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Abstract
The control of etching parameters e.g. RF power, gas flow rate, chamber pressure and bias voltage is
critical for themodern semiconductor fabrication industry. It is quite benefit to clarify the correlation
between parameters and predict the etching results on both scientific research and industrial
fabrication. In this paper, we performed a combination of experimental andmachine learning analysis
to understand the importance of each parameter and the correlation between them. SF6 andO2was
employed in order to investigate the optimal condition for Si trench etchingwith vertical sidewall
based on capacitively coupled plasma reactive ion etching system (CCP-RIE). Scanning electron
microscopy (SEM) and atom forcemicroscope (AFM)were separately applied to characterize the
etching profile andmeasure the etching depth. According to the experimental results, the optimal
recipe of etching trenchwith vertical sidewall on silicon substrate is proposed to be amixture of 30
sccmSF6flow rate and 20 sccmO2flow rate with 240WRFpower under the pressure of 5.6 Pa.
Machine learningmethod of artificial neural network (ANN)was conducted to analyze the correlation
between etching parameters. Levenberg-Marquart back propagation algorithmwith sigmoid
activation function is adopted to train the ANNmodel. Results show that the ANNmodel can predict
the etching rate and etching profile accurately with 0.99154R-Value. The relative importance of each
parameter was also identified by usingRandomForest algorithm. The gas flow rate of SF6 is themost
significant factor of etching rate,meanwhile the ratio of SF6 toO2flow rate plays themost important
role in etching profile control.

1. Introduction

Reactive ion etching (RIE) is widely applied inmodern nano/micro-fabrication of semiconductor electronics
[1], solar cell [2], micro-optical electro-mechanical systems (MOEMS) [3–5], micro-electronicmechanical
systems (MEMS) [6–9], etc Themechanismof RIE is shown infigure 1. First, the glowdischarge is generated
froma radio frequency (RF)power and the gaseous precursors are dissociated into diverse species including
active radicals, cations and electrons. Second, the radicals react with the substrate surfaces and the cations attack
the surfaces under a bias voltage to form volatile production evacuated by pumping systems [10]. Capacitively
coupled plasma etching system (CCP-RIE) and inductively coupled plasma etching system (ICP-RIE) are two
main etching systems. Although ICP-RIE takes advantage of high etching rate and high etching directivity better
thanCCP-RIE, it is too expensive for common researchers to afford. Oppositely, the price of CCP-RIE is
acceptable but the etching performance is unsatisfactory. Research confronts challenges in anisotropic etching
profile control when using different RIE system. It would be quite useful tofind the optimal recipe for CCP-RIE
if relationships of etching parameters including the relative importance are summarized [11]. Due to the
complex interaction and coupling effects among these etching parameters, it is still elusive to understand the
relationships by using experimentalmethod.Nevertheless, Artificial NeuralNetwork (ANN) provides a great
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promisingmethod in solvingmultivariable problems and discovering the complex relationships without
specific functionmechanism [11, 12]. By learning from the experimental data, the ANNmodel can predict the
etching rate and etching profile. In addition, the relative importance of parameters on etching rate and etching
profile can also be clarified by using random forest algorithm [13].

In section 1, several experiments to study the influence of parameters such as RF power, gasflow rate,
chamber pressure and gas ratios of SF6 andO2 flow rate on etching rate and etching profile of silicon (Si) are
performed. The etchingmechanismof each parameter during the etching process is discussed and the optimal
recipe for etching trenchwith vertical sidewall is proposed based on the experimental results. In section 2,
machine learningmethod to define the relationships of etching parameters is studied. A giant, predictable ANN
model is generated based on Levenberg-Marquart algorithm learning from large experimental data. The relative
importance of the parameters is calculated during the process by using random forest.

2. Experimental

Samples to be etched are fabricated in the same process, shown infigure 2. Themetalmasks are deposited by
e-beam evaporation after patterned into stripes by photolithography. Ti/Ni (15 nm/25 nm)masks for silicon
substrate are appropriate for the experiment. The etching process is carried out in reactive ion etching chamber
(Tailong Electronics RIE-150) at a pressure below 4.92 Pawith SF6 andO2 supplied. Samples are characterized
by scanning electronmicroscopy (Hitachi SU3500) to observe the etching profile, and by atomic force
microscope (ParkerNX10) tomeasure the etching depth in order to calculate the etching rate. All the bottom
angle (theta) has been corrected by usingAdobe PhotoshopCC2018.

