
alternating concentration. Five different recipes for the reactive ion etching were
tried, where the coil power, platen power, pressure, temperature and time was
varied. 

Etch rates could be made to differ locally depending on the concentration of
subpatterns within the mask feature. The etch rates were also affected by the recipe
parameters such as coil power, platen power, and pressure. High coil and platen
power increased the etch rate, while high pressure reduced the etch rate. The platen
power also affected the surface roughness.

A solution for reducing misalignment problems in the future for the fusion bonding
process resulted  in the proposed moiré patterns that were made to show
misalignments down to 0.2 µm. 

Through scanning electron microscopy, the Nozzle 5_4_2 was concluded to have the
most rotationally symmetric cross section at both the throat and the outlet. It has
throat diameter of 31.1 µm with a depth of 34.2 µm and an outlet diameter of
146.4 µm with a depth of 113.2 µm.
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Populärvetenskaplig sammanfattning 
Idag finns det många olika metoder för att driva och hålla små satelliter i omloppsbana. De 

vanligaste motorerna är av elektrisk eller kemisk karaktär, vilket innebär att de använder 

elektrisk energi eller kemiska reaktioner för att skjuta ut gas.  

 

I det här examensarbetet har det tagits fram en metod som utnyttjar både maskmönster och 

etsreceptparametrar för att tillverka en rotationssymmetrisk dysa. Den är gjord i kisel och är 

endast drygt hundra mikrometer bred.  

 

För att tillverka en halv dysa, designades ett maskmönster som har små öppningar med 

varierande täthet. Genom dessa öppningar etsas kislet, som har formen av en skiva, med en 

reaktiv gas i en jonetsningskammare. Därigenom bildas håligheter under öppningarna i 

mönstret. Med tiden växer hålen ihop och en kanal med halvcirkulärt tvärsnitt bildas. Då 

mönstret har varierande täthet på öppningarna, blir vissa områden djupa medan andra är 

grunda. Detta gör att man, i ett enda etssteg följt av en sammanfogning av två skivor, kan 

tillverka dysor som har både smala och grunda, och djupa och vida delar.  

 

För att kunna variera etshastigheten lokalt över kiselskivans yta prövades fem olika reaktiva 

jonetsningsrecept. Parametrar som varierades var spoleffekten, potentialen mellan plasmat 

och kiselskivan, trycket, temperaturen och etstiden i kammaren. Det visade sig att 

etshastigheten kunde ökas genom att sänka trycket och öka potentialen samt spoleffekten. 

Ytfinheten försämrades då potentialen ökades.  

 

En lösning för att motverka och mäta fellinjering vid sammanfogning av kiselskivor med 

dyshalvor genom användning av moiré mönster, togs fram. Metoden ska kunna urskilja 

fellinjeringar så små som 0.2 μm.  

 

Den dysan som ansågs ha det mest rotationssymmetriska tvärsnitt, tillverkades med receptet 

Flat och med maskmönstret som refereras som Nozzle 5_4_2.  Det hade ett djup och bredd på 

ungefär 30 μm vid halsen, samt ca 140 μm bredd och 110 μm djup vid utblåset. 
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1 Introduction 
Today we are depending on our “eyes in the skies”, as television, communication, 

navigation and surveillance are important parts of our daily life. The military utilizes it, 

the scientific community and the public use it on a daily basis. Satellites are essential in 

weather surveillance and GPS, and require a lot of equipment to work as a system [1].  

 

Part of the aerospace industry strives to create smaller, but still very capable satellites. 

New models should be faster, easier and cheaper to manufacture [2]. One way to make 

the production more effective is to make the products smaller, leading to less material 

that result in less weight, and faster assembly.  

 

In the future, satellites could consist of a multitude of high-tech hardware based on 

microelectromechanical systems (MEMS) technology. Many components become 

smaller and lighter with advances within MEMS, and so do the need for the platforms 

that hold them [3]. This means that satellites may be able to carry more instruments than 

before, without the need to be as large. Size and mass are crucial factors since the launch 

cost nowadays is around 10000 $/kg. Developments have resulted in heavily miniaturized 

satellites with a total mass ranging from <1 kg (picosatellites) to <10 kg (nanosatellites).  

 

When decreasing the size and the mass of satellites, engines and thrusters that are used 

for attitude and position control, also need to become smaller. Since the inertia is 

reduced, large forces generally are no longer needed. Typical for micropropulsion, are 

thrusts of 1 µN-1 mN and impulse bits of 1-10 µNs. For this, the relatively weak cold gas 

rockets [4] can be used.  

 

A common design for the outmost part of these engines is a converging-diverging nozzle, 

a so called de Laval nozzle. To deliver small enough forces, the size of the thruster is 

only a few hundred micrometers and can be manufactured using MEMS techniques. A 

difficulty in manufacturing microcomponents is to create complex 3-D shapes, since most 

MEMS components depend on transferring patterns through projections of 2-D masks. 

This has led to that available microthrusters are usually rectangular in their cross section 

and therefore not utilized to their fullest potential [5].  

 

In a real de Laval nozzle, the channel is rotationally symmetric. In micromachining, this 

may be achieved by using non-conventional processing, e.g. grayscale lithography, which 

uses grayscale on the photolithography mask to engrave 3-D structures directly in the 

photoresist [6]. Another method works by making designs that consist of varying opening 

sizes and pattern densities. This technique is sometimes called MEMSNAS [7], and 

makes it possible to get closer to a “true 3-D” shape. 
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1.1 Work outline 

In this master thesis, the possibility to fabricate a rotationally symmetric nozzle by dry 

etching is evaluated. The nozzles will be fabricated on silicon wafers with varying 

patterns geometries and concentrations, and together with different recipes find the 

desired etch profile. Depth and width of cross sections along the nozzle’s channels will 

be measured to determine if they are rotationally symmetric. In the end, a final pattern 

and recipe will be chosen as the process, in preparations for wafer bonding to acquire a 

rotationally symmetric nozzle. 

 

In more detail, the work consists of three parts. The first part includes finding the 

relationship between mask and etch results by comparing: 

 mask opening size and shape 

 opening pattern density 

 etch profile by simulations  

 etching of nozzles 

 cross-sectional microscopy  

 

The second part is to devise a method for aligning and join two separately etched half 

nozzles, and the third part is to design a nozzle for evaluation with Schlieren imaging, 

which may be used to study the symmetry in the microrockets outlet. As part of the final 

task, a fixture for evaluation shall be developed. 
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2 Background 

2.1 Micropropulsion – purpose and types 

Due to drag losses, satellites fall from their orbits and repositioning is needed. These 

types of operations fall under orbit maintenance and are divided into three categories: 

initial orbit insertion and correction, station keeping and orbit maintenance, and end-of-

life manoeuvres [8].  

 

When inserting satellites into their orbits, there is often a small error. This is of great 

importance for constellations of satellites which require a specific relative distance 

between them. Here it is critical to have a precise propulsion system to be able to fine-

tune the orbits. Station keeping and orbit maintenance are the terms for keeping a satellite 

in its orbit and its position in that orbit. Often it means that the satellite should be able to 

counter this drag. For this, the satellite needs a propulsion system that can deliver large 

impulse bits. Re-phasing is the changing of orbits or evasive manoeuvres when on a 

collision course. For this, a stronger propulsion system is required since it is a bigger 

operation. The last part in satellite position control is the attitude control. For this, type of 

control, satellites use magnetic torquers, electrical propulsion or chemical thrusters. The 

need for even more accurate attitude control is crucial today. To make it work with 

microsatellites, both the size and the mass of the thrusters should preferably be small. 

 

For satellite propulsion, several different thrusters are used depending on the missions. A 

common mix-up is the use of microthrust. Satellite thrusters can either be big rockets, 

able to produce small micro-Newton thrust or microscopic rockets for micro-Newton 

propulsion. The first case involves large systems for satellites with a mass of several 

thousand kilos. This is not the same as microscale thrusters that deliver low thrusts. All of 

the thrusters in Figure 2.1 have been used in space missions, but not all have yet been 

successfully scaled down to microscale to be used on nano-and pico-satellites. Electrical 

Propulsion (EP) systems such as colloid thrusters, Field Emitting Electric Propulsions 

(FEEP), ion thrusters, Hall effect thrusters and Pulsed-Plasma Thrusters (PPT), (see 

Figure 2.1), experience high total mission velocity change (∆v) and are more suited for 

systems that need propulsion as in inter-planetary movement rather than attitude control 

for earth orbit. For the latter type of control, chemical systems are a better choice. [2] 
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Figure 2.1: Available thrusters for satellites, reproduced from [2] demonstrating the different 

microthrust systems in a thrust vs. total mission ∆v. The thrust shows force, with which the engine 

can push the spacecraft, and ∆v is the total change in velocity after consuming all the propellant.  

 

Some important propulsion parameters are thrust, F, impulse, I, specific impulse, Isp and 

impulse bit, Ibit. The total impulse, It, is the thrust force over a time, t , and can be 

explained with: 

                                                                              
 

From the force, the specific impulse can be calculated as the total impulse per unit weight 

of propellant. This is an important figure of merit for comparing the performance of a 

propellant with other propellants or different propulsion systems. The Isp is obtained from 

the thrust: 

     
 

 ̇  
,     (2) 

 

where ṁ is the mass flow rate of propellant through the thruster and g0 is the gravitational 

acceleration. The Ibit is the smallest amount of thrust which can be generated. For small 

correctional adjustments, this value has to be very low. This is the situation also for the 

impulse bit.  
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Another important parameter is the Mach number which is a dimensionless number 

representing the speed of an object moving in a medium divided by the local speed of 

sound. For supersonic nozzles, the value is greater than 1. To obtain this value, the throat 

area, At, has to be smaller than the exit area, Ae. The relationship between area ratio and 

Mach number at the nozzle exit, Me, is [9]: 
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where k is the specific heat for constant pressure divided by the specific heat for constant 

gas volume of the propellant. The value for k ranges from 1.2 to 1.7 depending on which 

propellant is used. By evaluating the formula with the different k values, the relationship 

can be simplified to: 

 
  
  
    

       
                                                                           

 

2.1.1 Cold gas rockets 
Among the smallest rocket engine available today is the cold gas type [4]. Cold gas 

thrusters can produce thrust down to 0.1 µN and 1µNs in impulse bits. The rockets can be 

very precise, where station-keeping and attitude control is required. [2]  

 

Cold gas rockets are very simple. They basically utilise the potential energy in the form 

of a pressurised gas, which is stored in a tank and connected to the nozzle through a 

valve. When the valve opens and the gas starts to flow, it propels the satellite forward 

according to Newton’s third law of motion [10]: “For every action, there is an equal but 

opposite reaction.”   

 

In a cold gas rocket, the fuel is usually an inert gas such as N2 or Xe, and one of its 

advantages is that it does not leave any contamination on the spacecraft, nor does it result 

in undesired reactions with any components after leaving the outlet. 

 

To increase the effect of converting the potential energy stored in the gas to kinetic 

energy, a converging-diverging nozzle is used. When the gas moves from the high-

pressure tank to the low pressure in space outside, it reaches a high velocity.  

 

Since the cold gas nozzle is so simple, it is also an essential component of similar 

thrusters like the microresistojet and the more advanced combustion systems.  

  

http://en.wikipedia.org/wiki/Speed_of_sound
http://en.wikipedia.org/wiki/Speed_of_sound
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2.1.2 The de Laval nozzle 
The de Laval nozzle was invented by Gustaf de Laval in 1897 for use in a steam turbine, 

and later introduced as a space rocket by Robert Goddard. The principle is as follow: As 

the pressure forces the gas through the nozzle, the speed increases as the diameter 

decreases (because the mass flow is constant, see Figure 2.2). At sufficient chamber 

pressure, the gas will reach sonic speed in the narrowest part of the nozzle, the throat. 

