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ABSTRACT

NUMERICAL MODELING OF DOPANT DIFFUSION

IN SEMICONDUCTORS

Makelle Faith Wininger Forson

Department of Physics

Bachelor of Science

The fabrication of metal-oxide-semiconductor field-effect transistors (MOS-

FETs) requires precise control of dopant diffusion in silicon wafers. This

project investigates the diffusion of impurities into a silicon wafer through

computational modeling and experimental fabrication, to support the Brigham

Young University–Idaho (BYU-I) Semiconductor Research Group in their ef-

forts to develop a functioning MOSFET.

An interactive Python program was developed to calculate the initial and

final characteristics of a silicon wafer after n-type or p-type dopants are driven

into the substrate. The program determines key diffusion parameters—including

dopant concentration, diffusion depth, temperature, and time—and generates

dopant concentration profiles for the wafer. The computational results were

verified through comparison with established semiconductor diffusion data.



vi

Complementary experimental work established procedures for preparing

a phosphorus spin-on dopant solution, removing silicon dioxide from silicon

wafers, driving phosphorus dopants into the substrate, and measuring the re-

sulting electrical properties. Through this work, an originally heavily doped

p-type wafer was doped to become normally n-type. Together, the computa-

tional and experimental results provided foundational tools for BYU–Idaho to

fine-tune their semiconductor fabrication process.
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Chapter 1

Introduction

Semiconductors are contained in nearly all our electronics and are the backbone of new

technological advances[1,3]. They offer high performance with low power consumption

in compact spaces in a variety of devices. Some of these devices include light emitting

diodes (LED’s), transistors, solar cells, and metal-oxide-semiconductor field-effect

transistors (MOSFET’s). The most important device used for advanced integrated

circuits is the MOSFET, shown in Figure 1.1, which was developed in 1960[1]. In

2012, it constituted about 95% of the semiconductor market[1]. The MOSFET device

can serve as the basis for the most advanced integrated circuit chips, containing over

one trillion devices[1]. As more and more devices depend upon semiconductors in

general, it is important to understand their mechanisms and how to fabricate them.

Now, it is increasingly more feasible to produce semiconductors outside of major

corporations.

This project was developed and executed to provide the Brigham Young University-

Idaho Semiconductor Research Group with computational and experimental data as

they fine-tune their MOSFET fabrication process. The self-produced computational

program calculates the initial and final dopant concentration after the drive-in process

1
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Figure 1.1 Metal-oxide-semiconductor field-effect transistor (MOSFET) di-
agram. Reproduced from [1].

and displays the results to the user. The program also generates two plots: dopant

concentration as a function of resistivity and dopant concentration as a function of

depth and time. The experimental data focused on establishing procedures for a

phosphorus spin-on dopant solution, etching silicon dioxide from the wafer, driving

the phosphorus dopants into the wafer, and characterizing the final wafer.

The following sections provide background information regarding the mechanics

of semiconductors and their overall fabrication process.

1.1 Mechanics

Elements such as silicon, germanium, or gallium arsenide form the foundation of a

semiconductor. On the atomic level, these intrinsic or pure solids have a “valence

band” filled with electrons. The next band, the “conduction band”, is empty. These

bands are separated by the “band gap”, where no electrons are present. For a material

to conduct, electrons need enough energy to jump across the band gap from the

valence band to the conduction band. Insulators have the same innate properties

as semiconductors, although the band gap is larger[4]. Semiconductors with smaller
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band gaps require less energy, increasing the probability for electrons near the top

of the valence band to jump the band gap into the conduction band. This gives the

semiconductor material the potential to be more conductive.

By implanting impurities within an intrinsic semiconductor (also known as dop-

ing), the conductive properties of the semiconductor can be tuned, making the semi-

conductor extrinsic (intrinsic semiconductor doped with a small amount of impurity

atoms). The conductivity varies depending on the density of impurities in the semi-

conductor. Each impurity will either donate an electron or a hole (missing an electron

or a space devoid of electrons), carrying a negative or positive charge, respectively[1].

This is shown in Figure 1.2. Impurities that donate an electron are called n-type

because they are negative charge carriers. Those that accept electrons or donate a

hole are called p-type. The variability between the semiconductor atoms and the

impurities allows electrons to “flow” in the solid’s crystal structure. Creating regions

of different types of charge carriers (holes or electrons) in the semiconductor leads to

the formation of junctions between n-type and p-type semiconductors that provide

useful electrical properties[1]. These junctions are the basis of diodes and transistors,

which act as simple electronic switches without mechanical parts, making them ideal

for a wide range of devices, such as microchips in a supercomputer.

1.2 Impurity Doping

To produce a silicon wafer that can be used in an integrated circuit, the semicon-

ductor’s electrical properties must be altered. Impurities must be embedded in the

semiconductor’s crystal structure. This is what enables the semiconductor to have

its versatile electrical capabilities. For silicon, the most prominent impurities used

are boron, phosphorus, and arsenic, due to their relative size and solubility in silicon
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Figure 1.2 Silicon lattice with Boron (P-type) or Phosphorus (N-type)
dopant atoms

at high temperatures. Boron introduces p-type impurities (positive charge carriers)

into the silicon wafer. On the other hand, phosphorus and arsenic introduce n-type

(negative charge carriers).

The impurities can be implanted into the silicon wafer using two different meth-

ods: diffusion or ion-implantation. Each method produces a different distribution of

impurities in the silicon wafer, as shown in Figure 1.3.

Figure 1.3 Impurity Doping Techniques: (a) Diffusion and (b) Ion-
implantation. Reproduced from [1].
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1.2.1 Diffusion

For diffusion, the surface of the silicon wafer is exposed to the impurity atoms. This

can come from solid, liquid, or gaseous sources, with liquid being the most common.

Sometimes, the semiconductor is exposed to doped-oxide sources as well.

To accelerate the diffusion process, the exposed wafer is baked an elevated tem-

perature, ranging between 800◦C and 1200◦C for silicon, for a set amount of time[1].

The impurities diffuse into the wafer, fanning out with increased depth. The highest

concentration is at the surface and decreases with depth. This creates a gradient area

of deeply diffused impurities (a junction)[1]. Deep junctions are ideal for high voltage

tolerance and power handling semiconductor devices.

1.2.2 Ion-Implantation

The ion-implantation of impurities requires an ion beam, which projects the impu-

rities towards the surface of the wafer. Unlike the diffusion method, the highest

concentration of impurities lies beneath the surface at a certain depth. Later in the

fabrication process, the top section of the targeted area is removed, leaving a shal-

low junction. Shallow junctions enhance gate control over the channel and minimize

current leakage in semiconductor devices (see Figure 1.1).

This method allows the user to control the overall penetration of the impurities,

although there are many particles that travel farther or less than the desired target

depth. The silicon wafer also experiences implant damage (lattice disorder) due to

nuclear collisions during the process. The lattice disorder severely degrades semicon-

ductor’s mobility parameter (how strongly an electron or hole’s motion is affected by

an applied electric field), as well as its overall lifetime[1].
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Annealing

To restore the lattice, annealing is applied at an appropriate combination of time

and temperature[1]. Heating the semiconductor allows individual atoms in its lattice

to gain energy to move and reorder. Then upon cooling the atoms can be restored

its original lattice shape. The conventional annealing process requires heating the

semiconductor to high temperatures in an isothermal environment for an extended

period. This causes diffusion, resulting in the loss of precise placement of implanted

impurities in a specific region or depth. Figure 1.4 shows the Rapid thermal annealing

(RTA) process, which can be used instead of the conventional annealing process. RTA

greatly reduces the amount of diffusion during annealing. The semiconductor during

the RTA process is not in thermal equilibrium with its environment. In the system’s

chamber, the overhanging tungsten-halogen lamps (1500-2500◦C) are much hotter

than the semiconductor (600-1100◦C), but its walls are much cooler (20-500◦C)[1].

