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Abstract:  Atmospheric-pressure plasma jets (APPJs) can offer high-quality etch of 

photoresist at rates up to 10 µm/min, compared to 10 - 100 nm/min using traditional 

low-pressure methods, while avoiding the inconveniences of operating vacuum systems.  

We determined that the removal rate of photoresist is strongly linked with the flux of 

atomic oxygen in the APPJ effluent as measured using laser-based diagnostics (TALIF). 
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1. Introduction 

The manufacture of semiconductor devices relies on 

photoresist to act as a mask during plasma etching to 

achieve architectures on the nanoscale at a high aspect 

ratio.  Photoresist comprises of organic chain molecules 

which lithography then imprints a pattern into, leaving the 

photoresist layer preferentially softened or hardened.  The 

micron or more thick layer of hardened and softened areas 

allow a plasma process to etch faster through the soft 

layers and into the underlying wafer, whereas the 

hardened layer acts as a sacrificial surface which remains 

partially intact, protecting the substrate underneath.  The 

photoresist mask must be removed and reapplied multiple 

times during the manufacturing cycle to build up the 

architecture on the substrate.  Low-pressure oxygen 

plasmas are often preferred to remove photoresist over 

wet chemical solvents, but their slow removal rates on the 

order of 10 - 100 nm/min [1] and requirement for vacuum 

equipment does not make them conducive to rapid 

continuous production.  In addition, direct plasma 

photoresist removal, known as plasma ashing, can cause 

damage through ion bombardment at the surface of the 

wafer, and the electric fields that develop on the surface 

due to sheath formation can affect sensitive structures 

such as transistor gates. 

Atmospheric-pressure plasma jets (APPJs) offer not 

only a non-vacuum plasma solution, but also faster 

removal rates than low-pressure plasmas.  To avoid the 

associated issues of sheath formation at the surface of the 

wafer, a plasma effluent can be used instead.  The active 

plasma can form the rich radical chemistry required, then 

the plasma is allowed to recombine at the outlet nozzle, 

leaving the neutral reactive species to be transported in 

the gas flow to chemically etch the surface. 

It has been determined that for low-pressure plasma 

ashing, atomic oxygen has a link to etch rate [2], with 

higher concentrations of atomic oxygen leading to higher 

etch rates of photoresist.  This gives a direction in which 

to get optimal ashing rates in the atmospheric plasma by 

tailoring parameters to increase atomic oxygen density.  

Various parameters were investigated, such as driving 

frequency, input power, flow rate, gas composition and 

distance from nozzle to substrate.  The use of Two-photon 

Absorption Laser Induced Fluorescence (TALIF) allows 

for a measure of the relative atomic oxygen densities and 

how they compare to the observed etch rate of photoresist.  

Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR FTIR) is used to assess the quality of 

etch after treatment.  The atmospheric-plasma treated 

substrates are compared to traditional ICP low-pressure 

plasma treatment to investigate signs of residual 

photoresist left of the surface. 

 

2. Experimental design 

The atmospheric-pressure plasma jet is operated using 

13.56 MHz and also 40.68 MHz radio frequency (RF) 

voltages.  Helium gas with admixtures of up to 1% 

oxygen are passed through the device and driven into a 

plasma state between the electrodes.  The plasma 

recombines at the outlet to open air leaving the radical 

rich effluent to interact with the surface, see Fig. 1.  The 

jet is placed with the nozzle facing vertically downwards 

at a sample surface.  The device has quartz windows to 

give a view of the plasma, and is designed for access by 

optical diagnostics [3, 4], which has allowed for 

characterisation of its chemistry [5, 6]. 
Etch rates are measured by first analysing the thickness 

of photoresist using a surface profile analyser.  Once the 

photoresist thickness is characterised, the time taken to 

etch through the photoresist to reveal the silicon wafer 

underneath is recorded, and from these two quantities, the 

rate is calculated.  Two different photoresists are used: 

AZ 9260 at a thickness of 7.5 µm and S1813 at a 

thickness of 1.5 µm on the substrate as per the 

manufacturer’s recommendation.  Etch rate is assessed as 

a function of input parameters, for example input RF 

power.  TALIF measurements then give a measure of the 

atomic oxygen density at the nozzle exit to see if trends  
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Fig. 1.  Diagram of APPJ.  Helium with admixtures of 

oxygen passes through the plasma channel, where at the 

nozzle the plasma recombines leaving a neutral effluent. 

 

indicate the correlation of atomic oxygen to etch rate as is 

seen at low-pressure. 

Previous measurements of atomic oxygen density for 

biomedical applications using TALIF and modelling give 

a basis on which to tailor the plasma jet.  Measurements 

reveal that 0.5% oxygen admixture yields the greatest 

atomic oxygen concentration [7, 8].  These measurements 

also indicate that the closer the jet nozzle, the higher the 

O concentration, with a rapid reduction in concentration 

as the distance is increased.  At distances similar to the 

electrode gap (less than 2.5 mm) a discharge begins to 

form between the powered electrode and the surface 

which acts as a ground.  This is unwanted, as direct 

plasma formation on the surface will develop sheath 

structures and therefore the issues with ion impact 

damage and electric fields.  This restriction leads to an 

optimum safe nozzle to substrate distance of 3 mm. 