This is a condition called choked flow, as the mass flow rate will no longer increase with 

decreasing ambient pressure. Then, as the area of the cross section expands, the gas 

reaches supersonic speeds. [11] 

 
Figure 2.2: A principle sketch of the de Laval nozzle general design of a converging-divergent nozzle 

[12] showing pressure (p), temperature (T) and outlet gas velocity (v) for different regions of the de 

Laval nozzle as gas travels from left to right. To the left, the gas speed is subsonic (Mach number, M i, 

< 1). The dashed line across the throat indicates the choked flow with sonic speed (Mt =1). In the 

nozzle exit, the gas is supersonic (Me > 1) 
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2.2 Microfabrication 

One common use of silicon is integrated circuits, IC. Silicon is a semiconductor material 

often produced in the shape of a thin wafer.  

 

A problem that arises from constructing microscale features is that they are small and 

therefore hard to handle. It is still possible to use saws and drills, which can handle 

shapes of hundreds of micrometers. However when going down in shape to a few 

micrometers, mechanical tools are not precise enough. For this situation, methods, such 

as surface ablation using laser or etching processes using acids, are preferred solutions. 

Whereas the laser technique is a very expensive and complex method, the etching is a 

simpler choice. 

 

A drawback with conventional micromachining is that fabrication of components from 

macro to microscale often loses a “dimension” due to the nature of the process, which is 

based on projection of patterns. This becomes a challenge when trying to make 

rotationally symmetric structures with their axis parallel with the surface of the wafer. 

For this, one needs etching processes that can create almost any form and not just 

isotropic holes or anisotropic trenches. 

2.2.1 Photolithography 
To make a photolithography mask, a 2-D pattern is created with a CAD program. The 

designed pattern is drawn with laser on a glass plate, coated with chromium and 

photoresist. The chromium is etched away and leaves openings where UV light can shine 

through. A photoresist is thereafter applied on the wafer, it can either be positive or 

negative resist. One of the generally used positive resists is polymethylmethacrylate 

(PMMA), whereas the negative resist is made up of two components: bisarylazide rubber 

and a cyclized polycisisopropene matrix resin [13, 14].  

 

The wafer is then subjected to high-speed spinning and the photoresist spreads across the 

wafer as a thin layer due to the centrifugal forces. By controlling the rotational speed, 

different thicknesses can be obtained. After the spinning, the wafer is soft baked on a 

hotplate to remove solvent and to promote adhesion. Figure 2.3 shows the transfer of 

pattern from the mask to the wafer as they are put in contact or close to each other and 

exposed to UV light.  

 

 
Figure 2.3: Schematic principle of photolithography (left) with (a) positive resist and (b) negative 

resist after exposure and development 

 

UV light Mask 

Photoresist 

Substrate (Si) 

(a) 

(b) 
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When using a positive photoresist, the exposed area of the resist becomes more soluble 

due to chain scission. However, when using a negative photoresist, the exposed area of 

the resist becomes hardened, due to the loss of nitrogen from bisarylazide, which in turn 

generates a highly reactive nitrene upon photolysis. This nitrene undergoes a series of 

reactions that result in cross linking of the resin. Afterwards, the wafer is developed (i.e. 

the soluble part of the resist is removed) using alkaline solutions such as NaOH for the 

positive resist and organic solvents, such as Xylene for negative resists. After 

development, the wafer is rinsed with water. [13] 

2.2.2 Deposition 
A common, and often necessary, practice in micromachining is to deposit thin films over 

the surface of the substrate. The reason vary from the need to have a protective mask 

layer in an etch process to having conducting or isolating layers in a component. 

Deposition of thin films, especially metals, is generally performed either by sputtering or 

by evaporation techniques. Films such as silicon dioxide and silicon nitride are generally 

deposited through chemical vapor deposition (CVD) or, for oxides on silicon substrates, 

by thermal oxidation in an oxygen-rich, high-temperature atmosphere. [14] 

 

2.2.3 Etching 
Etching is removal of layers and substrate through the mask openings, by either chemical 

or physical reactions. This can be done with wet or so called dry etching processes. 

 

Etching is used for: 

 shaping surfaces 

 removing material from the substrates 

 cleaning 

 removing residuals and unwanted particles from the wafer  

 polishing surfaces 

 smoothing of previously etched shapes.  

 

Wet etching shows different selectivity between the mask and the substrate or different 

layers. Wet etching also show different etch rates for different crystal planes. The 

phenomenon called anisotropic etching or orientation-dependent etching, typically 

occurs when using KOH or other hydrolyzing etchants.  

 

If one instead requires a uniform etching, an isotropic etchant such as HNA (HF, HNO3 

and CH3COOH) is usually preferred. Etch rates for wet etching is around one 

micrometer per minute, and the selectivity between Si and mask is 50:1. There are two 

general mechanisms for the reactions, one involving redox etchants [15] and the other 

hydrolyzing etchants [16].  

 

For etchants like HNA, and other ones involving HF, the following steps in the etching 

process apply. First the HNO3 dissociates and starts an autocatalytic reaction at a cathodic 

silicon site to produce holes. The holes are then injected into the silicon anodic site to 

increase the oxidation state of Si to Si
2+

. As Si oxidizes, attachment of OH
-
 groups to the 
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positively charged Si occurs, combining into SiO2. Now the SiO2 can be dissolved with 

HF resulting in H2SiF6 complexes, which is soluble in water. As it is transported away 

from the surface, new reactions like these will continuously take place. 

 

For hydrolyzing agents such as KOH the reaction steps are as follows: (i) reduction of 

H2O and KOH, (ii) injection of holes and (iii) oxidation of Si to Si(OH)2
2+

. Water will 

thereafter undergo hydrolysis (4H2O => 4OH
-
 + 2H2 + 4h

+
), which will result in further 

hydrolysis of silicate into the water, as soluble SiO2(OH)2
2-

. 

 

As silicon reacts into a complex, the isotropic etchants are diffusion limited whereas the 

anisotropic ones are reaction time limited. Even though the isotropic etchants are 

supposed to etch with the same rate in all directions, this is not the case. Since the process 

ideally is independent of the size of the openings, the result tends to become shallower 

than a perfect half sphere, but at the edge of the mask layer the underetching is more 

isotropic and has the etch shape of a quarter circle in cross section, Figure 2.4(a). In case 

of anisotropic etching, the <111> directions etches much slower than <100>, and the 

corresponding planes tend to be exposed after a while. Resulting in a flat bottom and 

sloping sidewalls, with 54.74˚ between the {100} and the {111} surfaces, Figure 2.4(b). 

 

 
Figure 2.4: Schematic cross section of results from (a) isotropic wet etching with HNA and (b) 

anisotropic wet etching with KOH 

Dry etching is a gas-solid that can be a chemical and/or a physical reaction which makes 

use of plasma. Using an radio frequency (RF) source, the gas is ionized and forced 

towards the wafer. When the gas collides with the surface it breaks the Si-Si. The most 

commonly used gases are SF6 or XeF2 which react with silicon to form the gaseous SiF4, 

which leaves the surface. This results in narrow, deep trenches, Figure 2.5, due to the 

downward directional etching caused by the potential between the plasma and the wafer. 

This so called Reactive Ion Etching, RIE, is more prone to High Aspect Ratio Dependent 

Effects (HARDE) than wet etching. One of the effects in HARDE is microloading and it 

is pattern density dependant, meaning that patterns consisting of openings of different 

sizes and spacing will etch with different speeds and to different shapes. [17] 

<100> Surface orientation <111>  

54.74° 

(a) 

(b) 
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Figure 2.5: Schematic cross section of results from an anisotropic etching with RIE. 

 

The mechanisms for the dry etch reaction is similar to the wet etch mechanism with 

fluoride combining with the silicon to form a volatile compound. As the plasma is highly 

energetic, the gas dissociates, creating F
-
 radicals. These F

-
 radicals react with Si to form 

SiF4. The trenches then become more rounded, due to the reactive ion bombardment 

which results in higher anisotropy, while the free radicals attack all the silicon surfaces.  

 

Through several parameters such as the coil power, plate power, chamber pressure, gas 

flow and temperature, the etch rate and shape can be controlled to result in different 

depths and trench forms.  

 

The coil power is produced by the RF source and controls the energy in the plasma. A 

high power results in fast downwards etching, as the directional bombardment gives an 

anisotropic etching. At lower power, the trench bottom does not become smoother, and 

the mask tends to be more underetched.  

 

By raising the power at the chuck, more of the ionized gas flows towards the wafer since 

an extra potential is added between the plasma and the wafer. The result is a more 

downwards directional etching.  

 

By controlling the pressure, it is possible to change the etching uniformity, etch rate and 

even direction dependence. At low pressures, the etching is more isotropic and selective 

than at high pressure. The pressure is generally 0.01 to 1 mbar.  

 

By having a higher gas flow, the etching becomes less dependent on mass transport, and 

more radicals from the gas become available.  

 

At low temperature, the cavity size is reduced, whereas at high temperatures the etching 

loses its orientation-dependence and the roughness is significantly increased. [18]  
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Figure 2.6: Schematic anatomi of an ICP-DRIE, showing the (a) gas flow into the chamber, (b) 

plasma of ionized gas, (c) RF coil, (d) Vacuum pump and (g) Chuck 

 

Figure 2.6 is a schematic of an Inductively Coupled Plasma (ICP-RIE) chamber. First an 

etchant (a) is fed into the chamber. This gas is ionized to plasma (b) with the help of the 

RF coil (c). To maintain a plasma, low pressure is needed, a vacuum pump positioned 

beneath the RIE vacuum chamber (d) evacuates the atmosphere. The other function is to 

remove the gas that has been used together with the products from the etching. Other 

parameters that can be manipulated are the temperature and the power (g) of the chuck to 

increase the potential between the plasma and the wafer.  

Deep Reactive Ion Etching (DRIE) is anisotropic etching capable of very high aspect 

ratios. Figure 2.7 shows the process that consists of two alternating steps [19]. As with 

the other etching processes, the silicon wafer is covered with a mask, and a pattern is 

transferred. But this time the SF6 etches during short time intervals. (a) The Si surface is 

etched and then the SF6 flow is stopped, the chamber is evacuated and new gas 

introduced again. (b) The newly introduced C4F8 becomes ionized, it then dissociates and 

is deposited as CF2, a Teflon-like polymer, in the etched trench. This protects the surface 

as a passivating layer [20]. (c) The film is usually only about 50 nm so the flat bottom 

layer is very quickly etched away when the gas alternates to SF6 again.  The sidewalls are 

also etched but at a much lower rate. (d) Before the entire polymer layer is removed, the 

steps are alternated again passivating the surface and then etching again. The process 

continues as a directional anisotropic etching, (e) achieving a deep trench almost without 

underetching. This cyclic etching, however, leaves small scallops on the sidewall. The 

process is known as the Bosch process [21] and can etch through a wafer leaving almost 

vertical sidewalls.  

c) RF Coil  

a) SF6 gas  

d) Vacuum pump  SiF4 gas and excess SF6  

Wafer  g) Chuck 

(the holding plate) 

b) Plasma 
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Figure 2.7: Schematic results of anisotropic etching with DRIE, showing the steps of the Bosch 

process. It starts with (a) SF6 etching and then (b) the etched surface undergoes CF2 passivation, 

these two steps are then alternated (c-d) and finish in a (e) trench with vertical sidewalls. 