3. Results and discussion

3.1. Parameters relationships in etching process on Si
High etching rate and anisotropic etching are twomain advantages of reactive ion etching applied inmicro-
fabrication [14–16]. The combination of the chemical reaction and physical sputtering achieves anisotropic
etching profile onmany substrates including silicon [17, 18]. SF6 andO2mixture gas has beenwidely used in
etching silicon substrate for the advantage of high-speed etching rate andwell directivity [19, 20]. During the
etching process, RF power, total gasflow rate, ratios of SF6 toO2 gasflow rate and the chamber pressure are four
main parameters inCCP-RIE systemwhich take control of the density of etching radicals and bias voltage,
furthermore, influencing the etching profile and etching rate [15]. Herein, the influence of these parameters on
etching rate and especially the etching profile on silicon substrate is going to be discussed.With experimental
results, an optimal recipe for etching extremely vertical trench on silicon is provided.

Figure 1.The illustration of reactive ion etcher.

Figure 2.The illustration of sample preparation and fabrication.
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In theCCP-RIE system, the RF power not only takes charge of the generation of plasma, but also provides the
bias voltage, whichmeans that the adjustment of the RF power can largely affect not only the chemical reactive
between F radicals and Si substrate but also physical ion bombardment.Herein, the bottom angle of trenches
(theta) is used tomeasure the perpendicularity of etching profile. The etching profile and etching rate of different
RF power in the same condition are shown in figures 3(a) and 4. Results demonstrate the tendency of etching rate
and etching profile with the variation of RF power. On the one hand, it is clearly indicated that etching rate is
positively correlatedwith the RF power. It can be explained from the increasing of F radical density [19] and
enhancement of ion bombardment. The effect of ion bombardment can be summarized into two parts. First, it
provides defect sites for dissociative chemisorption and removes amonolayer of adsorbed gas on the surface that
may prevent reaction. Second, the ion bombardment causes damage-enhanced diffusion and bond breaking
generating unsaturated bonds. These unsaturated silicon bonds are easier to react with corrosive radicals such as
fluorine to generate volatile product, leading the enhancement of etching rate [21]. On the other hand, the SEM
images (figure 4) indicate the etching profile of trench under different RF power. It is seen that the sidewall of
trench has been etched as bow-shaped above 240Wbut as simply slopewall below 240W. It implied the
importance of RF power in adjusting the balance between chemical etching and physical ion bombardment in
anisotropic etching process and the optimal RF power is 240W.WhenRF power is below 240Wwith constant
gasflow rate of SF6, a positive slope sidewall profile is observed infigures 4(a) and 5(b). It is presumably caused
by sidewall passivation film forming and deposition during the etching process due to theweak ion

Figure 3.The variation of etching rate and etching profile with different etching parameters. (a)RFPower. (b)The ratio of SF6/
(SF6+O2). (c)Total gasflow rate. (d)Pressure.

Figure 4.The SEM images of etching profile with different RF Power in condition of 30 sccmSF6with 20 sccmO2. (a) 160 W,
(b) 200 W, (c) 240 W, (d) 280 W, (e) 320 W, (f) 360 W.All scale bars are 1μm.

3

Mater. Res. Express 6 (2019) 125902 DYang et al



bombardment [22]. However, whenRF power is above 240Wwith constant gasflow rate, the ion bombardment
is gettingmuch stronger so that the passivation of sidewall has been broken, leading a bow-shaped profile.

The ratio of SF6 toO2 is a key factor affecting both etching rate and etching profile. As shown in figure 3(b),
the etching rate and bottom angle are varyingwith different percentage of SF6.Obviously, the etching rate is
mostly controlled by the percentage of SF6 in themixture gas for providing F radicals.Whenwe improved the
percentage of SF6, the etching process is accelerated. Another interesting fact is that the ratio of SF6 toO2flow
rate dominated the perpendicularity of etching sidewall. It is indicated infigures 3(b) and 5 that the optimal ratio
of SF6/(SF6+O2) is 60% in order to obtain themost vertical sidewall profile. O2 plays an important role during
this selective etching process. There are twomain roles ofO2 during the etching process. First, O2 plays a role in
adjusting the density of the chemical radicals in order to balance the chemical etching process and physical ion
bombardment [15].When the percentage of SF6 ismuch larger thanO2, in the case of the strong chemical
corrosion and declining of the bias voltage, the substrate beneath themask is etched, resulting in an undercut
profile. Second,O2 helps passivate the sidewall from etching in generating passivation layer SixOyFz so that the
vertical sidewall can be obtained [15, 23, 24]. However, when the percentage ofO2 ismuch higher than SF6, the
etching rate slows down for both the passivation being occupied on the etching surface to prevent the target
surface from chemical corrosion and dilution of F radicals [15].Meanwhile, the profile of positive sloped
sidewall is also formed at low SF6/(SF6+O2) ratio, shown infigures 5(f)–(h). It is due to the strong passivation
effect on sidewall with high percentage ofO2 [22].