These extreme temperature differences through radiation help to rapidly heat and

cool the semiconductor, greatly reducing the probability of diffusion during annealing

process.

To summarize, producing a functional semiconductor requires several meticulous

steps during the impurity doping process.

1.3 This Research

This project focuses on improving the etching and impurity doping processes for the

Brigham Young University-Idaho (BYU-I) Semiconductor Research Group, who are

seeking to produce a MOSFET (see Figure 1.1).

To do so, first, a numerical model in python was developed to characterize the

initial silicon wafer. The program also takes in parameters from the user in order to
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Figure 1.4 Rapid Thermal Annealing Process (RTA) for Ion Implanted Sil-
icon Wafers. Reproduced from [1].

estimate the new characteristics of the wafer after it has been doped.

To validate the created numerical model, experimental work was performed with

the group. Specifically, a spin-on dopant solution was fabricated. Then etching pro-

cess (removal of silicon dioxide (SiO2) on the surface of the wafer) was performed. And

finally the treated wafer was characterized. With the computational and experimental

work, we were able to fine-tune the process of creating a functioning semiconductor.

The computational model calculated the initial and final doping concentrations

of different silicon wafer types, accounting for the type of dopant agent used (boron

or phosphorus). We found that our dopant solution, drive-in process, and character-

ization tests were successful. Our tests showed that we were able to dope a heavily

doped p-type silicon wafer to a normally doped n-type.



Chapter 2

Procedure

2.1 Computational Work

The purpose of the computational work was to create a program that can estimate the

dopant profile of a silicon wafer before and after it is doped with either n- or p-type

dopant solution, given temperature, time, depth, and dopant concentration.

The dopant profile describes the concentration of impurities as a function of position

within the silicon wafer. The user can specify which variable to solve for, requiring

an input for the other three variables.

2.1.1 Required Inputs

In order for the program to accurately predict the initial dopant profile of a silicon

wafer, the program requires several inputs from the user, as shown in Figure 2.1. The

inputs include:

• wafer size, measured in inches for whole wafer or cm for partial wafer,

• thickness and its tolerance in microns,

8
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• intrinsic or extrinsic. If it is extrinsic, the resistivity of the wafer is also required

in Ω·cm,

• boron (p-type) or phosphorus (n-type) for the dopant agent,

• and molarity in moles per liter of dopant agent

Figure 2.1 User Interface for Initial Wafer Input With Example Inputs

2.1.2 Impurity Calculation

After the values are inputted into the program by the user, the program uses them

to solve for the initial doping concentration.

Intrinsic

If the initial wafer is intrinsic, the dopant concentration should be close to zero. This

means the resistivity is very large and no indepth calculation is needed. Thus program

uses the intrinsic values from Sze[1] for the characterization of the initial wafer.

ρ =
1

σ
=

1

q(µn + µp)ni

(2.1)
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where q is the elementary charge1, µn and µp are the charge carrier mobilities for elec-

trons and holes2, respectively, and ni is the intrinsic carrier concentration (atoms/cm3).

The intrinsic carrier concentration is the number of carriers (either electrons or holes)

per unit volume in pure silicon. In this case,

n = p = ni = 9.65× 109 (2.2)

for intrinsic wafers. The intrinsic carrier concentration is also the initial dopant

concentration. The program displays the dopant concentration to the user and saves

the value for further calculations during the drive-in process.

Extrinsic

For extrinsic wafers, there are no set values for the mobility, µ. Plus, the initial

dopant concentration may be unknown. Thus, the program uses the user entered

resistivity value of the wafer, ρ, to solve for the charge carrier mobility, µ, and the

doping concentration, C, of the wafer at room temperature (300 K)[1, 5],

ρ =
1

qµC
(2.3)

where q is the elementary charge in coulombs. The resistivity value provided by

the user is assigned as the resistivity target. This target represents the value that

the program attempts to match while solving for the two unknowns in the equation

above.

With this equation, two unknowns are present; therefore, Brent’s Method and

the Caughey-Thomas Empirical Formula are used to determine the charge mobility,

µ, and the doping concentration, C[6, 7]. The Caughey-Thomas Empirical Formula

specifically solves for the charge mobility, µ.

11.602 × 10−19 C
2µn = 1450 cm2/V*s and µp = 505 cm2/V*s
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Brent’s Method is a root-finding algorithm that combines the bisection method,

the secant method, and inverse quadratic interpolation. Brent states that convergence

is guaranteed for functions computable within [a,b][6].

Assuming this condition holds, the values a and b are assigned as initial guesses

for C, which are 1 × 1011 atoms/cm3 and 1 × 1022 atoms/cm3 respectively. These

values represent the lowest and highest dopant concentrations possible (see Figure

2.2). Using these two possible doping concentrations, each value is substituted into

the resistivity equation and the Caughey-Thomas Empirical Formula,

µ = µmin +
µmax − µmin

1 + (C/Cref )α
(2.4)

to determine a resistivity value that matches the resistivity target. Using this for-

mula and the guesses a and b, the program verifies whether the calculated resistivity

matches the resistivity target provided by the user.

Here, µmin and µmax represent the minimum and maximum charge carrier mo-

bility (cm2/V*s), respectively, which are derived from previous empirical studies [7].

Cref is the reference doping concentration (atoms/cm3), and α is an empirical fitting

parameter. Both depend on the type of diffusion agent used.

For the guess a, the calculation proceeds as follows3:

µa =
µmin + (µmax − µmin)

1 + (a/Cref )α
(2.5)

ρa =
1

qµaa
(2.6)

Once the a and b guesses for the resistivity are formulated, the resistivity target is

subtracted from each calculated value. If the two guesses have the same sign, then the

program outputs a message indicating that the function does not change signs over

the given bracket, [a, b], and suggests adjusting the brackets or inputs. If the guesses

3The value for guess b is calculated using the same method.
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have different signs, the program solves for a and b using the Brent’s Method solver

in “root scalar”. The program then checks whether the calculated result converges.

If successful, it saves and displays the calculated root as the doping concentration,

C. It also determines the level of doping present according to the scale in Figure 2.2.

1014 1016 1018 1020 1022

Pure
Silicon

Pure
Dopant

1012

atoms/cm^3

Light
Doping

Heavy
Doping

Normal
Doping

Degenerate
DopingIntrinsic

Figure 2.2 Doping Levels

The last part of the initial characterization section displays a doping concentration

vs. resistivity plot, highlighting the calculated doping concentration of the initial

wafer with a “+”, as shown in Figure 2.3.

Figure 2.3 Program Produced Resistivity vs. Doping Concentration Plot
with P- and N-type Lines
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2.1.3 Diffusion Calculation

Diffusion is governed by four main parameters: temperature, time, depth, and dopant

concentration. Three must be supplied by the user, then the program calculates the

other. The user is asked to specify which will be solved for via the interface prompt

shown in Figure 2.4:

Figure 2.4 User Interface for Diffusion Calculation With Example Inputs

The program then uses equations 2.7, 2.8, 2.9, and one of the diffusion coefficient

equations, 2.10 or 2.13, to determine the requested output[1, 2, 5]:

Dopant Concentration (atoms/cm3):

C = Cse
(−x2

4Dt
) (2.7)

where t is the time in seconds and D is the diffusion coefficient in cm2/s.