(a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

(d) 

 

 

 

 

(e) 
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2.3 Microloading and RIE lag 

Microloading can be described as an etch rate dependence on pattern density [22, 23] and 

generally occurs for both dry and wet etching.  

 

Two important parameters need to be defined, the first one is pattern density, which is 

decided from measuring the amount of openings in a certain area. The other one is 

spacing. In Figure 2.8 spacing is the distance between the openings, which are the white 

rectangles, and are shown as red arrows. The spacing can differ in the horizontal direction 

(Sh) and in the vertical direction (Sv). Every opening can also vary in size, shown as blue 

arrows. The opening length (l) is measured along the horizontal direction and its width 

(w) in the vertical one. In this work, both the size of the feature openings on the mask and 

the concentration of the patterns are important.  

 
Figure 2.8: Schematic pattern overview with parameters:  

Sh – Horizontal spacing, Sv – Vertical spacing, w – width, and l – length 

 

Narrow trenches etch at a lower rate than wider ones. This is due to either accumulation 

of reaction products or localized depletion of reactive species. As seen in Figure 2.9, the 

bigger opening gives a deeper trench compared with the smaller ones to the left. This 

effect is referred to as RIE lag. 

 

A big opening compared with a number of small ones covering a similar area etch faster, 

but by alternating the spacing between the openings and the density in irregular patterns, 

a wider range of etch rates is obtained over a surface [24].  

 
Figure 2.9: Schematic reproduction of a cross section of RIE lag during a Bosch process from [25], in 

here all the openings have the same width, it is only the length of each one that increase from left to 

right.  

 

The microloading effect is usually unwanted since it leaves the surface with trenches of 

different depths, this is especially bad when components cannot be placed closer together 

for a higher production yield. 

        Sh        w 

 

Sv    l 
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2.4 Microloading utilization 

When producing the half of a 3-D rotationally symmetric nozzle in a single etch step, 

microloading and RIE lag are useful and have to be controlled. There are several 

techniques that manage this by alternating the densities of the openings and their sizes. 

The collective name for the methods is Microloading Effects for Micromachining 3-D 

Structures of Nearly All Shapes (MEMSNAS). 

2.4.1 Microloading with alternating pattern density 
Using a mask with differently sized openings in close proximity to each other, the etching 

becomes pattern density dependable, due to local etchant depletion and lower mass 

transport rates in high aspect ratio trenches [7, 22-24]. This means that the etch rate will 

not be uniform, and that the depth changes over the work piece.  

 

This can be done by either wet or dry etching, resulting in different profiles, Figure 2.10. 

In the wet etching case, (a), the process consists of two etch steps in this example. Using 

different sizes of openings in the etch mask, the first etch step will have a higher etch rate 

at the bigger openings leaving plateaus of etched trenches. To smoothen the surface and 

remove the edges between them, the mask is removed and a second wet etch step is 

made. Since the mask is removed, (b), the top surface of the substrate is also etched, 

making the top edges rounded. 

 

For a deeper feature, both dry and wet etching can be utilized. The first step involves 

DRIE which leaves deep trenches with increasing depth as a staircase, (c). Here the slope 

can be alternated over a wider range of trench profiles depending on the pattern spacing. 

The next step is to wet etch the trenches isotropically. This will remove the sidewall 

between the trenches faster than the trench bottom leaving a cavity than spans all the 

previous trenches, (d).  

 

For something in between the two previous etch result, a single etch step can be 

performed using RIE, the etched surface will be rougher since this process does not have 

a smoothing step, but the cross sections will be rounder than the previous two, (e). 

 

After removing the protective layer, (b, d, f), the wafer can either be bonded to another 

wafer or processed by a second wet etch step to further smoothen the rough bottom. [26] 

 
Figure 2.10: Schematic fabrication sequences of a 3-D surface, a twofolded isotropic wet etch process 

(a-b), a DRIE etch step followed by an isotropic wet etch step (c-d), a single RIE step (e-f). 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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2.4.2 Grayscale  
In normal photolithography the masks are binary on the feature scale consisting of 

covered areas and openings. Grayscale is a method to modulate topography of the 

photoresist using halftone mask. By having a gradually changing density of openings, the 

photoresist receives an exposure gradient. This can be done by having a high-energy, 

beam-sensitive glass, in which the glass transmission is changed by an electron-beam 

direct write system [6, 27-28]. Each pixel is represented by an area, seen as red squares in 

Figure 2.11, consisting of different amounts of coverage. By having black dots on a white 

background with increasing concentration and then changing to white dots on a black 

background it is possible to acquire a scale of several gray tones.  

 

 
Figure 2.11: Gray-scale halftone pattern 

 

As with the MEMSNAS process, it is possible to achieve 3-D shapes in one step instead 

of using several time-consuming steps, where more than a few lithography steps are 

needed. A difference is that the photoresist layer on the substrate has to be thicker than in 

regular lithography, as it will not be a mask with openings but instead it will have a 

gradually changing surface, see Figure 2.12. 

 
Figure 2.12: Schematic comparison of a photoresist from a binary mask, (a) and of a photoresist 

from a halftone mask, (b). 

 

The technique works both for making 3-D shapes directly, and for manufacturing inverse 

3-D shapes for molds. The photoresist grayscale pattern can also be transferred to another 

mask material such as oxide layers, to obtain different etch rates due to higher selectivity 

between the materials. 

 

(a) (b) 
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2.5 Cold gas nozzles 

All cold gas rockets have a similar design, a converging-diverging nozzle to acquire 

maximum speed due to the increase in velocity with choked flows. The nozzles can either 

be manufactured parallel to the surface of the substrate or they can be produced with their 

exhaust direction normal to the substrate surface This section summarises four techniques 

that are used today to manufacture microsized nozzles.  

 

One technique is to make sandwich structure of Low Temperature Co-fired Ceramic 

(LTCC) tapes, Figure 2.13. Here each tape layer vary in thickness from 50 to 250 µm and 

the pattern can either be punched through or milled, resulting in bigger features compared 

with the other methods. Another issue is that the tape layers tend to shrink during the 

sintering process. [29]  

 
Figure 2.13: Four-layered LTCC nozzle reproduced from [29], with outlet facing to the right 

 

A second technique to produce a converging-diverging nozzle is to use a two-way laser 

ablation [30]. This process can generate rotationally symmetric nozzles. It is also possible 

to ablate a half nozzle directly parallel to the surface. 
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The third technique included here, is powder blasting. It is a physical process where 

energetic particles impact the substrate causing erosion. A beam of particles is expelled 

from a nozzle and scanned over the work piece. The cross-section of a powder blasted 

hole has a rounded V-shape, which is caused by the typical impact angle dependent 

removal rate for brittle materials. After blasting a heat treatment is done to smoothen the 

surfaces. This technique also has the option of blasting a half rotationally symmetric 

nozzle on the surface of a substrate. 

 

A fourth technique to produce a rectangular nozzle is to use DRIE on a wafer, Figure 

2.14, and then bond it to an unstructured wafer. This result in channel depths which 

generally range from 300 to 500 µm since that is the thickness of a wafer. Typically the 

throat width is around 20 µm and the outlet is around 300 µm to have a large a large 

expansion ratio. [31]  

 

 
Figure 2.14: A DRIE etched nozzle before bonding [31]  
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2.6 Gas flow 

When comparing macroscale nozzles and their conical shape with an ordinary flat 

rectangular micronozzle (e.g., one manufactured with DRIE) a major difference emerges: 

The latter nozzle only expands in one dimension from the throat to the outlet.  

 

Another difference is that microscale nozzle only exhibits laminar flows. For laminar 

flows, the Reynolds number (  ) is within 10
0
-10

3
. At these flows the viscous effects are 

significant as    is defined as [32]: 

 

    
  

  
                                                                             

 

where, L is the characteristic length (e.g. nozzle throat width), µ is the dynamic viscosity, 

ṁ is the mass flow rate and A is the cross sectional area. The issue with viscous effects 

and laminar flows, is that the flow is stagnant along the channel wall. This leads to 

uneven flows as the flow is hindered further in corners, which results in lower velocity. 

 

When comparing different shapes of equal area, Figure 2.15, the one with the biggest 

throat diameter results in highest   . Also, the circle does not have any corners so the 

viscous effects are constant along the perimeter 

 

 
Figure 2.15: Boundary perimeter for viscous effects for different cross section of shapes with equal 

area. a) A square outlet, b) A circular outlet, c) A rectangular outlet 

 

From numerical comparisons with rectangular nozzles with widths of 20 µm at the throat 

and 300 µm at the outlet and a constant height of 300 µm, and conical nozzles being 20 

µm and 300 µm in diameter, the Mach numbers were 4 for the rectangular and 5.7 for 

conical ones. In [33], Direct Monte Carlo Simulations (DMCS) showed that a nozzle with 

a rectangular cross section can have more than 20% reduced performance from viscous 

losses compared to a conical one with circular cross sections. 
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3. Materials and Methods 

3.1 Simulations and Design 

Before a design could be prepared, simulations were made using both MATLAB 2011 

(R2011, MathWorks, USA) and Silvaco TCAD (Silvaco Inc, USA). Later, AutoCAD 

2011 (AutoDesk, USA) was used to produce the mask design for the photolithography. 

 

MATLAB was used to simulate the etching. For the assumed depth and width of the 

channel along the nozzle, cross sections were made for the critical parts, such as the 

channel before the nozzle, the throat, the inlet, and the outlet. 

 

Silvaco “Technology CAD” is a branch of electronic design automation tools that models 

semiconductor fabrication and semiconductor device operation. Silvaco’s programs 

operate from DECKBUILD, which is their runtime environment. In DECKBUILD the 

modules ATHENA, ELITE and TONYPLOT were used. The module ATHENA is a 

process simulation framework. Together with the module ELITE, which is an advanced 

physical etching and deposition simulator, a 2-D topography simulation was made for a 

cross section of the nozzle. 

 

AutoCAD is a “Computer Aided Design” software and is used to draw 2-D and 3-D 

models. This architectural software was used to draw the pattern for the lithography 

mask.  

3.1.1 Theoretical Nozzles 
Two ideal versions: a 2.5-D rectangular model and a rotationally symmetric 3-D model of 

the nozzles were created. Both designs were given a channel width of 300 µm and a 

depth of 300 µm. The difference is in the throat, where the rectangular model only 

decreases in width to 20 µm, not in height, whereas the symmetric model shrinks in all 

directions to a circle with 10 µm in radius. The nozzles consist of two overlapping 

surfaces, the top and bottom wafer. The 2.5-D nozzle is made of a rectangular cut out, 

divided into several sections of rectangular holes. The de Laval nozzle was made up of 

several sections of half circles with decreasing radius for a rotationally symmetric profile, 

Figure 3.1.  

 

This results in very different nozzle area expansion relations. For the cross sections of the 

rectangular nozzle it is ARt for the throat (ARt = width   depth) and ARo for outlet (ARo = 

width   depth), the area expansion relationship is ARt / ARo = 1:15. For the rotationally 

symmetric nozzle, the circular cross sections at the throat ACt and ACo (ACt, ACo = π  
 radius

2
) the relationship is ACt / ACo = 1:225. Hence, the latter model has a greater area 

decrease factor for a given throat width. 
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Figure 3.1: Ideal models of the same basic shape with the difference that the rectangular one has a 

constant depth and shrinks only in width, whereas the conical model shrinks symmetrically along its 

axis. 

