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MOTIVATION/ABSTRACT: 

Electronics are commonplace in our world and enable people to perform tasks with the purpose 

of increased intricacy, efficiency, or even convenience. Within many electronic devices, there are 

numerous smaller electronic components- such as transistors which make up integrated circuits. In 

certain applications, transistors are used to facilitate specific functions through their ability to switch on 

and off at fast speeds 1. Currently, transistors are manufactured in expensive (and somewhat tedious) 

top-down methods (i.e., photolithography). However, a more synthetic bottom-up approach towards the 

fabrication of transistors (or any other IC component) promises lower cost, on-demand integrated 

circuitry for different applications. With the intent to incorporate findings into a larger synthetic 

fabrication process, this project aims to record the effectiveness of mask removal techniques when 

carried out on a specific polymer which has been polymerized directly off doped planar silicon.  

 

BACKGROUND: 

In many applications, metal-oxide-semiconductor field-effect-transistors (MOSFETs) play a 

significant role in the function of integrated circuitry. A MOSFET consists of 3 major components: gate, 

source and drain. To form the gate, a high-κ dielectric is deposited using plasma atomic layer deposition 

(ALD) onto a lightly “n-doped” portion of the planar Si substrate, and a conductive metal is then 

deposited on top of the oxide layer (also using ALD). When a positive voltage is applied to the gate, the 

resultant electric field attracts electrons, allowing current to flow between the source and drain, through 

what is often called the channel 2. When the voltage is removed, current no longer flows between the 

source and drain. At the source and drain, the planar Si substrate is heavily “p-doped,” and connections 

are made to bridge the MOSFET to the rest of the circuit. (Figure 1 shows a simplified schematic of a 

MOSFET device).      

       
 Figure 1: Simplified Schematic of Metal-Oxide- 

Semiconductor-Field-Effect-Transistor (MOSFET) 

 



 

 

When considering the fabrication of MOSFETs through a bottom-up approach, it is important to 

be able to systematically control the deposition of materials in specifically designated areas, while 

simultaneously blocking this deposition in other areas. In order to do this, we first implement a Poly 

(methyl methacrylate) (PMMA) mask, which we polymerize directly onto the surface of the Si substrate 

(Figure 2). This helps to create a hardy barrier to deflect unwanted deposition of material in specific areas 

of the substrate 3. Because of the chemical makeup of the silicon substrate (varying types, levels, and 

orientation of dopant), after this we can selectively etch the PMMA mask from the area where the gate 

stack materials will be deposited (Figure 3). Following this, we can deposit the gate stack onto the Si 

substrate using plasma atomic layer deposition (Figure 4). 

                          
Figure 2: PMMA Mask On Si     Figure 3: Selectively Etch PMMA  Figure 4: Deposit Gate Stack (ALD) 

 

PRIMARY RESEARCH GOAL: 

To have a functioning MOSFET to be implemented into an integrated circuit, the remaining 

polymer mask must be removed off the Si substrate, allowing access to source and drain connections. In 

this project, we explored the removal of PMMA from doped Si substrate to allow for these connections. 

 

RESEARCH OBJECTIVES: 

Three techniques known to remove carbon-based polymer masks were tested and recorded: 

Oxygen Plasma, UV Ozone, and Standard-Clean 1 Solution. Oxygen plasma is a dry-etching (gas phase) 

process and an etching method which directly interacts with the surface of the substrate- using ionized 

oxygen and plasma to remove surface contaminants. Based upon literature and past experiments, this 

process appeared to promise effective results at an efficient time. To carry out this set of experiments, 

we used the Vision Reactive Ion Etcher (RIE) 2 at 150 W, 50 mT, and 50 SCCM. UV Ozone is a gas phase 

etching process. While according to past experiments and literature, UV ozone is typically a longer 

process, it etches the surface in an indirect method, etching heterogeneous surfaces more proficiently 

and using ultra-violet light to accomplish this task. Standard-Clean 1 Solution: (a portion of the RCA 

cleaning method developed to clean semiconductor materials) is a wet-etching (liquid phase) process and 

provides a more practical and potentially scalable approach to removing PMMA off Si substrate. To carry 

out this set of experiments, a 5:1:1 solution of H2O, NH4OH, and H2O2 was performed at 70° C. In all these 

experiments, the independent 

variable was time. 