In order tofind out the influence of total gasflow rate on etching rate and etching profile in the optimal gas
ratio of SF6 toO2, a series of gasflow rate have been used to etch Si in 240WRFpower. The experimental results
are shown infigure 3(c) and SEM images are shown infigure 6. The etching rate linearly increases with the gas
flow rate, as higher gasflow rate of SF6 can providemore F radicals in chemical etching process [25]. According
to the SEM images, all the bottom angles is greater than 73°, implying that the optimal ratio of SF6 toO2 certainly
leads to the formation of relative vertical sidewall. It also shows a great anisotropic etching profile between
45 sccm to 55 sccm. Comparingwith the experiment result infigure 3(c), the optimal gasflow rate should be
30 sccm SF6with 20 sccmO2.

Figure 5.The SEM images of etching profile with different ratios of SF6/(SF6+O2) in total gasflow rate of 50 sccm at 240 W.
(a) 100%, (b) 90%, (c) 80, (d) 70%, (e) 60%, (f) 50%, (g) 40%, (h) 30%.All scale bars are 1μm.

Figure 6.The SEM images of etching profile with different total gas flow rates in condition of 60%of SF6/(SF6+O2) at 240 W.
(a) 15 sccm, (b) 25 sccm, (c) 35 sccm, (d) 45 sccm, (e) 55 sccm, (f) 65 sccm, (g) 75 sccm, (h) 85 sccm.
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Besides the RF power, gas flow rate and gas ratio, the chamber pressure is anothermain factor taking control
of the etching rate and etching profile [26]. However, limited by the structure of chamber, the adjustment of
open value of high valve cannot give linear variety of chamber pressure. The pressure ranging is set from5.8 Pa to
20.3 Pa to study the influence of chamber pressure. Results of etching rate and bottom angles are shown in
figure 3(d) and SEM images are shown infigure 7. It is proved that an anisotropic etching profile is preferred in a
lower chamber pressure and etching rate increases exponentially in high-pressure condition. For the purpose of
achieving anisotropic etching, we prefer to keep the open value of high valve as a full open condition in order to
obtain pressure as lowest as possible in Si etching process.

Finally, we analyze the influence of fourmain parameters on etching rate and etching profile. According to
the experiment results, an optimal recipe for etching vertical sidewall on Si substrate has been summarized in
table 1.However, experiments on these complicatedmultivariable problems are still very challenging. Based on
the experimental result,machine learning provides a promisingmethod to analyze themultivariable problems
and show valuable reference onRIE practice.

3.2. ANNmodelling and parameters relative importance analyzed by random forest
ANN is themost powerfulmachine learningmethod inspired by biological nervous systemof humans [27].
Consisting of an input layer, hidden layers and an output layers, ANN exhibits significant performance in fast
calculation and prediction application [12, 28, 29]. A systemdiagram for an artificial neural network is shown in
figure 8. The operationmechanism is given by equation (1),

Figure 7.The SEM images of etching profiledwith different pressure in condition of 30 sccmSF6with 20 sccmO2 at 240 W.
(a) 20.3 Pa, (b) 11.2 Pa, (c) 7.6 Pa, (d) 6.6 Pa, (e) 5.8 Pa, (f) 5.6 Pa.

Table 1.The optimal recipe for etching vertical silicon sidewall.