 

In Figure 3.2, the area relationship between AS and AC is compared using superimposed 

images. It is seen that the throat for the rotationally symmetric nozzle (the small white 

circle in the middle) is much smaller than the rectangular throat (which is the long 

vertical strip across the cross section.  

 
Figure 3.2: Comparison between the rectangular and the conical nozzle, by overlapping the cross 

section from the throat to the outlet. In this image we see the edge as the outlets cross sections and the 

white strip and circle in the middle are the cross sections of the throats.  

 

3.1.2 The cross section 

According to [7] and the theory of the MEMSNAS process, it is possible to achieve and 

manufacture channels of different depths and widths using a array of openings with 

varying pattern concentration as a photolithographic mask. Using the model from [34] for 

an Alcatel AMS-100 etcher for calculations of the desired nozzle geometry, it was found 

that different shapes with variable depths were achievable.  
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The time-dependent model and the following formulas from [23] were used to simulate 

cross sections of the potential etching. In the model, α, β and γ are geometrical and time-

dependent factors, since the etching profile changes over time. Geometrical parameters 

are: l, w, Sh and c, where l and w are length and width of the openings, Sh is the horizontal 

distance between openings, and c is the number of openings in a cross section, Figure 

2.10, and F is the fill factor and t is the time. 
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To create a model of the calculation, two more parameters are needed. One is Wp, which 

is the total width of the mask cross section including all the openings,  

 

                                                                                                       
 

and the other one is the Width which is the underetch width beneath the mask. 

 

                                                                                                             
 

With these Equations, several calculations were conducted to reproduce the results from 

[23, 34], and to reach an understanding of what mask opening sizes should be used to 

reach the desired depth profile. 

 

To achieve an acceptable result with the time-dependent model, the tests consisted of 

finding the right amount of rectangular openings that reach the desired depth and width of 

the ideal nozzle within an etch time of 30 minutes. From the Equations (6-12), only the 

depth and the width that were calculated, the actual shape was not included. For this, 

there were lines added to represent the position of the openings and a red contour line, 

which is an approximation of a half circle to represent the etched walls, Figure 3.3. 

Whether or not it should be a half circle cannot be determined since Equation 10 only 

gives the depth. 
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Figure 3.3: Cross sections calculated using Equations (6-12) with MATLAB. The first cross section 

(a) has one opening of 2x2 µm and etched to a depth of 25µm and a width of 25µm. The second cross 

section (b) has 28 openings of 2x2 µm and etched to a depth 150 µm and a width of 300 µm. 

 

The second part of the calculations involved simulating using the Silvaco etch tools. The 

simulating was made for a (100) silicon substrate with a 150 nm thick film of aluminum, 

which acts as the mask layer.  

 

To run the simulation, the cross sections had to be programmed in a script. The cross 

sections calculated with MATLAB were also used for the simulation to verify that they 

yielded the same results.  

 

The simulation was done with an etch rate set to 4 µm/min for 20 min. 

 
3.1.3 Nozzle design 

The dimensions for the design of the nozzle were taken from an earlier work [35]. Based 

on this, a new contour with design features from [22, 36] was made to see if it is possible 

to influence the 3-D shape resulting from isotropic etching, Figure 3.4. 

 

 
Figure 3.4: Contour of nozzle. 

From this, 49 different mask pattern designs were created to fit inside the contour. The 

major groups consist of symmetrical arrays of openings in the shape of squares, 

rectangles, triangles and polygons. As these were the first designs they will henceforth be 

referred to as Generation One.  

 

a) b) 
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Generation One  
An array of seven times seven positions made up all the design options ordered in groups 

of the different geometries. See Table 3.1 for opening dimensions and spacing and 

position. Henceforth the nozzles of importance will be referred to by their matrix position 

(x_y).  

 
Table 3.1: Generation One nozzles, arranged after pattern ID. Dimensions include the width, length 

and spacing distance as explained in section 2.3. Each nozzle pattern also falls into one of four groups 

seen in the geometry column. 
 Pattern 

 ID 
Geometry 

Dimensions [µm] 

Width Length Spacing distance (Sv = Sh)  

1_1 Rectangles 2 4 2 

1_2 Squares 2 2 2 

1_3 Squares 20 20 10 
1_4 Rectangles 2 1 2 3 4 5 6 7 8 9 2 

1_5 Rectangles 2 1 2 3 4 5 6 7 8 9 Sv = 1 2 3 4 5 6 7 8 9, Sh = 2 

1_6 Rectangles 2 2 3 2 3 4 3 2 3 4 5 2 
1_7 Rectangles 2 2 3 2 3 4 3 2 3 4 5 Sv = 2 2.5 3 3.5 4 4.5, Sh = 2 

2_1 Rectangles 2 4 2 

2_2 Squares 2 2 2 
2_3 Squares 20 20 5 

2_4 Mix varies varies varies 

2_5 Rectangles 2 2 4 8 16 32 Sv = 2 4 8 16, Sh = 2 

2_6 Rectangles 2 2 4 8 12 16 20 Sv = 2 4  8 12 16, Sh = 2 

2_7 Rectangles 2 2 4 8 12 16 20 2 

3_1 Rectangles 3 4 2 
3_2 Squares 2 2 Sv = 2 3 4 5 6 7 8 9, Sh = 2 

3_3 Rectangles 20 5 5 

3_4 Rectangles 3 3 6 9 15 24 Sv = 5, W = 4 

3_5 Rectangles 2 2 2 3 3 3 4 4 4 4 5 Sv = 2 2 3 3 4 4 4 4 5, Sh = 2 

3_6 Rectangles 2 2x5 3x5 4x5 5x5 Sv = 2x5 3x5 4x5 5x5, Sh = 2 

3_7 Rectangles 2 2 2 2 3 3 4 4 4 5 5 Sv = 2 2 3 3 3 4 4 4 5 5, Sh = 2 

4_1 Squares 5 5 Sv = 2.5, Sh = 10 

4_2 Squares 1 2 1 2 Sv varies, Sh = 2 

4_3 Mix 8 2 2 8 2 

4_4 Squares 5 5 Sv = 1 2 3 4 5, Sh = 9 8 7 6 5  
4_5 Squares 10 20 30 40 10 20 30 40 10 

4_6 Squares 4 4 Sv = 7 6.5 6 5.5 5 4.5 4 3.5 3 2.5 2 1.5 1, Sh = 4 

4_7 Rectangles 2 2 3 2 3 4 3 2 3 4 Sv = 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8, Sh = 2 

5_1 Squares 4 4 Sv =1 1.5 2 2.5 3 3.5, Sh = 3.5 3 2.5 2 1.5 1 

5_2 Squares 4 4 Sv = 4 6 8 10 12, Sh = 12 10 8 6 4 2  

5_3 Rectangles 8 3 4 
5_4 Rectangles 4 1 2 3 5 7 9 11 13 Sv = 5 4 3 2 1, Sh = 5 

5_5 Rectangles 5 1 2 3 4 5 6 7 50 Sv = 5 4 3 2 1, Sh = 2 

5_6 Mix 8 8 Sv = 8 7 6 5 4. Sh = 4 

5_7 Squares 5 5 Sv = 5 4 3 2 1, Sh = 1 2 3 4 5 6 7 

6_1 Squares 5 5 Sv = 9 8 7 6 5, Sh = 5 4.5 4 3.5 3 2.5 

6_2 Squares 1 1 Sv = 9 8 7 6 5 4 3 2, Sh = 1 2 3 4 

6_3 Rectangles 8 3 Sv = 4 6 8 10 12 16 18, Sh = 8 7 6 5 4 3 

6_4 Polygons varies 2 3 2 3 4 3 2 3 4 5 Sv = 8 7.5 7 6.5 6 5.5 5 4.5 4 3.5 3, Sh = varies 

6_5 Mix 8 8 4 
6_6 Polygons varies 2 3 2 3 4 3 2 3 4 5 Sv = 8 7.5 7 6.5 6 5.5 5 4.5 4 3.5 3, Sh = varies 

6_7 Polygons varies 5 Sv = 10, Sh = varies 

7_1 Squares 4 4 Sv = 7 6 5 4 3 2 1, Sh = 4 

7_2 Squares 2 2 Sv = 7 6 5 4 3 2 1, Sh = 4 

7_3 Rectangles 2 4 3 2 3 4 5 4 3 2 3 Sv = 8.5 8 7.5 7 6.5 6 5.5 5 4.5 4 3.5 3 2.5 2. Sh = 2 

7_4 Rectangles 4 6.5x5 4x4 3x3 2x2 Sv = 5 4 3 2, Sh = 4 

7_5 Squares 4 4 Sv = 7 6 5 4 3 2 1, Sh = 4 

7_6 Polygons varies 4 3 2 3 4 3 2 3 4 5 Sv = 8 7.5 7 6.5 6 5.5 5 4.5 4 3.5 3, Sh = varies 

7_7 Polygons varies 2 2 2 3 3 4 4 4 5 Sv = 2 2 3 3 4 4 4 4 5, Sh = varies 
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The square mask openings ranged in size from 1 1 µm to 20   20 µm with spacing 

between them increasing and decreasing according to Table 3.1, resulting in 18 patterns 

of which 8 are shown in Figure 3.5.  

 

The rectangular mask opening ranges in sizes similar to the square openings and vary in 

spacing according to Table 3.1, a total of 22 patterns where produced of which 8 are 

shown in Figure 3.6.  

 

Four masks were made from combinations of L-shapes and triangles and referred to as 

the Mix group. Six were composed of contour lines of some of the square versions, and 

referred to as the Polygon group. Four of them together with the Mix group are shown in 

Figure 3.7.  

 

All patterns are arrays that begin with their upper left corner in the upper left section of 

the nozzle contour. From there, a row towards the middle of the nozzle is made, it is also 

from here the parameters w, l, Sv and Sh start. The row is later made so that every line 

towards the throat has an inclination of 30˚ between the rows. Around the throat section, 

every row was adjusted to follow the contour along the upper left corner of the openings. 

After passing the middle, all the rows were adjusted from the lower left corner of the 

opening. After leaving the throat section, the rows were made with an inclination of 20˚. 
Since every row stopped after the middle, the entire left side was subsequently mirrored 

to create a completely symmetrical nozzle. All the shapes that were overlapping along the 

center were merged.  
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Figure 3.5: Nozzle mask design examples from group Squares, here showing the patterns for  

(a) Nozzle 1_2, (b) Nozzle 3_2, (c) Nozzle 4_1, (d) Nozzle 5_1, (e) Nozzle 5_2, (f) Nozzle 4_5,  

(g) Nozzle 7_1 and (h) Nozzle 7_2 

 

Nozzles 1_2 and 3_2 have the same mask size openings but different spacing between the 

openings. Nozzles 5_1 and 5_2 have the same size concerning the openings and have 

bigger openings than 1_2 and 3_2. A difference from the previous ones is that they have 

a larger vertical spacing. Nozzles 7_1 and 7_2 have the same spacing, but 7_2 have 

smaller openings. Nozzle 4_5 was made for comparing big openings with a number of 

smaller openings covering the same area. 

 

 

 

a) b) c) d) 

e) f) g) h) 
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Figure 3.6: Nozzle mask design examples from group Rectangles, here showing the patterns for  

(a) Nozzle 1_4, (b) Nozzle 1_5, (c) Nozzle 2_1, (d) Nozzle 2_3, (e) Nozzle 3_4, (f) Nozzle 3_5,  

(g) Nozzle 5_4 and (h) Nozzle 6_3. 