 

CHARACTERIZATION METHODS: 

There were several characterization methods used to record the etching from each of the three 

experiments. The two primary characterization methods for these experiments were X-Ray Photoelectron 

Spectroscopy (Thermo K-Alpha XPS), which measured the composition of the surface, and Ellipsometry 



(Woollam M2000 Ellipsometer), which measured the thickness of the polymer mask (measuring before 

and after etching). As a secondary characterization technique, microscopy (Hitachi SU-8230 FE-SEM) was 

used to observe the morphology of the substrate’s surface after etching of the samples. Out of the three 

characterization methods, the most meaningful data appeared to be recorded by XPS measurements. 

 

RESULTS: 

    
         Figure 5: XPS Data             Figure 6: XPS Data                Figure 7: XPS Data                Figure 8: XPS Data 

 

In Figures 5-8, Carbon (C1s) binding energy scans are shown. The x-axis shows binding energy in 

(eV) and the y-axis shows the intensity of the recorded measurements. In the top left corner of each of 

the four graphs, there is a scale bar for reference.  

In Figure 5, the C1s scan shows the double peak that is characteristic to untreated PMMA mask 

on doped Si substrate. In this project, the data from Figure 5 was used as a control to compare the scans 

taken after varying times for each etching method. This comparison helped indicate effectiveness 

concerning polymer removal after a certain time etched. 

When comparing Figure 6 (oxygen plasma XPS data) with the control data, the intensity from the 

peaks at the higher and lower binding energies are significantly lower in the oxygen plasma data 

(indicating there is less carbon present). Furthermore, the C1s binding energy shows a decreasing trend in 

intensity from 15 (s), to 30 (s), to 45 (s). Due to the similarities in graphs between 30 seconds and 45 

seconds (and due to data gathered from other tests throughout the experiment at 1, 2, and 3 minutes), 

maximum etching from oxygen plasma appears to occur before 60 seconds at the specified conditions. 

When comparing the control XPS data with Figure 7 (UV ozone XPS data), one can see the same 

C1s trend of decreasing intensity as time etched increases, as well as a shrinking double peak as time 

etched increases. However, it should be noted that in stark contrast to the 60 seconds of oxygen plasma 

etching that it takes to effectively remove PMMA, the data indicates that UV ozone etching does not 

effectively remove PMMA until sometime between 20 and 30 minutes.  



 

Lastly, when comparing the control data to Figure 8 (Standard-Clean 1 data), there are some 

trends that we expected to see, as well as other trends that were initially unexpected. The high C1s 

intensity after 1 minute of Standard-Clean 1 is typical of what we have seen in other data after a short 

etching time. Furthermore, the very low C1s intensity at 3 minutes appears to be indicative of the 

majority of PMMA being removed from the surface. However, the data point measured after 5 minutes of 

Standard-Clean 1 etching has a C1s scan which has a much higher C1s intensity than the data point before 

it. Although confusing, there are several plausible explanations for this occurrence. One explanation is 

that the Standard-Clean 1 solution caused a considerable portion of carbon to form on the surface 

(adventitious carbon accumulating on the surface of the Si substrate). Another explanation is that the 

Standard-Clean 1 etching method (at 5 minutes) does not completely remove the polymer, and therefore 

does not leave a clean homogeneous surface. Instead, the Standard-Clean1 solution might have left a 

heterogeneous surface containing residual PMMA, causing the XPS scans to pick up this residual polymer 

mask 

CONCLUSIONS: 

Despite the various observations and predictions, more data should be collected before many of 

these conclusions can be made. Despite the numerous factors that affected the recorded data, the 

project saw three etching methods successfully remove PMMA masks off doped Si substrate. Although 

there is data that points to the oxygen plasma etching technique being the most time efficient process 

(reaching desirable results in 60 seconds or less)- it is important to continue the collection of data to 

better determine the most desirable etching technique to be employed in the overall bottom-up 

fabrication of MOSFET devices. Furthermore, there might be future reasons to pursue other etching 

techniques due to unique possibilities concerning scalability, convenience, and other pressing conditions 

including the oxidation of the Si substrate from etching processes, or even the micro-roughening of the 

surface of the substrate. All these possibilities would warrant more experimentation in this area. 
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