Surface Concentration (atoms/cm3):

Cs =
S√
πDt

(2.8)

Total amount of dopant per unit area (atoms/cm2):

S =
MNAtf
1000

(2.9)
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where M is the molarity of the spin-on dopant solution (mol/L), NA is Avogadro’s

number4, and tf is the thickness of the spin-on dopant solution (cm).

The program assumes the thickness of the spin-on dopant solution to be 1× 10−5

cm. This value is estimated based on observations of the viscosity of the photoresist

used by the BYU–Idaho research group during the photolithography process. The

photoresist solution has a film thickness of approximately 3×10−6 cm [8]. Although a

full analysis of the dopant solution thickness is not currently available for the research

group, this assumption for the spin-on dopant thickness is reasonable for this project.

In the future, the research group may develop a method to measure the thickness of

the dopant solution. At that time, the program can be modified to allow the user

to input the measured dopant solution film thickness instead of using the estimated

value currently programmed into the code. Improved precision in the spin-on dopant

thickness would reduce the uncertainty in the program’s dopant concentration cal-

culation. Until such measurements are available, the estimated thickness value of

1× 10−5 cm is used.

The diffusion coefficient, or diffusivity value, is dependent on the dopant type,

which is shown in equations 2.10 and 2.13[2].

Boron Diffusion Coefficient (cm2/s):

Dx = D0 +D+[
p

ni

] (2.10)

D0 = 0.037e−3.46/kT (2.11)

D+ = 0.76e−3.46/kT (2.12)

Phosphorus Diffusion Coefficient (cm2/s):

Dx = D0 +D=[
n

ni

]2 (2.13)

46.02214 × 1023 atoms/mol
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D0 = 3.85e−3.66/kT (2.14)

D+ = 44.2e−4.37/kT (2.15)

where p and n are the amounts of holes and electrons, respectively. For boron, since

p >> ni, p ≈ NA = C(x, t), the concentration of dopant atoms at depth, x. The

temperature dependent intrinsic carrier concentration of silicon in atoms/cm3, ni, is

shown in equation 2.16:

ni = 5.29× 1019 ∗ ( T

300
)2.54 ∗ e−6726/T (2.16)

where T is the temperature in kelvin.

Temperature:

To solve for the temperature during the drive-in process, the user provides the desired

diffusion time, diffusion depth, and the final dopant concentration of the wafer. With

these values entered, the program first calculates the total amount of dopant, S, using

equation 2.9 and the molarity input from the user.

The program then calculates the effective diffusivity from the Gaussian profile

found in equation 2.7 with equation 2.8 substituted in.

To calculate T in the diffusion coefficient, the program first solves forD in equation

2.7 using the Lambert W function.

The Lambert W function is a multi-valued function with infinitely many branches,

each branch providing a separate solution to u = wew [9, 10]. Two of these branches

produce real-valued solutions: the principal branch, k = 0, and the k = −1 branch.

The principal branch is valid for values u > −1/e, while the k = −1 branch applies

for −1/e < u < 0. All valid solutions in the program require that k = −1.

First, the program substitutes equation 2.8 into Equation 2.7, squares it, and then
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rearranges the expression to isolate D outside the exponential term.

D =
S2

C2πt
e(

−2x2

4Dt
) (2.17)

The value in the exponent is set equal to u and the program rearranges the expression

to isolate D. Then the program substitutes the expression into D in equation 2.17

and rearranges to isolate u.

u = (
−C2x2π

2S2
)e−u (2.18)

To account for the u in the exponent, the program applies the LambertW function,

which is the inverse function of ueu. In other words, W (u) satisfies the relationship

u = W (u)eW (u) for any complex number u. The Lambert W function is imported

from scipy . special .

u = W

(
−C2x2π

2S2

)
(2.19)

The program substitutes the u value back into the equation and solves for D.

−x2

2Dt
= W

(
−C2x2π

2S2

)
(2.20)

D =
−x2

2tW
(−C2x2π

2S2

) (2.21)

Next, the program solves for the baking temperature, T , using either equation

2.10 or 2.13 and their corresponding equations, which depend on the dopant agent.

With multiple equations, the program uses fsolve from scipy .optimize and an initial

guess of Tguess = 1273.15 K to find the actual temperature. The final result then

displays to the user in kelvin.
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Time:

The calculation of the diffusion time in the program follows a similar procedure to

the temperature calculation. In this case, the program calculates S the same way

and uses the Lambert W function to find D. The program begins with equation 2.7,

where u = −x2

2Dt
and t = −x2

2Du
are substituted, and the equation is rearranged to solve

for u:

u = (
−C2x2π

2S2
)e−u (2.22)

Here, u is similar to the value used in the temperature calculation, but t is now

the unknown variable instead of D.

The program then applies the Lambert W function to solve for the t in the expo-

nent:

u = W

(
−C2x2π

2S2

)
(2.23)

The code solves for t by substituting the value of u back into the equation and

rearranging it for t:

t =
−x2

2DW
(−C2x2π

2S2

) (2.24)

The baking time corresponding to the specified diffusion parameters then displays

to the user in seconds.

Diffusion Depth:

The diffusion depth calculation, x, during the drive-in process is much simpler. It

requires only simple algebra and does not require the Lambert W function, unlike the

temperature and time calculations.
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The program solves for x using equation 2.7. The remaining values are either

provided by the user or calculated by the program using equations 2.8, 2.9, and

equation 2.10 or 2.13, depending on the dopant agent.

x = 2
√

−Dt ln (C/Cs) (2.25)

The diffusion depth displays to the user in micrometers for convenience, although

the program initially calculates the depth in centimeters.

Dopant Concentration:

Lastly, the dopant concentration calculation, C, is straightforward. Using the temper-

ature, time, and depth parameters provided by the user, the program calculates the

dopant concentration using equations 2.7, 2.8, 2.9, and one of the diffusion coefficient

equations, 2.10 or 2.13. The value then displays to the user in atoms/cm3.

After the designated unknown variable is calculated and displayed, the program

generates a dopant concentration versus depth plot over time (Figure 2.5). The plot

indicates the final characteristics of the doped wafer and the various doping level

regions.

2.2 Experimental Work

The purpose of the experimental work was to fine tune the doping process and char-

acterization of a silicon wafer. This included developing a spin-on dopant solution,

testing an etchant for silicon dioxide, diffusing impurities into a silicon wafer, and

testing the wafer’s conductivity and diffusivity.
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Figure 2.5 Program Produced C(x, t) Plots for P- to N-type doping and N-
to P-type doping

2.2.1 Spin-On Dopant

To begin, a spin-on dopant needed to be made. Previously, the BYU-Idaho Semicon-

ductor Research team developed a spin-on dopant solution using a reflux condenser,

but the solution was too viscous. This was an issue because the solution would not

adhere to the silicon wafer when it was spun on. This time, when the solution was

prepared, the duration in the reflux condenser was altered. The solution required[11]:

• 1 mL tetraethyl orthosilicate (TEOS)
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• 1 mL deionized water

• 4 mL pure food grade ethanol (90% or better purity)

• 0.5 mL 85% phosphoric acid (H3PO4)

The solution had a shelf life of three months. For a full detailed explanation of the

reflux condenser procedure, refer to Appendix F.