 

Among group Rectangles, the openings can either be elongated in length, as in Nozzle 

2_3, or in width, as Nozzle 3_4. Nozzles 1_4 and 1_5 have the same opening sizes, with 

the difference that 1_5 has increasing spacing towards the center. Most of the Rectangles 

nozzles designs also have altered openings along the contour line. In Nozzles 2_3 and 

6_3 it can be noted that the outmost openings are triangles.  

a) b) c) d) 

e) f) g) h) 
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Figure 3.7 Nozzle mask design examples from group Mix and Polygons, here showing the patterns 

for (a) Nozzle 2_4, (b) Nozzle 4_3, (c) Nozzle 5_6, (d) Nozzle 6_5, (e) Nozzle 6_6, (f) Nozzle 6_7,  

(g) Nozzle 7_6 and (h) Nozzle 7_7 

 

In the group Mix, more complex geometries and variation were tested to cover more 

combinations. Nozzle 4_3 utilizes rectangles that are being rotated with each spacing 

step. Nozzles 5_6 and 6_5 are a combination of rectangles and square. Nozzles 6_6, 6_7, 

7_6 and 7_7 are special cases derived from making big polygons merging the openings 

from mask designs in group Squares.   
 

Generation Two 

Out of the 49 patterns, four were chosen (Nozzles 1_4, 2_7, 5_4 and 5_5) to be modified 

since they yielded the best results for all the recipes, see Table 3.2. The new Generation 

Two patterns will be referred to with their previous ID with a “_2” to indicate that they 

are a later version. 
  

a) b) c) d) 

e) f) g) h) 
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Table 3.2: Generation Two nozzles, arranged after pattern ID. Dimensions include the width, length 

and spacing distance as explained in section 2.3. 

Pattern  

ID 

  Dimensions [µm] 

Geometry Width Length Spacing distance (Sv = Sh) 

1_4_2 Rectangles 2 2 3 4 5 6 7 8 9 10 11 12 13 Sh = 2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1, Sv = 2 

2_7_2 Rectangles 2 2 4 6 8 10 12 14 16 36 Sh = 2 1.8 1.6 1.4 1.2 1 0.8 0.6, Sv = 2 

5_4_2 Rectangles 4 2 2 3 4 5 7 11 13 17 24 Sh = 5 4.5 3.5 2.5 2 1.5 1 0.5, Sv = 4 

5_5_2 Rectangles 5 2 3 4 5 6 7 8 9 10 11 18 Sh = 5 4 3 2 2 2 2 2 2, Sv = 3 

 

The major overall changes to generate even better results in Generation Two, was that the 

throat design was made thinner and shorter, blue circles in Figure 3.8, and those empty 

pattern areas were fitted with extra openings, red circles in Figure 3.8. To get a smoother 

edge transition, all of the rectangles on the contour line were modified into triangles 

located inside the line. Also, all 1 1 squares were removed, and extra channel length of 

constant width was added before inlet and after the outlet.. 

 
Figure 3.8: Comparison of Generation One and Two nozzles. The patterns (a), (b), (c), (d) are from 

Generation One, and (e), (f), (g) and (h) are their Generation Two counterparts. 

 

 

a) b) c) d) 

e) f) g) h) 
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Generation Three 

Out of the four designs in Generation Two, one was selected for further development. As 

Generation Three is supposed to be ready for gas flow testing, two new features were 

added to the design. One was an inlet to connect outside gas feeding to the nozzle chip 

and the other was channels connecting the nozzles to the inlet, Figure 3.10.  

 

The Generation Three nozzles were made in a four times five matrix, with each section 

containing four nozzles, Figure 3.10-11. As a precaution for the wafer bonding, the 

nozzles were positioned, so that if misalignment occurred some nozzle would still be 

functional. The counter misalignment was done along both the horizontal and vertical 

axis of the wafer, and along both of them simultaneously as a diagonal. The different 

misalignments steps consisted of 1, 5, 10, 15, 20, 30, 40 and 50 µm. Figure 3.9 show 

three schematics of the possible misalignments. The red contour is the bottom part of the 

etched nozzle superimposed on the black counterpart.  

 

The design also includes moiré patterns, see section 3.1.4, for measuring the 

misalignment. By doing this, it is possible to counter the misalignment and have the “red 

dashed contour” overlapping with the “black contour”. Counters for every possible 

rotational misalignment were not design, as there is a limitation in available space for 

different chips, but there still were moiré patterns for measuring the potential rotational 

misalignment. 

 

 
Figure 3.9: Misalignment possibilities, (a) Horizontal axis displacement, (b) Vertical axis 

displacement and (c) Diagonal displacement 

 

(a) (b) (c) 
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Figure 3.10: Test chip design with four nozzles with a pitch of 90˚ from Generation Three. The chip 

size is 15x15 mm 

 

Figure 3.10 is the general design of the Generation Three chip. Each chip has an 

identification number (a) and a number for the displacement size in micrometer (b), has 

four nozzles, each with their own evaluation sections (c, the red ring) for the gas flowing 

from the outlet and an indicator showing in which direction the intentional displacement 

was made (d). One of the nozzles (e) in every chip does not have an indicator as it is not 

displaced for the eventuality of not having any misalignments during the wafer bonding. 

Each nozzle has a channel (f) connecting it to a gas inlet (g). The inlet corresponding to a 

nozzle is not the closest one. Instead it is the one farthest away as the gas connection to 

the fixture needs to be positioned 1 cm from the chip edge. 

 

(b) (a) 

(d) 

(f) 

(g) 

(e) 

(c) 
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Figure 3.11: Generation three wafer with 20 15x15 mm chips, alignment patterns and moiré patterns. 

 

Figure 3.11 is the complete wafer design for the Generation Three nozzles, meaning that 

it is actually composed of all the different photolithography masks together. All the 

structures in blue and green are intended for the backside of each chip to identify them. 

All structures in black are the channels for the inside of the bonded wafer. To save space 

and amounts material, each chip (a) is mirrored (b) on every wafer. By this, one can 

minimize the total amount of misalignments as this configuration can be adjusted for the 

misalignments occurring in any direction, meaning to the right, left, up or down. The 

moiré pattern in position (c) measures misplacement along the horizontal axis and (d) 

along the lateral axis. The long moiré pattern in position (e) measures the rotational 

misalignment. The orange squares (f) are for the alignment between masks.  

a) b) 

c) 

d) 

e) 

f) 
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3.1.4 Moiré patterns 
When bonding wafers, there will in practice always be misalignments. To be able to 

measure these misalignments and to try to counter them during bonding, moiré patterns 

were designed. The moiré phenomenon occurs when two similar and periodic patterns are 

superimposed on each other [37-38]. If they are directly on top of each other, the effect is 

not observed, but as soon as they start to shift relatively, the effect can be observed. 

Figure 3.12 contains the base layer (a), which consists of alternating white and black lines 

and the overlaying layer (b) has parallel lines with the base layer. Both layers have the 

same line width. The difference is that while the base layer has a single periodic pattern 

period, the superimposed layer has several rows with different periods and every period 

has a slight shift that magnifies the moiré pattern when it appears.  

 

 
Figure 3.12: A moiré pattern consists of two layers, a base layer (a) and a overlapping layer (b) with 

displacements to produce distortion. 

 

Since the lines have a distance between them corresponding to their width, at some 

sections there will be a completely blacked out area where the top layer and the base 

layer is misplaced exactly one line width. The criterion was set be able to detect a 0.2 µm 

misalignment. Figure 3.13 is a schematic over how the Moiré pattern will function. The 

red circle in (a) shows where the openings are exactly one line width misplaced above 

each other, this will be detected as a dark section. After the bonding (b), the section in 

which the overlap occurred has moved. To measure the misalignment, the moiré pattern 

will consist of several sections indicating the size of the misalignment. 

 

 
Figure 3.13: Schematic cross section of the Moiré patterns, here showing (a) before bonding, 

overlapping pattern expected within red circle, and then (b) after bonding, overlapping pattern 

become misaligned and is now overlapping within the red circle. 

  (a)   (b) 

  (a) 

  (b) 
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In Figure 3.14, the first row is has the roughest step size of 1 µm per square. In the 

second row, the step size is 0.5 µm per square, whereas the rest of the rows each have a 

step size of 0.2 µm. Each of the last five rows handles a 2 µm range, so row seven is 0-2 

µm misalignment, row six is 2-4 µm, row 6 is 4-6 and so on up to 10 µm. Each indicator 

square will go from a white section (no misalignment) to a black section (complete 

misalignment) once per row creating a grayscale; the lines are misaligned so that the 

perfect overlap only occurs in one section per row. This gives several readings and 

provides increased accuracy further down on the Moiré pattern.  

 

Figure 3.14 is only a schematic showing the concept of how the Moiré pattern could 

work. The grayscale described is not very well illustrated in the figure due to limitations 

with the resolution and the fact that the pattern is not to scale with the one produced of 

the wafers. 

 

In Figure 3.14 the pattern is moved to create four different scenarios to show on the 

principle. For instance, in (a), the first row indicates that the misalignment is around one 

µm. In the second row, the pattern has moved about 0-1 µm. Of the remaining five rows, 

only the one from 0-2 µm shows any change, indicating that it can be between 0.2-0.8 

µm.  

 

In this case, the patterns actually consist of 50 lines with a width of 2 mm. On the wafer, 

each section is 1 mm
2
 and contains 500 lines, each with a width of 10 µm. The patterns 

on the wafer for Generation Three were also made in two versions, one with 

displacements from left to right and the second in the other direction so that it can detect 

if the misalignment is to the right or left.  

 

 
Figure 3.14: Both layers superimposed with a helping grid,  

a) 0-2µm misaligned, b) ~3 µm misaligned, c) ~5 µm misaligned and d) 10 µm misaligned. 

 

 

(a) 
(c) 

(b) 
(d) 
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3.1.5 Test fixture 
A milled aluminum fixture consisting of two parts was made as a holder for the test 

chips. The bottom part of it is shown in Figure 3.15. The fixture has a slot (a) for the 

rotationally symmetric nozzle chip (see Figure 3.10), and another slot for the chips 

(20x20 mm chips from [35]) that have a rectangular nozzle (b). Both slots have groves 

for O-rings to seal against, and level the chips, the grooves farthest away from the nozzle 

(shown as black arrows in the figure) have a hole to connect the gas supply. The two 

chips’ exhausts will be compared by rotating the fixture (c).  

 
Figure 3.15: Bottom part of fixture for nozzle evaluation. (a) Position for the bigger rectangular 

nozzle chip [35]. (b) Position for the smaller rotationally symmetric nozzle chip. c) Rotational axis for 

to detect the plume from any angle. 

 

Even though the test fixture has two chip slots, only one nozzle at a time can be evaluated 

during a test, as only one outlet has a free exhaust path. On the top part of the fixture 

there are two gas connections inserted to supply gas to the chips, see Figure 3.16.  

 
Figure 3.16: The complete fixture assembly with both gas connectors.  

The blue plates represent the test chips, and the blue cylinders are the gas connections. 

(b) (a) 

(c) 
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3.2 Fabrication 

The substrate which was used in this work was a double-side polished, 500 µm thick and 

4” diameter (100) silicon wafer (Topsil Semiconductor Materials A/S, Denmark).  

 

The lithography masks were fused silica templates with one side coated with chromium 

and a layer of photoresist. With a pattern generator (DWL 200, Heidelberg Instruments 

Mikrotechnik GmbH, Germany) the patterns were transferred to the chromium film 

through wet etching through the photoresist, which was developed and used as a mask, 

after having been inscribed by. 

 

Generation One: 

For Generation One, six wafers were used, one dummy and one each for the five recipes. 