 

3. Results and discussion 

Preliminary tests showed that 0.5% oxygen admixture 

will yield the highest etch rate at 13.56 MHz voltages and 

that with increased distance from the nozzle there is a 

dramatic drop in etch rate also at 13.56 MHz.  With small 

input powers, etch rates were around 75 nm/min, 

comparable with traditional low-pressure etching.  An 

immediate increase in etch rate came with an increased 

driving frequency of 40.68 MHz.  The third harmonic of 

13.56 MHz outperformed the fundamental in all 

measurements.  For example the 75 nm/min starting rate 

was increased to 125 nm/min, and tests showed 

consistently a roughly a two-thirds increase in etch rate at 

40.68 MHz over 13.56 MHz. 

TALIF measurements along with modelling show a 

linear dependency on atomic oxygen densities as input 

power increases [8-10].  The etch rates mirror this trend, 

and with increasing input power from the RF generator 

there is an increase in etch rate as shown in Fig. 2.  

Maximum photoresist removal rates are now close to 

1 µm/min.  Unfortunately, power cannot be increased 

indefinitely; eventually the plasma transitions into an 

arcing mode and causes damage to the device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Etch rate of photoresist as a function of generator 

input power at 40.68 MHz.  The linear dependency 

mimics that of atomic oxygen density with input power. 

 

Atomic oxygen flux appears to be a good indicator for 

etch rate of photoresist, and so further optimisation can be 

made by investigating how atomic oxygen flux can be 

increased to the surface.  An obvious method is to 

increase the flow rate of precursor gas as to increase the 

rate at which species are transported to the surface.  This 

can only work if the rate of atomic oxygen production 

does not decrease to any great extent with increased 

flows.  In Fig. 3, TALIF measurements show only a 

decrease of around 10 - 15% in the relative O density up 

to 4.5 slm.  This results in an approximately linear 

increase of O flux to the substrate surface with respect to 

flow rate increase.  Fig. 4 shows how the etch rate 

increases in line with the expected flux. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  TALIF measurements show a consistent O density 

with flow rate; only a 10 - 15% change. 

 

An increase in flow rate also suffers from limitations as 

with input power.  As flow rate increases, the gas flow 

velocity increases, and at 10 slm the etch pattern becomes 

distorted and no longer resembles a circular shape, rather 

it becomes non-uniform and patchy. 

With increased flow, etch rates can approach 2 µm/min, 

yet when the substrate is heated to around the glass 

temperature of photoresist at ~100 °C the etch rate is 

greatly enhanced to 10 µm/min.  Heating the wafer is a  
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Fig. 4.  As flow rate increases the O flux reaching the 

surface is increased and results in faster etch rates. 

 

technique used currently to increase ashing rates [11].  

Most atmospheric pressure devices have achieved etch 

rates on the order of hundreds of nm/min [13-15].  Rates 

close to µm/min have been achieved for the same etch 

area as this study, but at the expense of ten times the gas 

and power [12]. 

The power reported in Fig. 2 and compared to [12] is 

from the RF generator and not the plasma power.  The 

power that is deposited into the plasma may be as much 

as an order of magnitude less than the generator power. 

The radio frequency systems used to drive the plasma 

use L-type or Pi-type matching networks to offer 

impedance matching between the jet and the generator.  

As seen in Fig. 5, in the linear regime of a normal glow-

mode, the plasma power is between 0.5 and 4 W, when 

compared to 20 - 40 watts generator power, clearly 

generator power overestimates how much energy is 

required to operate an APPJ.  The generic L and Pi type 

RF matching networks used are lossy compared to custom 

made inductive shunts.  A less flexible but more efficient 

matching design can reduce the overall power 

consumption in a smaller form factor [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Plasma power measured at 13.56 MHz as a 

function of applied voltage near the electrodes.  The jet is 

operated in the linear regime of the normal glow-mode 

(<550 Volts) rather than the transition to gamma-mode. 

 

 

Though the etch rate is comparable to the highest found 

at atmospheric-pressure and the APPJ efficiently uses 

power and precursor gas, it must still compete in quality 

with low-pressure systems used in industry.  ATR FTIR 

shows almost identical spectra for both wafers etched 

using an APPJ and an industry ready ICP (see Fig. 6).  It 

can be seen that no significant signal from the photoresist 

remains, and that using an APPJ can produce a surface 

that would be expected from current ashing solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.  ATR FTIR spectra for silicon wafers: unaltered, 

with photoresist (PR), and for wafers after the photoresist 

has been removed for both low-pressure plasma solutions 

and the atmospheric-pressure plasma. 

 

4. Conclusions 

Removing photoresist using an APPJ can give fast 

removal rates with a quality comparable to current 

industry techniques.  The removal of photoresist shows a 

strong relationship with atomic oxygen as has been 

postulated for low-pressure.  Atomic oxygen has been 

measured using TALIF and shows trends matching that of 

etch rate for the same variations in parameters. 

To further improve on the possible etch rate of 

10 µm/min, modelling can predict operating parameters 

and device designs that maximise the production of 

atomic oxygen, as well as designs that can overcome 

limitations such as flow rate and maximum power input. 

The waste power dissipated by the whole RF system 

can be reduced by replacing off-the-shelf matching 

solutions with bespoke custom inductive components and 

shortening cable lengths.  The treatment size of the device 

is just over 1 cm in diameter, and assuming a plasma 

power consumption of 5 W, the resulting requirement for 

a 6 inch wafer is ~200 jets to checkerboard treat the 

surface for an energy cost of ~1 kW at 100 times the 

speed of current low-pressure systems. 
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