Next, the molarity of the solution was calculated. It helps determine the amount of

impurities available for diffusion into a silicon wafer during the drive-in process, which

is required for the diffusion numerical model. The molarity is found by calculating

the moles of the dopant agent. In this experiment, it is phosphoric acid.

molH3PO4 =
VH3PO4 ∗ ρH3PO4 ∗ cH3PO4

MH3PO4

=
(0.5)(1.685)(0.85)

97.995
= 7.31× 10−3 (2.26)

where the volume of H3PO4, VH3PO4 , is in mL, the density, ρH3PO4 , is in g/mL at

25◦C, and the molecular weight, MH3PO4 , is g/mol. Finally, the mass of the dopant

agent is divided by the total volume of the solutions:

M =
molH3PO4

Vtotal

=
7.31× 10−3

6.5× 10−3
= 1.12 (2.27)

to calculate the molarity of the dopant agent in mol/L.

2.2.2 Drive-in Process

With the spin-on dopant prepared, the solution was ready to be spun onto a silicon

wafer (see Figure 2.6). The wafer used was a heavily doped, p-type silicon wafer,

manufactured by Waferpro. The original p-type wafer provides the positive charge

carriers needed for the MOSFET substrate. The dopant solution was applied to the

wafer by securing it in place on the center of a spin coater that was held in place with

a vacuum chuck. Before applying the solution, the spin coater was initially set at its
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lowest setting of 300 rpm. Using a pipette, 5 mL of the solution was applied to the

center of the wafer, slowly increasing the rotation rate to allow the solution to spread

to the edges.

Figure 2.6 Pre-deposition of Dopant Solution on a Silicon Wafer Diagram.
Reproduced from [2].

After the dopant solution was applied, the wafer was carefully removed from the

spin coater and placed on a preheated hotplate set at 500◦C for 20 minutes. This was

to help the diffusion process get a jump start before performing the baking process,

which took place two weeks later due to scheduling difficulties. Once we were ready

to drive the impurities deeper into the silicon wafer, we noticed that the outer ring of

the silicon wafer did not have the iridescence feature that the center did. This can be

seen in Figure 2.7. From this, we assumed that the dopant solution did not reach the

edge of the silicon wafer. We accounted for this in our characterization tests by only

measuring from the center of the wafer. In the same outer ring section, we noticed

that small crystallization had formed. This further supported our assumption that a

sufficient amount of dopant solution did not reach the edges of the wafer.

The drive-in process is essential because the extreme heat applied to the silicon

wafer enables the impurities to diffuse deeper into its crystal lattice. Using a Sen-

troTech horizontal furnace, the dopant-applied silicon wafer was heated to 1000◦C

for roughly 40-50 minutes in a quartz boat: 10 minute of heat up time, 10 minute

steady-temperature, and the remaining time for cool down in the oven until the oven
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Figure 2.7 Treated Wafer after Application of Spin-on Dopant Solution and
Before Impurity Drive-in Process

temperature reached 100◦C. To decrease the cool down time, we used two external

fans that blew towards the furnace tube from a reasonable distance, trying not to

cause any thermal shock to the quartz tube for slowing it down too quickly. Once

the furnace had cooled to 100◦C, the wafer was carefully removed and prepared for

characteristic tests.

2.2.3 Wafer Characterization

To verify that the phosphorus impurities diffused into the silicon wafer, several char-

acterization tests were performed on the wafer: the four-point probe, hot-point probe,

and resistance tests. Before the tests were performed, the wafer was etched with Ar-

mour Etch one more time to remove the phosphosilicate glass that had formed on

the surface of the wafer just after the drive-in process. The difference can be seen in

Figure 2.8.

Four-Point Probe Test

The four-point probe test was used to determine the bulk resistivity of diffused layers

in the silicon wafer. The resulting resistivity can then be used to determine the

impurity content [5, 12].
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Figure 2.8 Treated Wafer After Impurity Drive-In Process, then Treated
With Armour Etch to Remove SiO2.

The four-point probe contains four small probes that are applied to the surface

of the silicon wafer. The two outside probes are connected to an ammeter, allowing

current to flow through them and the wafer. The two interior probes are connected

to a voltmeter to measure the voltage drop across the inner part of the wafer (see

Figure 2.9). To accurately connect the bulk resistivity of the diffused layer to the

voltage drop and the current, the spreading current from the outside probe needs to

be accounted for, which was completed by Grove[5]:

ρ =
π

ln 2

V

I
xj = 4.532

V

I
xj (2.28)

The V is the voltage drop, I is the current, and xj is the depth of the junction.

This calculation is valid for materials whose depth is small compared to the spacing

between probes, s, and whose lateral dimensions are large. Due to lack of equipment,

we were not able to determine the depth of the junction, so we calculated the bulk

resistivity, changing xj to d, the thickness of the silicon wafer.

With the average resistivity calculated, the average dopant concentration in atoms/cm3

was determined by rearranging equation 2.3, if the mobility is known:

C =
1

qµρB
(2.29)

The dopant concentration can also be determined by looking at Figure 2.3.
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Figure 2.9 Four-Point Probe Diagram and Experimental Setup

Hot-Point Probe Test

The hot-point probe test is a quick method to determine whether the majority of

carriers in semiconductors are holes (p-type) or electrons (n-type). It can also verify

if all the oxide has been removed from the surface during the etching process.

To perform the test, a heated soldering iron was placed on or near the positive

probe of a handheld multimeter. The negative probe is kept separate from the heat

source. Both probes are placed on the surface of the wafer a few centimeters apart,

and the current is read. If the current reading is positive, then the material has

negative charge carriers, or electrons (n-type). If it’s negative, then there are positive

charge carriers, or holes (p-type). If there is no current reading, then either there is

no proper contact or an oxide is present, which is an insulator.

Resistance Test

The resistance test was a quick measurement of the resistance on the surface of

the silicon wafer. We used a handheld multimeter, touching the probes to different

locations on the surface of the wafer. This test verifies some type of change in the

surface resistance of the wafer.
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Results

3.1 Computational Results

The numerical model of dopant diffusion in semiconductors was completed. The re-

sults from the impurity calculation section were compared to the empirical plots by S.

M. Sze and M. K. Lee [1]. The plot generated by the program also matched the pub-

lished results for similar starting conditions, verifying that the impurity calculations

were accurate (see Figure 2.3).

Unlike the plot produced by Sze and Lee, the program-generated plot displays

the doping level regions. This makes it easier for the BYU–Idaho Semiconductor

Research group to verify the characterization of the initial wafer being analyzed.

Next, the diffusion process calculations were verified by inputting identical param-

eters while solving for different unknown variables. For example, if the user specified

that a silicon wafer was heated to 1000◦C for 1800 seconds and reached a depth of

1 micrometer, the program calculated the resulting dopant profile according to those

parameters.

To validate the program, the same parameters were tested again, but the pre-

25
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viously calculated value was treated as a known parameter and a different variable

was designated as the unknown. After cycling through each variable as the un-

known (temperature, time, depth, and dopant concentration), the calculated results

remained consistent. This confirmed that the diffusion calculations were internally

consistent and indicated that no computational errors were present in the program.

3.2 Experimental Results

Comparing the program’s diffusion calculations with experimental results requires

empirically doped silicon wafers. However, by the time the program and experimental

work were completed, a full comparison between the two was not possible within our

time frame. Thus, this analysis remains pending.

The experimental work introduced phosphorus impurities into an initially normal-

doped p-type 2” silicon wafer through impurity diffusion. Three tests were performed

on the treated wafer to determine the effectiveness of the doping and diffusion process

executed by the BYU-Idaho Semiconductor Research group. The results are listed in

Table 3.1. The reference wafer was an initially normal-doped (1-10 Ω·cm) p-type 2”

silicon wafer. The test wafer was a heavily doped (≤ 0.005 Ω·cm) p-type 2” silicon

wafer, with n-type spin-on dopant driven into it.