The Wafers were cleaned using a standard process, RCA, which consists of two cleaning 

bath solutions and water rinsing between them. RCA1 (5H2O:NH4OH:H2O2), removes 

organic residues, such as dust particles, grease or silica gel. RCA2 (6H2O:HCl:H2O2) 

removes any ionic and metal contaminants, and oxidizes metal. The last step of the 

cleaning involved dipping in HF (HF:50H2O) which removes oxide from the surface. 

After cleaning, the wafers were sputter coated with aluminum at 600 W for 60 s, to 

produce 150 nm of mask material (CS 730S, von Ardenne Anlagentechnik GmbH, 

Germany).  

 

All the wafers were primed and coated with positive photoresist (Shipley 1813, Rohm 

and Haas, Germany) by spinning the wafers on a rotating chuck, to obtain a resist 

thickness of about 1 µm. This was followed by soft baking on a hotplate for one minute 

at 90°C. The wafers were thereafter loaded into the mask aligner (MA/BA6, Süss 

MicroTec, Germany) in hard contact mode and exposed to UV light for 3.5 s. After the 

UV exposure, the wafers were put in a developer (Microposit 351, Rohm and Haas, 

Germany) diluted with water (1:4). Afterwards the photoresist is hardened with a 

hardbaking step on a hotplate at 115°C for two minutes. The last part of the lithography 

steps is ashing; this is done in O2/N2 atmosphere at 50 W for one minute (300-series, 

PVA TePla, Germany) to leftover residues.  

 

Next was the aluminum dry etching which is done with ICP -RIE (SLR-series Plasma-

Therm, USA). Here the metal was etched though the openings in the photoresist, leaving 

the same pattern on the metal mask as on the photoresist layer. After etching, the 

photoresist was removed using the asher (300-series, PVA TePla, Germany) with O2 

plasma at 1000 W for 10 minutes. Next step was to load the wafers into the silicon RIE 

(Tegal 110 S/DE, Tegal Corporation, USA) and etch with the different recipes, Table 3.3.  

 

The first RIE was conducted according to the recipe in [26]. Since it was a proven and 

documented recipe, it was to be used as a reference and called REF. Etching according to 

this recipe was conducted for 10 and 15 minutes. To explore the process window, other 

recipes were also produced. Important parameters such as coil power, which regulates the 

energy in the plasma, the platen power that changes the potential between the plasma and 

the wafer, the pressure for changing the mean free path of the ions, making the etching 
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more directional and faster, and the working temperature, which determines the crystal 

orientation dependence were altered in comparison to REF, see Table 3.3. [19]  

 

By changing these parameters, three new recipes were formulated and evaluated. One 

was altered so that the trench would become more anisotropic, have a flat trench bottom 

and etch very fast. This one is referred to as Flat. The second was to exhibit a more 

isotropic etching, and to give a smooth surface. This one is referred to as Round. The last 

recipe was to leave a very rough surface and exhibit a lower etch rate than any of the 

other recipes. This one it is referred to as Sharp. 

 
Table: 3.3: The recipes with their parameters and settings for the five recipes. 

Parameter REF 10 REF 15 Flat Round Sharp 

Coil Power Ws       [W] 2200 2200 3000 2200 1000 

Platen power Wb    [W] 50 50 75 0 25 

Pressure                [mbar] 0.11 0.11 0.11 0.02 0.02 

SF6 flow                [sccm] 400 400 400 400 400 

Temperature         [˚C] 20 20 0 20 0 

Etch time               [minutes] 10 15 10 10 10 

 

After the etching, the wafers were cleaned again in O2 plasma in the asher to remove 

residues. Now the wafers had their etched trenches, and removal of the mask, cleaning 

and dicing remained before analysis. The aluminum was removed with wet etching 

(H3PO4:5CH3COOH:HNO3) at 40°C for 10 minutes and the wafers were then rinsed in 

water. This was followed by spinning and soft baking of a resist layer, this time to protect 

the surface during the dicing (Disco DAD 361, DISCO Corporation, Japan). The dicing 

was performed with a 100 µm blade. 

 

In preparation for the characterization the diced pieces were cleaned with acetone and 

IPA.  

 

Generation Two: 

Changes in the process: 

 No process change 

 Removed recipes, leaving only Flat and Round for further testing. 

 

A smoothing step was included in the study, according to [39], to reduce the surface 

roughness as a rough surface might result in increased viscous losses and an uneven 

propellant flow. With the use of a furnace, the diced nozzle samples from the preliminary 

REF recipe testing were annealed in argon atmosphere at 1 atm and with a flow of 4000 

sccm for 3 hours at 1150˚C.  
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3.3 Characterization 

3.3.1 Microscopy 
For measurements of the nozzles’ dimensions, a Scanning Electron Microscope, SEM 

(Zeiss DSM 90 A, Germany) was used. Within a square centimeter, which made up a 

Generation One chip, there are six intentionally processed nozzles placed so that dicing 

would cut out 5 different cross sections according to the schematic in Figure 3.17, one 

along the nozzle and four across it creating cross sections for the inlet, the outlet and two 

100 µm from the throat to study the shape. For each of the 49 chips, all six nozzles were 

imaged with 150x magnification, and the images enhanced using the freeware GIMP 

v2.8.  

 

Figure 3.17 is a schematic of all the different sawlines and its respective image section. 

Showing the top down viewing (the red contour), and five cutouts (the dashed lines). 

Four of them are cross sections for measuring the radius of the rotationally symmetric 

channel and one (the gray dashed line) is for comparing the top down view with the 

profile along the nozzle. 

 

 
Figure 3.17: Cut lines along and across the nozzle design for the SEM imaging. 

 

, 

Cross section, from the 

inlet towards the throat 

Cross section, from the 

outlet towards the throat 

, 
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Figure 3.18: Schematic of a diced chip. The arrows show the intended direction of the gas flow. 

 

With Figure 3.18 the schematic from Figure 3.17 is explained further. At (a) there are two 

nozzles, one is for capturing a top view and the other one is for the cross section along 

the nozzle. Nozzles in position (a-e) are for measuring the cross sections and to evaluate 

the overall shape. Nozzles (d) and (e) are rotated 180˚ compared to  b) and (c). This is 
done to compare the symmetry of the channel towards the throat as well as the 
channel from the throat towards the outlet.  Section (f) represents the single cut 

needed for these cross section views.  

 

To determine the shape of the trenches formed in the cross sections, four dimensions, 

where ra and rb are the depth and the widths of the throat, and Ra and Rb are the depth and 

widths for the outlet were recorded.  

 

 
Figure 3.19: Schematic cross section of the etched trench along the nozzles channel, with ra and rb for 

the throat and Ra with Rb for the outlet 

 

In Figure 3.19, the arrows show where the dimensions were measured. Table 3.4 explains 

which dimensions were obtained from which view. This was done using the measure tool 

within GIMP to count pixels relative to the size bar included in the image by the 

microscope. At the magnification used here, one pixel corresponds to 0.6 µm so each of 

the dimensions values has been rounded to not include any decimals. To get the different 

averages, measurements from all the images (a-e) were combined to have representative 

values for each dimension.  
 

Table 3.4: Images and measurements collected from the evaluated cross sections, accordingly to 

figure 3.17-19 

Section Dimensions 

Top view Throat and outlet width  rb and Rb 

Side view Throat and outlet depth ra and Ra 

Cross section  

100 µm from the throat  Throat depth and width ra and rb 

Cross section inlet Throat depth and width ra and rb 

Cross section outlet Throat & outlet depth and width ra, rb, Ra and Rb 

(d) 

(a) 

(e) 
(c) 

(b) 

(f) Cross section view 

      rb       Rb 

ra 

 

Ra 
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To reduce time and to simplify the image capturing process, a number of chips were 

attached to a single sample holder as shown in Figure 3.20 

 
Figure 3.20: Setup for the imaging. (a) Schematic of sample holder with four chips in top imaging,  

(b) Schematic of sample holder with stack of chips with carbon tape between them for cross section 

imaging. 

3.3.2 Flow visualization - Schlieren imaging 
For the analysis of the nozzles’ gas flow, Schlieren imaging can be used [36]. Gases 

exhibit different refraction indexes which also depend on the temperature and pressure of 

the medium. As the gas plume of the rocket engine exhibits different temperatures and 

pressures throughout its shape, it is possible to image it as a gradient change using 

Schlieren imaging. To capture the image of the gas plume, the test fixture from section 

3.1.5 will be placed in a vacuum chamber with windows. The setup will be based on the 

work presented in [36], Figure 3.21. 

 

 
Figure 3.21: Schlieren setup [36]. (a) A fixture positioned in the path of the light beam to be imaged 

in the camera. (b) Top of the setup including the light source in the bottom and the camera at the top.  

  

a) b) 

Fixture with 

nozzle chip 

a) b) 
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4 Results 

4.1 Cross section simulation 

Figures 4.1-2 are the combined results from the most successful simulation run with 

DECKBUILD using ATHENA ELITE. The figures are composed of cross section 

profiles from the module TONYPLOT and are from the same run, stopped after different 

times to show how an etch profile develops  over time.  

 

 
Figure 4.1: Cross section of etch profile development over time. Here are several runs from the same 

etch simulation. As the etching progresses, the mask becomes underetched until it is gone after 2 min, 

after which the simulation acts as the mask only has one big opening instead of several smaller ones. 

 

Figure 4.2: Cross section of the same etch simulation as in Fig. 4.1, but for 10 and 15 minutes run 

time 
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4.2 Nozzle etching 

The mask opening pattern for the nozzle either has a high concentration of small 

openings at the inlet and outlets, and a low concentration around the throat or the 

complete opposite, Figure 4.3.  

 

 
Figure 4.3: Pattern configurations with: (a) high density of mask openings at inlet channel and outlet, 

and (b) high density of mask openings at the throat. 

 

Figure 4.4 shows how the nozzle patterns from Figure 4.3 yielded different results. In 

both (a) and (b), the higher concentration of small holes resulted in deeper etching, 

whereas where the spacing is larger, the etching is shallower. 

 
Figure 4.4: SEM images of cross section along the nozzle of the etch results for the patterns in Figure 

4.3, shows: (a) deep etch at outlet and inlet, shallow etch at throat, and (b) shallow etch at outlet and 

inlet, deep etch at throat. 

 

Generation One 

Images from Generation One are presented with the top and the side view, Figures 4.5-6. 

Not all forty-nine results are shown since most of them are similar. For the two chosen 

nozzle designs, all five recipe results are presented. In (a-e), results from the different 

recipes are shown individually and then, all of them superimposed in (f). The order of the 

superimposed stack has the widest etch result at the bottom and the thinnest on top: the 

stack begins with REF 15, Flat, Round, REF 10 and ends with Sharp.  

(a) 

(a) (b) 

(b) 
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Figure 4.5: SEM images of nozzles etch profiles from Generation One group Squares (Nozzle 1_4) 

are shown in top view and side view for each one of the recipes.  a) REF 10, b) REF 15, c) Flat, d) 

Round, e) Sharp, f) Combination of all the etch profiles presented in (a-e). All the images have the 

same scale and are cropped so that they show the same section of the nozzle. 

 

 
Figure 4.6: images of nozzles etch profiles from Generation One group Squares (Nozzle 4_5) are 

shown in top view and side view for each one of the recipes.  a) REF 10, b) REF 15, c) Flat, d) Round, 

e) Sharp, f) Combination of all the etch profiles presented in (a-e). All the images have the same scale 

and are cropped so that they show the same section of the nozzle. 