SF6 O2 RF Power Pressure Etching rate Theta

30 sccm 20 sccm 240 W 5.7 Pa 133 nm min−1 89°

Figure 8.Themechanismof neutrons inANN.
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This part is focus on the process of plasma etching on Si substrate and prediction of etching profile from the
providing etching parameters. Based on Levenberg-Marquart back propagation algorithmwith sigmoid
nonlinear activation function, the structure of ANN is generated aiming at achieving great consistence with the
experimental results and accuracy prediction. The seven input parameters are the gasflow rate of SF6, the gas
flow rate ofO2, total gasflow rate, the ratio of SF6/(SF6+O2), pressure, RF power andVdc. The output
parameters are etching rate and bottomangle (theta). In order to avoid the problemof overfitting, the number of
neutrons in hidden layers has to be bounded [31]. It is set the number of neutrons as 3, 5, 10 and 15. The R-Value
of the test group is used to evaluate the fitting performance of ANNmodels. Regression R-Valuesmeasures the
correlation between outputs and targets. AnR-value of 1 represents a close relationship, 0 a random
relationship.We list the regression chart of the test group in different neutron numbers of ANNmodels in
figure 9(a). It is shown that the neutron numbers of 3, 5 and 10 have a great fitting performance but 15 is
overfitting. Therefore, 10 neutrons in hidden layers is to generate our ANNmodel, the regression chart of 10
neutrons ANNmodel is shown infigure 9(b) and the R-Value of all data is 0.99154. The comparison between
experiment and simulation of etching rate and bottom angle is shown infigures 10(a) and (b).

Themethod of RandomForests is a generalization of the decision treemethod, inwhichmultiple decision
trees are built using random samples of observation for each tree and random samples of predictors [32].
Variable importance is assessed by randomly permuting the values of one predictor across all trees and
estimating the loss in prediction accuracy of the forest. In other words, little loss implies low importance [33]. A
special property of RandomForest is that the error rate will get smaller and smaller asmore andmore
component predictors are added because the RandomForestsmethod comeswith a built-in protection against
overfitting by using part of the data that each tree in the forest [32]. Thus, employingmore component
predictors will not lead to overfitting. Due to the great performance in calculating variable importance, Random
Forests have been used inmany field [34, 35]. One thing to bemention is that the variable importance can only
be interpreted comparative to each other, rather than as absolute values [32]. RandomForest was used to
analysis the relative importance of etching parameters on etching rate and anisotropic etching profile.
Figures 10(c) and (d) demonstrate the relative importance of parameters on etching rate and etching profile,
ranked in a descent order. According to the simulation results, the gasflow rate of SF6 shows greatest important
in etching rate and the ratio of SF6 toO2 are themost influencing parameter on etching profile. Tables 2 and 3 list
the detailed proportion of these parameters on etching rate and etching profile relatively.

Figure 9. (a)The regression chart of test groupwith neutrons number of 3, 5, 10 and 15 in hidden layer. (b)The regression chart of
ANNmodel with 10 neutrons in hidden layer.
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4. Conclusion

In this paper, an optimal recipe using SF6 andO2mixture gas onCCP-RIE for etching silicon trenchwith vertical
sidewall has been summarized experimentally as 30 sccmSF6with 20 sccmO2 in 240WRFpower at a full open
high valve condition (5.6 Pa). By using themachine learningmethods of ANNandRandomForest, the
relationships of etching parameters including RF power, the chamber pressure, the gas ratio of SF6 toO2 and the

Figure 10. (a)The comparison of experiment results and simulation results in etching rate calculated byANNmodel. (b)The
comparison of experiment results and simulation results in etching profile calculated byANNmodel. (c)The relative importance of
parameters on etching rate calculated byRandomForest. (d)The relative importance of parameters on etching profile calculated by
RandomForest. Abbreviations in the chart are explained in tables 2 and 3.

Table 2.The relative importance of etching
parameters on etching rate.

P SF6 Vdc P

RI 0.525881 0.288207 0.085855

P O2 RF FR

RI 0.066023 0.027439 0.006595

P: Parameters; RI: Relative Importance; P: Pres-

sure.

RF: RF Power; FR: Flow rate.

Table 3.The relative importance of etching parameters on
etching profile.

P Ratio Vdc ER P

RI 0.283670 0.227271 0.226643 0.131072

P SF6 O2 RF FR

RI 0.047245 0.042466 0.038108 0.003525

P: Parameters; RI: Relative Importance; P: Pressure.

RF: RF Power; FR: Flow rate; ER: Etching rate.
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total gasflow rate have been studied. A predictable ANNmodel is generated by usingMATLABneural network
fitting toolbox based on Levenberg-Marquardt with sigmoid nonlinear activation function.10 neutrons has been
set in hidden layers in order to achieve the best performance and to avoid overfitting. Besides that, the relative
importance of each parameter on etching rate and etching profile has been calculated by using RandomForest
algorithm. Results show the gasflow rate of SF6 is themost significant factor on etching rate. The ratio of SF6 to
O2 is the greatest influencing parameter on etching profile.
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