Test Reference Wafer Tested Wafer

Hot-Point Test: slight -V with firm contact ∼ 3 ± 1 mA

Four-Point Test: 0.2-0.005 mA and no V reading 18 ± 1 mA and 45 ± 5 mV

Resistance Test: ∼ 300 kΩ (unstable) 30 ± 1 Ω

Table 3.1 Silicon Wafer Characterization Test Results



3.2 Experimental Results 27

The hot-point probe test showed that the tested wafer was no longer p-type but

n-type due to the sign change in the voltage reading. The four-point probe test

determined the voltage and current passing through the silicon wafer. With these

results, the bulk resistivity (Ω ∗ cm)was calculated using equation 2.28, with the

wafer thickness, d, substituted in for xj:

ρB = (4.532
V

I
)d = (11.33Ω)(279× 10−4cm) = 0.316 (3.1)

This measurement showed a difference in the bulk resistance of the diffused layers.

This measurement indicated that impurities had diffused into the silicon wafer during

the drive-in process. Using this resistivity value, the final dopant concentration was

determined by looking at Figure 2.5. The dopant concentration obtained from the

figure and the bulk resistivity is roughly 1016 atoms/cm3, meaning it is normally

doped.

Lastly, the resistance test also indicated a change in resistance at the surface

compared to the reference wafer.

Even with the results listed, there were still many uncertainties and assumptions

made. During our measurement tests, we experienced very unstable readings. The

listed values in the table were either an average of the measured values (indicated by

“∼”), a range of values, or what was accurately measured to the best of our capabil-

ities. To add to that, the four-point probe that was used was student made. One of

the probes was not flush with the rest, making it difficult to get full contact without

damaging the wafer. Next, the tests for the reference wafer were not performed on

the same wafer that was doped due to a lack of foresight. To account for that, we

measured a similar wafer to the treated doped wafer in order to obtain some type of

comparison. Lastly, the large time gap between the drive-in and testing could have

affected the recorded results. Thus, more research and planning are needed to fully
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verify the doping process of a silicon wafer.

Overall, the computational and experimental work produced significant steps to-

wards solidifying the fabrication process of a functioning semiconductor. The com-

putational work produced accurate resistivity and dopant concentration plots. The

experimental work successfully doped a heavily doped p-type silicon wafer to a nor-

mally doped n-type. The computational and experimental work presented here is

only the beginning of future work for the BYU-Idaho Semiconductor Research group.



Chapter 4

Conclusion and Future Work

This project demonstrated the ability to model and execute the diffusion process in

a silicon wafer. The numerical model of dopant diffusion successfully calculates the

initial dopant concentration of a wafer and then its final state after the drive-in pro-

cess. The python program is adaptable, allowing the user to define which variable

to solve for during the drive-in process, whether that is temperature, time, depth,

or dopant concentration. This enables more versatility and estimation for future re-

search needs. The program was tested alongside the empirical work in Semiconductor

Devices: Physics and Technology by Sze and Lee, and aligns with their published

work[1].

The experimental work successfully diffused impurities into a silicon wafer, chang-

ing a heavily doped p-type wafer to a normally doped n-type. Thus resulting in a

diode junction. More silicon wafers need to be treated with the dopant solution to

ensure the accuracy of doping process. Furthermore, better techniques or instruments

are needed to improve characterization tests on silicon wafers. Overall, the performed

experimental work was a significant step towards fine-tuning the doping process and

eventually fabricating a MOSFET for the BYU-Idaho Semiconductor Research group.
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Appendix A

Main Code

Contained below is the code to the dopant diffusion program. It implements object-

oriented programming to make the program more versatile and easy to use.

This appendix contains the main file, which calls and executes the attached li-

braries and functions in order for the program to run. The other files each perform

a specific function for the program, whether that is user interface, creating plots, or

performing calculations. The accompanying files for dop main.py are:

• dop userinput.py, which contains majority of the text, inputs, and outputs be-

tween the user and the program.

• dop initialc .py calculates the initial concentration of silicon wafer.

• dop diffusion .py calculates the unknown variable from the user during the diffu-

sion process.

• dop plots.py creates plots from calculated results.

Further details about each file are found in their respective appendix.

################################################################

# F i l e Name : dop main . py

32
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# Desr ip t i on : The ”dop” c o l l e c t i o n o f f i l e s in tends to c r e a t e a

# user−f r i e n d l y s e t o f f i l e s used to c a l c u l a t e the d i f f u s i o n o f

# i m p u r i t i e s in a s i l i c o n wafer , the impurity

# concentrat ion , and c h a r a c t e r i z e the wafer ’ s e l e c t r i c a l

# p r o p e r t i e s .

#

# This i s the main f i l e that c a l l s other c l a s s e s to

# proper ly run the program . Other f i l e s i n c lude :

# − dop user input . py

# − d o p i n i t i a l c . py

# − d o p d i f f u s i o n . py

# − dop p lo t s . py

#

# Overview :

# − Import L i b r a r i e s and Cla s s e s

# − Def ine C la s s e s

# − User Inputs :

# − Wafer Input

# − D i f f u s i o n Agent Input

# − Impurity Ca l cu l a t i on in I n i t i a l Wafer

# − Plot R e s i s i v i t y vs . Dopant Concentrat ion Plot

# − User Inputes :

# − Known and Unknown Var iab l e s

# − D i f f u s i o n Ca l cu l a t i on

# − Plot Dopant Density vs . Depth at var i ous time i n t e r v a l s

#

# Author : Makel le Forson ( win22012@byui . edu )

# Date : 31 May 2025 ( Updated 28 March 2026)

###############################################################

# Import L i b r a r i e s and Cla s s e s #

from dop user input import UserInput # F i l e to c o l l e c t user
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inputs

from d o p i n i t i a l c import I n i t i a l C # F i l e f o r c a l c ’ ing

i n i t i a l dopant concent ra t i on

from d o p d i f f u s i o n import D i f f u s i o n # F i l e f o r c a l c u l a t i n g

d i f f u s i o n

from dop p lo t s import DopePlots # F i l e f o r p l o t s

# Def ine C la s s e s #

UI = UserInput ( )

#### User Inputs ####

# Wafer Input #

# dim ( i n t ) , whole ( boolean ) , e x t r i n ( boolean ) , type ( ) , rho ( f l o a t ) , d

( ) , d t o l ( )

dim , whole , ext r in , i n i t t y p e , rho , d , d t o l = UI . u s e r i n p u t w a f e r ( )

# D i f f u s t i o n Agent Input #

dop type , Mol , dop agent = UI . u s e r input dop agent ( ) # dop agent i s a

s t r i n g (” boron” or ” phosphorus ”)

# Calcu la te Impurity Concentraion in I n i t i a l Wafer #

INC = I n i t i a l C ( i n i t t y p e ) # I n i t i a l i z e v a r i a b l e s / inputs .

i n i t C = INC . est imateDoping ( rho ) # Perform the c a l c u l a t i o n and

s e t i t equal to i n i t c .

INC . p r i n t d o p c a l c ( i n i t C ) # Print r e s u l t s and i t s doping

l e v e l to user .