(a) 
(b) (c) 

(d) (e) (f) 

(a) (b) (c) 

(d) 
(e) 

(f) 
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In Figure 4.7, a top view of Nozzle 5_4 has been superimposed on its side view, to show 

to what extent the nozzle is symmetric. White arrows show where the side view has its 

depth and grey arrows show where the side view depth should reach if the half nozzle 

was to be as deep as it is wide. 

 

 
Figure 4.7: SEM images of the top view with overlapping side view of Generation One nozzle 5_4 

 

Generation Two 

Only recipe Flat and Round were used for the Generation Two characterization. The 

measured dimensions from all the runs are presented in Table 4.1. The images for 

Generation Two include all the cross sections explained in Figure 3.20 and are seen in 

Figure 4.8-9 
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Figure 4.8: SEM images of the etch profiles of nozzles from Generation Two using recipe Flat. The 

first frames on every row consist of the cross section from the inlet towards the throat overlapped 

with cross section from 100 µm before the throat. The second frame is of the top view overlapped by 

the side view and the third is of the cross sections from outlet towards the throat overlapped by the 

cross section from 100 µm after the throat. The top down section has been cut off, showing only half 

of it, this is for easier comparison with the side view. These two are overlapped to compare the 

concentricity of the channel. Image b3 is not included. Nozzles showed here are (a) 1_4_2, (b) 2_7_2, 

(c) 5_4_2 and 5_5_2. 

 

 
Figure 4.9: SEM images of the etch profiles of nozzles from Generation Two using recipe Round. The 

frames in each row are in the same manner as the ones in Figure 4.8. Nozzles showed here are (a) 

1_4_2, (b) 2_7_2, (c) 5_4_2 and 5_5_2.  

(a1) 

(b1) 

(a2) (a3) 

(b2) (b3) 

(c1) (c2) (c3) 

(d1) (c2) (c3) 

(a1) 

(b1) 

(c1) 

(d1) 

(a2) 

(b2) 

(c2) 

(d2) 

(a3) 

(b3) 

(c3) 

(d3) 
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Table 4.1: Generation Two nozzle dimensions measured from Figure 4.8-9. All dimensions are 

measured in µm. The radius ratio value is a representative value for how elliptical the nozzles 

channel is. For value 1 the shape is a half circle. The italic numbers are the average of each 

dimension for the nozzle, mark by its ID tag after corresponding figure number. 

  Flat  Round 
  Throat Outlet Radius ratio  Throat Outlet Radius ration 

Figure 

Depth Width Depth Width ra/rb 

 

Ra/Rb 

 Figure 

Depth Width Depth Width ra/rb 

 

Ra/Rb 

 (ra) (rb) (Ra) (Rb) (ra) (rb) (Ra) (Rb) 

4.7a2 

 

37 

 

143 

  

4.8a2 

 

21 

 

116 

  4.7a2 55 

 

104 

   

4.8a2 29 

 

57 

   4.7a1 46 35 

    

4.8a1 26 23 

    4.7a3 51 38 100 150 

  

4.8a3 27 22 60 126 

  1_4_2 51 37 102 146 1.39 0.70 1_4_2 27 22 58 121 1.25 0.48 

4.7b2 

 

40 

 

147 

  

4.8b2 

 

25 

 

122 

  4.7b2 55 

 

106 

   

4.8b2 33 

 

63 

   4.7b1 

 

42 

    

4.8b1 31 25 

    4.7b3 

  

116 150 

  

4.8b3 33 26 66 129 

  2_7_2 50 40 111 148 1.26 0.75 2_7_2 32 25 65 126 1.28 0.51 

4.7c2 

 

30 

 

144 

  

4.8c2 

 

16 

 

117 

  4.7c2 31 

 

111 

   

4.8c2 12 

 

62 

   4.7c1 36 31 

    

4.8c1 15 19 

    4.7c3 36 33 115 149 

  

4.8c3 15 17 65 127 

  5_4_2 34 31 113 146 1.10 0.77 5_4_2 14 17 64 122 0.81 0.52 

4.7d2 

 

41 

 

153 

  

4.8d2 

 

23 

 

124 

  4.7d2 55 

 

120 

   

4.8d2 26 

 

69 

   4.7d1 54 45 

    

4.8d1 25 23 

    4.7d3 53 46 124 160 

  

4.8d3 25 23 73 134 

  5_5_2 54 44 122 157 1.24 0.77 5_5_2 26 23 71 129 1.11 0.55 
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Figure 4.10: SEM images of the outlets cross section of two overlapping images from Nozzle 5_4_2. 

 

In Figure 4.10, the two overlapping cross sections of the outlet are magnified to better 

demonstrate what is shown in Figures 4.8-9. The lighter area is from the cross section 

that is taken at a distance of 100 µm from the throat and the darker part is from the cross 

section at the beginning of the outlet. The white and gray arrows show where each cross 

section ends.  

 

 
Figure 4.11: SEM images of the top view with overlapping side view from nozzle 5_4_2. 

 

Accordingly for Figures 4.7-9, in Figure 4.11, the whole top view image is the 

background and the side view overlaps the lower half. The white arrows show the depth 

from (nozzle bottom) the side view and the gray arrows show nozzle contour (nozzle 

width) of the top view. 
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Figure 4.12: SEM images of top view from Generation one 4_5  

 a) Trench surface with clear projected openings, b) superimposed pattern 

 

In Figure 4.12, the pattern shown as white squares to the right corresponds to the actual 

openings in the mask before the etch process to demonstrate how the etching sometimes 

projectes the pattern onto the trench bottom. This was seen for the REF 10, Round and 

Sharp recipes, Figure 4.6a and 4.6d-e. 

 

As the goal of this work was to develop a method to produce a rotationally symmetric 

nozzle, only the nozzles with cross section with a radius ratio between 0.5-1-5 are 

presented in Table 4.2, the rest was used for a qualitative study of the recipes etch 

parameters impact on the overall etch profile, see Table 4.3. The dimensions for the 

radius ratio are averaged from the four segments explained in Table 3.4, combining 3 

values for the inner radius ra and rb, and two for the outer radius Ra and Rb.  

  

(a) (b) 
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Table 4.2: Averaged dimensions from Generation One and Two nozzles in µm. To have a good nozzle 

shape, the ra and rb values should be similar, and the Ra and Rb be larger by a factor of 5 and similar. 
1_4 ra rb Ra Rb ra/rb Ra/Rb 5_4 ra rb Ra Rb ra/rb Ra/Rb 

REF 10 36 31     1.16 
 

REF 10 26 22 79 133 1.18 0.59 

REF 15 87 66 151 180 1.32 1.32 REF 15 63 51 195 192 1.24 1.02 

Flat G1 63 49 116 161 1.41 0.72 Flat G1 51 39 170 183 1.31 0.93 

Flat G2 51 37 102 146 1.38 0.70 Flat G2 34 31 113 146 1.10 0.77 

Round G1 58 48 107 154 1.21 0.69 Round G1 45 35 143 164 1.29 0.87 

Round G2 27 22 58 121 1.23 0.48 Round G2 14 17 64 122 0.82 0.52 

2_7 ra rb Ra Rb ra/rb Ra/Rb 5_5 ra rb Ra Rb ra/rb Ra/Rb 

REF 10 39 36 62 137 1.08 0.45 REF 10 37 38 65 126 0.97 0.52 

REF 15 97 76 153 181 1.28 0.85 REF 15 100 77 145 166 1.30 0.87 

Flat G1 80 61 126 167 1.31 0.75 Flat G1 84 66 145 159 1.27 0.91 

Flat G2 50 40 111 148 1.25 0.75 Flat G2 72 58 114 148 1.24 0.77 

Round G1 64 49 97 146 1.31 0.66 Round G1 54 44 122 157 1.23 0.78 

Round G2 32 25 65 126 1.28 0.52 Round G2 26 23 71 129 1.13 0.55 

 

In Figure 4.13, all of the averaged dimension values from Table 4.2 are presented. Each 

column of dots represents a nozzle and is divided into four groups corresponding to the 

nozzle designs and recipes in Table 4.2. The blue dots represent to the radius of the throat 

and the red ones represent the radius of the outlet.  

 

 
Figure 4.13: Averaged results from Table 4.2 for Nozzles 1_4, 2_7, 5_4 and 5_5 , presented in the 

order of etch with REF 10, REF 15, Flat, Flat (Generation Two pattern), Round and Round 

(Generation Two pattern). 

 

Figure 4.14 shows the symmetry of the cross section at the throat and the outlet. The 

green line symbolizes the criterion of being a perfect circle by having ra and rb or Ra and 

Rb of the same radius. Derivation from this line implies of a more or less elliptical nozzle 

cross section. The missing dots are outside the scale, see Table 4.2. 

 
Figure 4.14: Symmetry in term of ratio of the throat and outlet radius for nozzle manufactured with 

recipe: REF 10, REF 15, Flat, Flat (Generation Two pattern), Round and Round (Generation Two 

pattern) 
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4.2.1 The recipes 
After the etching of the 294 unique nozzles, an analysis to determine the differences 

between the recipes was conducted. In Table 4.3, overall depth, width and roughness is 

quantified and compared. See Figures 4.5-6 and 4.8-9 for corresponding images. 

 
Table 4.3: Etch recipe evaluation. A qualitative comparison between the etch results to determine 

which recipe had which characteristics. 

Recipes Etch profile comparison Parameter differences 

REF 10 vs. Sharp REF 10 is deeper 

~same width 

~same throat dimension 

Sharp has rougher surface 

Ws 

Wb 

p 

T 

2200 W vs. 1000 W 

50 W vs. 25 W 

0.11 mbar vs. 0.02 mbar 

20°C vs. 0°C 

REF 10 vs. Round Round is deeper 

Round is slightly wider 

Roughness depends on pattern 

Wb 

p 

50 W vs. 0 W 

0.11 mbar vs. 0.02 mbar 

 

REF 10 vs. Flat Flat is deeper 

Flat is wider 

REF 10 has rougher surface 

Ws 

Wb 

T 

2200 W vs. 3000 W 

50 W vs. 75 W 

20°C vs. 0°C 

Flat vs. Round Flat slightly deeper 

~same with 

~same throat dimension 

Round has rougher surface 

Ws 

Wb 

P 

T 

3000 W vs. 2200 W 

75 W vs. 25 W 

0.11 mbar vs. 0.02 mbar 

0°C vs. 20°C 

REF 15 vs. Flat REF 15 slightly deeper 

REF 15 slightly wider 

Flat has rougher surface 

Ws 

Wb 

T 

t 

2200 W vs. 3000 W 

50 W vs. 75 W 

20°C vs. 0°C 
15 min  vs. 10 min 

4.2.2 Smoothing 
Some of the Generation One nozzles were annealed for one and three hours. Figure 4.15 

is a collection of images where the ones in the top half are from before the treatment and 

those in the bottom half from after the annealing. All images are taken from 

representative surfaces.  

 
Figure 4.15: Before and after 3 hours of annealing in Ar atmosphere to reduce surface roughness. 

The image is taken through the microscope.  

5x 

magnification 

10x 20x 50x 

Before 

After 
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5 Discussion 

5.1 Calculations and Simulation  

With the MATLAB calculations, it was only possible to estimate the depth and width of a 

single cross section at a time. Also, it could only be done for the cross sections across the 

nozzle and not along it. Neither could the simulation handle different sizes or geometries 

as openings in the mask during the same run. Even though some design options were not 

possible to simulate, a general understanding about the etching was gained, Figure 3.3. 

Another limitation was that it could not show the effect of varying the distance between 

rows of the mask openings that made up the nozzle pattern.  

 

The images produced in Figure 3.3 are simplified ones with outlines demonstrating the 

calculated dimensions. The red line was made as a half circle to show how an isotropic 

trench would look like with the underetch and depth calculated from Equations 10-12. 

For it to be a more realistic surface, it should actually consist of several smaller circles at 

the bottom, and the underetch should not be completely isotropic.  

 

For the simulations performed with Silvaco TCAD, the same problem occurred with the 

cross sections, and only one row of mask openings could be simulated at a time. But in 

this case, the spacing between the openings could be varied, and so could the size of the 

openings. A drawback was that the aluminum layer disappeared as soon as it was 

completely underetched. The reason for this is that a net like structure becomes free-

hanging “bits” when converted to a 2-D cross section, whereas, in reality the, they are 

supported in the third dimension. This then becomes a mask with a large opening instead 

of a mask pattern with many small ones, Figure 4.1-2. 

 

It is possible to simulate a quasi 3-D channel by combining cross sections into a complete 

nozzle, but this would still not give a true picture since the cross section along the nozzle 

is also affected by microloading and RIE lag, and therefore affects the etch result in an 

unpredictable matter. The TCAD simulations got a better result compared with the 

MATLAB calculations, as the etched surface consisted of several scallops. Although it 

still could not produce a 3-D overview.  

 

Another problem is that TCAD needed a virtual etch machine, which is constructed 

within the programming script and therefore has manually programmed etch rates. As no 

etching had been done before, the etch rate was set to 1 µm/min. This is the etch rate for 

the usual standard recipes used in the cleanroom for RIE, but as the mask opening would 

have varying size and microloading, and RIE lag was expected, the real etching would 

exhibit etch rates depending on the size of the openings and the spacing between them. 

The etch rate value obtained from the first preliminary test was 2 µm/min for large 

openings, and 1.5 µm/min for the small pattern of uniform squares, when etching for 10 

minutes. 
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From the understanding of microloading and RIE lag, it was decided to continue with the 

idea of having two different types of pattern configuration, one where it was believed that 

a mask patterns with a high concentration of openings would yield a deeper etching, and 

one where the patterns with a low concentration of openings would yield deeper etching, 

see Figure 4.3. 

5.2 Design, Fabrication and Evaluation 

Generation One 

All the Generation One patterns have shapes that vary from uniform arrays of squares or 

rectangles to more irregular or tailored patterns of rectangles and squares varying in size, 

aspect ratio and pitch. Furthermore, some of the pattern also got 1   1 µm openings along 

their contour in hope of getting a smoother edge, whereas other patterns contained 

triangles so that every opening was on the inside of the contour, see Figure 3.5-7. 

 

The Flat, Round and Sharp recipes parameters were chosen so that they should act as 

extreme etching version. Flat was supposed to have a more directional etching and leave 

a flat bottom. Round was supposed to be the most isotropic version and leave a smooth 

bottom, and Sharp to not etch very deeply and leave a very rough surface in the channel. 

However, the recipe Flat gave the best width-to-depth ratio. Unexpectedly, the cross 

section was very smooth and isotropic, contrary to the theory that expected the bottom to 

be more square-like than half-circular. In contrast, both Round and Sharp left rough 

trenches, where one could really see what mask pattern had been used for the etching, 

Figure 4.10. Both Round and Sharp had a smooth and well defined edge along the whole 

nozzle. This is believed to come from the lower coil power, leading to lower energized 

plasma resulting in a lower etch rate. This conclusion comes from the fact that Flat has 

the highest coil power and exhibits an etch rate almost as high as for REF 15, which had 

had a longer runtime to get the same etching.  

 

When applying higher power over the wafer, it resulted in a more diffuse pattern 

projection on the trench bottom, with smoother surfaces over the channel than with recipe 

Flat, REF 10 and 15. Since none of the newly developed recipes was as extreme as hoped 

for, further testing is needed to fully understand the combination effects of the different 

parameters. 

  

All the recipes except REF 15 were run for 10 minutes. This was done because 

simulations showed that depths of 150 µm could be achieved at this time. It was also 

easier to compare the results from different recipes if several parameters were the same. 

The SF6 gas flow was also kept constant at 400 sccm. 

 

The power over the coil was at 1000, 2200 or 3000 W. Increasing the power resulted in 

higher etch rates and a more isotropic etching. Similar etch depths could be reached by 

increasing the time instead. 

  

The platen power over the wafer was 0, 25, 50 or 75 W, and resulted in a sharp projection 

of the mask pattern for the low-power recipes. For Round and Sharp, which had the 
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lowest power, it was almost possible to see where the openings in the mask layer had 

been, whereas REF 10 and Flat had very rough, non-specific projections. This is believed 

to come from the potential created between the plasma and the wafer, which drives the 

ionized gas towards the trench bottom resulting in higher downwards directional etch 

rates.  

 

The pressure was set at either 0.11 or 0.02 mbar, and by comparing recipe Sharp that has 

half the coil power of REF 10, but still almost reached the same etch depth, or by 

comparing Round with REF 10 which has the same coil power, which resulted in deeper 

etch rates for Round. Both instances resulted in deeper nozzles for the lower pressure 

setting. The reason is believed to be that lower pressures gives a longer mean free path 

for gas molecules, and since the ions already are traveling straight toward the wafer, this 

results in a higher etch rate. 

 

It was not possible to determine the any change with temperature. It might be that the 

difference of 20˚C is too small to have a significant effect. 

 

Generation One etched with REF 10 was the first batch of nozzles to be characterized. 

All top down and side views were compared. Most designs resulted in overall flat 

channels without concentrical throats. Therefore most of the designs were discarded, i.e. 

all of the ones in group Squares and those in group Rectangles that did not have varying 

sizes and concentration of openings in the mask pattern. Peanut shaped channels were 

considered good results, Figure 4.7. To justify the choice of the sixteen good patterns, 

RIE 15 results were used as a comparison, since the only difference was that RIE 15 was 

etched for five minutes longer than RIE. As expected the channels became deeper and 

wider, and the peanut profile became even clearer, of the forty-nine designs only sixteen 

showed the desired characteristics and was confirmed to be the same for RIE 15. So the 

same patterns were investigated for the recipes Flat, Round and Sharp, Figures 4.5-6. 

Only Sharp yielded undesired result. Both Flat and Round gave better results than its RIE 

counterparts, so it was decided to continue with only these two recipes. 

 

Generation Two 

From this, it was concluded that only four patterns matched the criteria for desired depth 

of the throat and exhaust. These four patterns were redesigned, so that they all contained 

triangles along the contour lines and exhibited increasing width of the rectangle openings 

closer to the centerline. This was done because the designs with triangles along the 

contours had smoother edges. The new patterns compared to the old ones are shown in 

Figure 3.8.  

 

While there were several designs that also had increasing distance towards the throat, it 

was considered too difficult to obtain a fully optimized pattern. Therefore all the 

Generation Two nozzles only have changes within each row, as width and horizontal 

spacing, and not as height and lateral spacing.  

 

The throat area was made shorter and narrower to obtain a better and smaller throat area, 

Figure 3.8. The characteristic peanut shape comes from not having a channel connected 
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to the nozzle. This gives the inlet and outlets end parts an isotropic shape with its deepest 

point somewhere in the middle between the inlet/exhaust and the throat instead of being 

deepest at the end of each, Figure 4.7. To counteract this problem, a channel was added to 

see if it was possible to attain a constant depth. 

 

By comparing the images in Figures 4.8-9, it is seen that the Generation Two nozzle 

5_4_2 was the best candidate, as it has the best relation between the side view and top 

view giving it a good rotational symmetric rating. The widths of all the cross sections at 

the inlet as well as at the outlet are about the same, but again nozzle 5_4_2 has the 

deepest trench and smallest throat. The result was similar for recipe Flat as for Round, 

but Flat gave a somewhat better shape. 

 

When comparing the radius ratio to the images they do not actually give a true 

representation. The isotropic etching has in some cases produced a half circle at the 

outlet, but left the throat underetched. This would result in an eight shaped cross section 

instead of a circle at the throat when bonding two wafers, but since the overall shape of 

the channel was symmetric, it was considered as a minor problem together with the 

roughness of the bottom. 

 

To determine if the pattern yielded reproducible results, and if the corresponding nozzles 

were rotationally symmetric, overlapping images showing the same cross section were 

used. Figure 4.10 is a good example where overlapping images almost have identical 

shapes, the difference is mostly traces of photoresist and chipped sides from the dicing. 

This shows that the etching is reproducible. 

 

The overall shape is better for Generation Two (Figure 4.11) than for Generation One 

(Figure 4.7) where both the side and top view stick closer to each other for a longer 

distance. When comparing Generation One with Generation Two overlaps, the peanut 

shape has disappeared and channels with constant depth and width had replaced it, 

leaving the channel before and after the nozzle with the same dimensions.  

 

When comparing the etch result from recipes Flat and Round, it was decided that Flat 

was the better process recipe. This is due to that the pattern design changes caused recipe 

Round to etch slower than expected.  

 

Generation Three 

The changes for Generation Two yielded better results than Generation One, so Nozzle 

5_4_2 was chosen for the final nozzle. The design pattern was not changed for 

Generation Three, instead gas inlets, gas outlets and channels were added, Figure 3.10.  

5.2.1 Smoothing 
The annealing gave no visible effects. This might come from that the furnace did not 

actually reach the set temperature of 1150˚C, or it could be that the Ar gas flow of 4000 

sccm was not enough. Besides trying a higher temperature and gas flow, it could be 

worth trying to oxidize the surface and etch it with HF acid to decrease the roughness. 
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5.3 Outlook 

Everything has been prepared so that new nozzles can manufactured and evaluated using, 

e.g. Schlieren imaging to study the shape and symmetry of the exhaust plumes. 

 

The nozzle could also be further optimized so that it has a rotationally symmetric profile 

along its whole axis. Furthermore, the process might include a surface smoothing step. 

 

Beyond this, the thrust force of the nozzle can be measured. 

 

Preparations for the Generation Three manufacturing process could include steps to: 

 Add an oxide film for bond surface protection. 

 Add Moiré patterns for mask alignment and alignment evaluation. 

 Add a DRIE step for the Moiré patterns. 

 Add a step for measuring the misalignment using an IR camera. 

 Add several photolithography steps for the backside of the wafers as it will need 

patterns for the gas inlets 

 Use recipe Flat when etching nozzle. 

 Add DRIE step for etching through the wafer from the backside for gas inlets 

 Add fusion bonding of the two wafers to obtain complete nozzles. 
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6 Conclusions 

Although difficult, it is possible to achieve shapes with varying depths and round 

sidewalls through a single etch step by utilizing the microloading and RIE lag effects By 

having subpatterns instead of a large mask feature, it is possible to obtain different depths 

over a surface.  

 

From the results obtained from the various recipes it was concluded that: 

 

 Coil power affects etch rates by changing the plasma energy:   

High power – high etch rates 
 

 Platen power affects anisotropy and surface roughness by changing the potential 

between the plasma and the wafer:   

High power – high etch rates, rough bottom   

Low power – low etch rates and clear projections of the mask pattern on the 

trench bottom. 

 

 Pressure affects etch rates by changing the mean free path of the ions:  

Low pressure – high etch rates   
 

The best result from the microloading yielded a nozzle with a throat radius of 34.2 µm in 

depth and 31.1 µm in width, which is a good semi-circular cross section. The outlet has a 

radius of 113.2 µm in depth and 146.4 µm in width, which is not perfect but promising. 

 

Preparations have been made to manufacture a bonded rotationally symmetric nozzle to 

evaluate it using a fixture that can rotate to visualize the gas plume from any angle. 
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