DP = DopePlots ( )

DP. p l o t r h o v s c o n c ( in i t C , rho ) # Plot s changing r e s i s t i v i t y vs
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dopant concent ra t i on

# D i f f u s i o n Input o f unknown and known v a r i a b l e s #

unknown , knowns = UI . u se r input d i f f unknown ( )

# D i f f u s i o n #

DF = D i f f u s i o n (Mol , dop agent , d , i n i t C ) # Needs mol , dop agent , wafer

th i cknes s , and i n i t a l dopant concent ra t i on inputs

i f unknown == 1 : # Unknown temp to c a l c u l a t e

T, S ,D = DF. ca lc temp ( knowns )

p r i n t ( f ”Temperature  = {T: . 2 f }  degree s  C” )

t = knowns [ 0 ] # Des i red Time from user

x = knowns [ 1 ] # Des i red depth from user in cm

C = knowns [ 2 ] # Des i red dopant concent ra t i on from user

e l i f unknown == 2 : # Unknown time to c a l c u l a t e

t , S ,D = DF. c a l c t i m e ( knowns )

p r i n t ( f ”Time  = { t : . 2 f }  seconds ,  or  { t / 6 0 : . 2 f }  minutes ” )

T = knowns [ 0 ] # Des i red Temperature from user in K

x = knowns [ 1 ] # Des i red depth from user in cm

C = knowns [ 2 ] # Des i red dopant concent ra t i on from user

e l i f unknown == 3 : # Unknown depth to c a l c u l a t e

x , S ,D = DF. ca l c depth ( knowns )

x = x∗1 e4 # convert to microns

p r i n t ( f ”Depth  = {x : . 4 f }  microns ” )

x = x∗1e−4 # convert back to cm

T = knowns [ 0 ] # Des i red Temperature from user in K

t = knowns [ 1 ] # Des i red time from user in s

C = knowns [ 2 ] # Des i red dopant concent ra t i on from user

e l s e : # Unknown Depth P r o f i l e to c a l c u l a t e
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C, S ,D = DF. c a l c d e p t h p r o f i l e ( knowns )

T = knowns [ 0 ] # Des i red Temperature from user in K

t = knowns [ 1 ] # Des i red time from user in s

x = knowns [ 2 ] # Des i red depth from user in cm

# Ca l cu l a t e s the f i n a l concent ra t i on o f the wafer , tak ing in to account

the

# i n i t i a l concent ra t i on o f i m p u r i t i e s . I t a l s o changes the type i f

needed .

C f , new type = DF. c a l c f i n a l C (C, i n i t t y p e )

p r i n t ( f ”\ n I n i t i a l  Concentrat ion  = { i n i t C : . 3 e}” )

p r i n t ( f ”New Concentrat ion  = {C: . 3 e}” )

p r i n t ( f ” F ina l  dopant  concent ra t i on  at  that  time  and  depth  i s  {C f : . 3 e}  

atoms/cmˆ3 ,  and  the  type  i s  {new type}” )

# Plot s Depth P r o f i l e vs Depth with var i ous time i n t e r v a l s #

# I t a l s o i n c l u d e s the i n i t i a l dopant concent ra t i on o f the wafer .

# That i s why S and D are inputs .

DP. p l o t C vs x (Mol , dop agent , d , in i t C ,T, t , x , C f , i n i t t y p e , new type )



Appendix B

User Input Code

This file’s main purpose is to contain the text, inputs, and (almost all) outputs

between the user and the program. This makes it easy to navigate the program in

order to find particular prompts or outputs. Then, each input that is received from

the user is directed back to the main file, dop main.py, to be used by other attached

files.

#

############################################################################

# F i l e Name : dop user input . py

# Desc r ip t i on : This f i l e i s a subpart o f dop main . py . I t ’ s purpose i s to

# i n t e r a c t with the user , whether by ask ing f o r data or outputt ing

c a l c u l a t e d

# r e s u l t s .

#

# Overview :

# − Import L i b r a r i e s and Cla s s e s

# − Functions :

# − cor dim : Correct Dimensions From the User
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# − whole wafer : Whole or Hal f Wafer

# − e x t r i n s i c : E x t r i n s i c s or I n t r i n s i c wafer

# − u s e r i n p u t w a f e r : I n i t i a l Condit ions o f Wafer

# − use r input dop agent : Doping Agent In format ion

# − u s e r i n p u t d i f f u s i o n : D i f f u s i o n Parameters

#

# Author : Makel le Forson ( win22012@byui . edu )

# Date : 21 May 2025 ( Updated 28 March 2026)

#

############################################################################

# Import Class #

from d o p d i f f u s i o n import D i f f u s i o n

import numpy as np

# Class Dec la ra t i on #

c l a s s UserInput :

############# Correct Dimensions ##################

# Function to check with user i f d imensions are c o r r e c t #

def cor dim ( s e l f , cordim , dim , whole ) :

i f whole == True : # New Dimensions f o r whole wafer

i f cordim in [ ” yes ” , ”y” ] :

r e turn dim

e l i f cordim in [ ”no” , ”n” ] :

dim = input ( ” Please  ente r  c o r r e c t  

diameter  ( i n che s ) :  ” )

re turn dim

e l s e :

p r i n t ( ”\n\ nInva l id  input .  P lease  answer  

’ yes ’  or  ’ no ’ .\ n\n” )
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e l s e :

i f cordim in [ ” yes ” , ”y” ] :

r e turn dim

e l i f cordim in [ ”no” , ”n” ] :

xdim = input ( ” Please  ente r  c o r r e c t  

d imensions .\ nx  dimension  (cm) :  ” )

ydim = input ( ”y  dimension  (cm) :  ” )

zdim = input ( ”z  dimension  (cm) :  ” )

dim = np . array ( [ xdim , ydim , zdim ] )

re turn dim

e l s e :

p r i n t ( ”\ nInva l id  input .  P lease  answer  ’

yes ’  or  ’ no ’ .\ n” )

############# Correct Dopant ##################

# Checks with user i f d i f f u s i o n agent i n f o i s c o r r e c t #

def cor dop agent ( s e l f , dop type , M) :

p r i n t ( f ”You  entered  the  type  as  {dop type }  and  i t s  

molar i ty  as  {M} . ” )

cor dop = input ( ” I s  that  c o r r e c t ?  ” ) . s t r i p ( ) . lower ( )

i f cor dop in [ ”y” , ” yes ” ] :

r e turn dop type , M

e l i f cor dop in [ ”n” , ”no” ] :

dop type = input ( ” I s  i t  a  ’N ’  or  ’P ’  type  

d i f f u s i o n  agent ?  ” )

M = f l o a t ( input ( ”What  i s  i t ’ s  molar i ty  ( mol/L) ?  

” ) )

re turn dop type , M

e l s e :
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pr in t ( ”\n\ nInva l id  input .  P lease  ente r  ’ yes ’  or  

’ no ’ .\ n\n” )

re turn s e l f . u s e r input dop agent ( )

############# Wafer Dimensions ##################

# Check i f wafer i s whole or p a r t i a l , a long with i t s dimensions

#

def whole wafer ( s e l f , whole ) :

i f whole in [ ” yes ” , ”y” ] :

whole = True

dim = input ( ”Diameter  o f  s i l i c o n  wafer  ( i n che s ) :

 ” )

re turn dim # outputs user entry as dim from

func t i on

e l i f whole in [ ”no” , ”n” ] :

whole = False

p r i n t ( ”Assuming  the  wafer  i s  square / rec tangu la r ,

 p l e a s e  prov ide  i t s  d imensions : ” )

xdim = input ( ”x  dimension  (cm) :  ” )

ydim = input ( ”y  dimension  (cm) :  ” )

zdim = input ( ”z  dimesnion  (cm) :  ” )

dim = np . array ( [ xdim , ydim , zdim ] ) # puts x

, y , z dimensions in array

return dim

e l s e :

p r i n t ( ”\n\n  I n v a l i d  input .  P lease  answer  ’ yes ’  

or  ’ no ’ .\ n\n” )

re turn s e l f . whole wafer ( input ( ” I s  the  wafer  

whole  (Y/N) :  ” ) . s t r i p ( ) . lower ( ) )

############# E x t r i n s i c / I n t r i n s i c ##################
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# Check i f the wafer i s e x t r i n s i c and determines i t s type #

def e x t r i n s i c ( s e l f , e x t r i n ) :

i f e x t r i n in [ ” yes ” , ”y” ] :

e x t r i n = True

type = input ( ”P or  N type  wafer ?  ” ) . s t r i p ( ) .

lower ( ) # . lower ( ) conver t s to lowercase

i f type in [ ”p” , ”p−type ” , ”p  type ” ] :

rho = f l o a t ( input ( ” Please  ente r  the  

r e s i s t i i t y  o f  the  wafer  (ohm∗cm)  at  

300  K:  ” ) ) # R e s i s t i v i t y from

user (ohm∗cm)

return ”p” , rho

e l s e :

rho = f l o a t ( input ( ” Please  ente r  the  

r e s i s t i v i t y  o f  the  wafer  (ohm∗cm)  at

 300  K:  ” ) ) # R e s i s t i v i t y from

user (ohm∗cm)

return ”n” , rho

e l i f e x t r i n in [ ”no” , ”n” ] :

e x t r i n = False

rho = 2 .3 e5 # i n t r i n s i c wafer r e s i s t i v i t y

from Sze (ohm∗cm)

return ” i n t r i n s i c ” , rho

e l s e :

p r i n t ( ”\n\ nInva l id  input .  P lease  answer  ’ yes ’  or

 ’ no ’ .\ n\n” )

re turn s e l f . e x t r i n s i c ( input ( ” E x t r i n s i c  wafer ?  ” )

. s t r i p ( ) . lower ( ) )

############# I n i t i a l Condit ions ##################

# Wafer I n i t i a l Condit ions from user#
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de f u s e r i n p u t w a f e r ( s e l f ) :

p r i n t ( ” Please  ente r  data  about  wafer : ” )

whole = input ( ” I s  the  wafer  whole ?  (Y/N) :  ” ) . s t r i p ( ) .

lower ( )

dim = s e l f . whole wafer ( whole )

# func t i on r e tu rn s dimensions as one value ( whole

wafer ) or an array ( p a r t i a l wafer )

p r i n t ( ”The  wafer  d imensions  are :  ” , dim )

# Pr int s dimensions

cordim = input ( ” I s  that  c o r r e c t ?  ” )

dim = s e l f . cor dim ( cordim , dim , whole )

# Function to change data i f needed

e x t r i n = input ( ” E x t r i n s i c  wafer ?  ” ) . s t r i p ( ) . lower ( )

# . s t r i p ( ) removes l e ad ing and t r a i l i n g c h a r a c t e r s

from a s t r i n g ( l i k e whitespace )

type , rho = s e l f . e x t r i n s i c ( e x t r i n )

# Function r e tu rn s dopant type and i t s

r e s i s t i v i t y (ohm∗cm)

d = f l o a t ( input ( ” Thickness  o f  wafer  ( microns ) :  ” ) ) ∗

10∗∗(−4) # convert to cm

d t o l = f l o a t ( input ( ” Thickness  t o l e r a n c e  ( microns ) :  ” ) )

∗ 10∗∗(−4) # convert to cm

pr in t ( ”\nThank  you  f o r  your  input .\n” )

re turn dim , whole , ext r in , type , rho , d , d t o l # return

statement so we can s t o r e the va lue s g iven by the

user .

############# Doping Agent ##################

# Doping Agent in fo rmat ion from user #
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de f u s e r input dop agent ( s e l f ) :

dop type = input ( ”What  type  o f  d i f f u s i o n  agent  are  you  

using ,  ’N ’  or  ’P ’  type ?  ” ) . s t r i p ( ) . lower ( )

# From user , get the molar i ty o f impurity element

depending on type .

i f dop type in [ ”p” , ”p−type ” , ”p  type ” , ”ptype” ] :

M = f l o a t ( input ( ”For  p−type  d i f f u s i o n  ( boron  

i m p u r i t i e s ) ,  what  i s  the  molar i ty  o f  boron  

in  the  d i f f u s i o n  agent  ( mol/L) ?  ” ) )

dop type , M = s e l f . co r dop agent ( dop type , M)

# Function to check with user i f i n f o i s

c o r r e c t

e l i f dop type in [ ”n” , ”n−type ” , ”n  type ” , ”ntype” ] :

M = f l o a t ( input ( ”For  n−type  d i f f u s i o n  (

phosphorous  i m p u r i t i e s ) ,  what  i s  the  

molar i ty  o f  phosphorus  in  the  d i f f u s i o n  

agent  ( mol/L) ?  ” ) )

dop type , M = s e l f . co r dop agent ( dop type , M)

# Function to check i f i n f o i s c o r r e c t with

user

e l s e :

p r i n t ( ”\n\ nInva l id  input .  P lease  ente r  ’n ’  or  ’p

’ .\ n\n” )

re turn s e l f . u s e r input dop agent ( )

i f dop type in [ ”p” , ”p−type ” , ”p  type ” , ”ptype” ] :

dop agent = ”boron”

e l s e :

dop agent = ” phosphorus ”

p r in t ( ”\nThank  you  f o r  your  input .\n” )
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re turn dop type , M, dop agent # return d i f f u s i o n agent

type and i t s molar i ty

############# D i f f u s i o n Parameters ##################

# D i f f u s i o n parameters from user #

def u s e r input d i f f unknown ( s e l f ) :

# Spec i f y p o s s i b l e known/unknown v a r i a b l e s to user

p r i n t ( ”To  c h a r a c t e r i z e  the  d i f f u s i o n  process ,  the re  are  

f our  c r u c i a l  \

v a r i a b l e s  to  c on s id e r :  baking  temperature  (T, degree  C) ,  time  ( t , s ) ,  \

d i f f u s i o n  depth  (x , microns ) ,  and  dopant  concent ra t i on  (C,  \

atoms/cmˆ3) .  One  w i l l  be  the  unknown  v a r i a b l e . ” )

p r i n t ( ”To  s p e c i f y  the  unknown  v a r i a b l e  to  so lve ,  p l e a s e  

i n d i c a t e  with  \

the  f o l l o w i n g  number : ” )

p r i n t ( ” temperature  = 1” )

p r i n t ( ” time  = 2” )

p r i n t ( ” d i f f u s i o n  depth  = 3” )

p r i n t ( ”dopant  concent ra t i on  = 4” )

# Ask user what to s o l v e f o r .

unknown = f l o a t ( input ( ”Which  v a r i a b l e  i s  the  unknown?  ” )

)

# Now get other known v a r i a b l e s from user .

p r i n t ( ”\nThank  you .  P lease  prov ide  i n f o  f o r  the  known  

v a r i a b l e s .\n” )

i f unknown == 1 : # Unknown Temperature

t = s e l f . g e t t ime ( ) # seconds

depth = s e l f . get depth ( ) # cm

C = s e l f . get C ( ) # atoms/cmˆ3

knowns = np . array ( [ t , depth ,C] )
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re turn unknown , knowns

e l i f unknown == 2 : # Unknown Time

T = s e l f . get temp ( )

depth = s e l f . get depth ( )

C = s e l f . get C ( )

knowns = np . array ( [T, depth ,C] )

re turn unknown , knowns

e l i f unknown == 3 : # Unknown Depth ( x )

T = s e l f . get temp ( )

t = s e l f . g e t t ime ( )

C = s e l f . get C ( )

knowns = np . array ( [T, t ,C] )

re turn unknown , knowns

e l s e : # Unkown Concentrat ion

T= s e l f . get temp ( )

t = s e l f . g e t t ime ( )

depth = s e l f . get depth ( )

knowns = np . array ( [T, t , depth ] )

re turn unknown , knowns

############# Temperature Input ##################

# Get Temperature from User #

# Function i s c a l l in d i f f u s i o n f i l e

de f get temp ( s e l f ) :

T = f l o a t ( input ( ”Temperature  wafer  i s  baked  at  (C) :  ” ) )

T += 273.15 # Convert to Kelvin

re turn T

############# Depth Input ##################

# Get Time from User #

# Funciton i s c a l l e d in d i f f u s i o n f i l e
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de f ge t t ime ( s e l f ) :

t = f l o a t ( input ( ”Time  wafer  w i l l  be  baked  ( s ) :  ” ) )

re turn t

############# Depth Input ##################

# Get Depth from User #

# Function i s c a l l e d in d i f f u s i o n f i l e

de f get depth ( s e l f ) :

x = f l o a t ( input ( ” Des i red  depth  o f  dopant  ( microns ) :  ” ) )

x = x∗10∗∗−4 # Convert microns to cm

return x

############# Dopant Concentrat ion Input ##################

# Get Concentrat ion from User #

# Function i s c a l l e d in d i f f u s i o n f i l e

de f get C ( s e l f ) :

C = f l o a t ( input ( ”What  i s  the  d e s i r e d  dopant  

concent ra t i on  ( atoms/cmˆ3) ?  P lease  g ive  input  in  ’1

e14 ’  format :  ” ) )

re turn C



Appendix C

Initial Concentration Code

The dop initialc .py file is focused on calculating the initial dopant concentration of

the silicon wafer. It takes values from the main file, dop main.py, calculates the result,

then directly outputs the result to the user.

#

############################################################################

# F i l e Name : d o p i n i t i a l c . py

# Desc r ip t i on : This f i l e i s a subset o f the dop main . py f i l e . I t takes

the

# r e s i s t i v i t y o f the o r i g i n a l wafer , whether i n s t r i n i c or e x t r i n s i c , and

# c a l c u l a t e s the dopant l e v e l .

#

# Overview :

# − Import L i b r a r i e s and d e f i n e c l a s s

# − I n i t i a l Condit ions

# − Car r i e r Type Determination

# − Ca lu l a t i on s :

# − Mobi l i ty

# − R e s i s t i i t y

47
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# − Doping

# − Output Result to User

#

# Author : Makel le Forson ( win22012@byui . edu )

# Date : 31 May 2025 ( Updated 28 March 2026)

# Resources :

# − ” Car r i e r M o b i l i t i e s in S i l i c o n Empi r i ca l l y Related to Doping and

Fie ld , ”

# D. M. Caughey and R. E. Thomas

#

############################################################################

# Import L i b r a r i e s #

import numpy as np

from sc ipy . opt imize import r o o t s c a l a r

c l a s s I n i t i a l C :

# I n i t i a l Condit ions #

def i n i t ( s e l f , wa fe r type ) :

s e l f . type = wafer type . lower ( ) # ” i n t r i n s i c ” , ”n” ,

or ”p”

s e l f . q = 1 .6 e−19 # C

s e l f .T = 300 # K

s e l f . n i = 1 .45 e10 # c m ( Sze &

Lee Appendix G value at 300 K)

# n i va lue a l s o matches

Mis iakos ’ 1993 work

.

# Mobi l i ty va lue s f o r i n t r i n s i c s i l i c o n ( from Sze & Lee )

i f s e l f . type == ” i n t r i n s i c ” :
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s e l f . mu n = 1450.0 # e l e c t r o n s (

c m / V s )

s e l f . mu p = 505 .0 # ho l e s (

c m / V s )

e l i f s e l f . type == ”n” : # n−type background

( e l e c t r o n s dominant )

s e l f . mu max , s e l f . mu min , s e l f . alpha , s e l f . N re f

= 1330 , 65 , 0 . 72 , 8 . 5 e16

e l s e : # p−type background

( ho l e s dominant )

s e l f . mu max , s e l f . mu min , s e l f . alpha , s e l f . N re f

= 495 , 47 . 7 , 0 . 76 , 6 . 3 e16

# E x t r i n s i c Mobi l i ty #

def mu calc ( s e l f , N) :

i f s e l f . type == ” i n t r i n s i c ” :

r e turn None # not used f o r i n t r i n s i c

mu = s e l f . mu min + ( s e l f . mu max − s e l f . mu min) / (1 + (N

/ s e l f . N re f ) ∗∗ s e l f . a lpha )

re turn mu

# R e s i s t i v i t y #

def r h o c a l c ( s e l f , N net ) :

”””N net  = net  doping  = n  −  p  ( p o s i t i v e  = n−type  

background ) ”””

i f s e l f . type == ” i n t r i n s i c ” :

# Ful l two−c a r r i e r formula f o r near− i n t r i n s i c

mate r i a l

n = ( N net + np . s q r t ( N net ∗∗2 + 4∗ s e l f . n i ∗∗2) )

/ 2 # e l e c t r o n s

p = s e l f . n i ∗∗2 / n # h o l e s s
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sigma = s e l f . q ∗ (n ∗ s e l f . mu n + p ∗ s e l f . mu p)

# conduc t i v i ty

rho = 1 .0 / sigma

e l s e :

# E x t r i n s i c − Caughey−Thomas Empir ica l

Ca l cu l a t i on

mu = s e l f . mu calc ( abs ( N net ) )

rho = 1 .0 / ( s e l f . q ∗ mu ∗ abs ( N net ) )

re turn rho # re tu rn s r e s i s t i v i t y (ohm∗cm)

# Root−Finding #

def root ( s e l f , N net ) :

r e turn s e l f . r h o c a l c ( N net ) − s e l f . r h o t a r g e t

de f est imateDoping ( s e l f , r h o t a r g e t ) :

s e l f . r h o t a r g e t = r h o t a r g e t

i f s e l f . type == ” i n t r i n s i c ” :

# Ca lcu la te the EXACT t h e o r e t i c a l i n t r i n s i c

r e s i s t i v i t y from the model

r h o i = 1 .0 / ( s e l f . q ∗ s e l f . n i ∗ ( s e l f . mu n +

s e l f . mu p) )

#pr in t ( f ”DEBUG: Theo r e t i c a l i n t r i n s i c = {

r h o i : . 1 e} ohm cm ”)

#pr in t ( f ”DEBUG: User entered = { r h o t a r g e t : . 1

e} ohm cm ”)

# I f the u s e r s measured rho i s c l o s e to

i n t r i n s i c , r e turn zero net doping
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i f abs ( r h o t a r g e t − r h o i ) < 10000 : # generous

10 ,000 t o l e r a n c e

re turn 0 .0 # net doping i s ze ro

# Otherwise t r e a t i t as very l i g h t l y doped

bracket = [−1e16 , 1 e16 ]

e l s e :

bracket = [ 1 e11 , 1 e22 ]

f a = s e l f . root ( bracket [ 0 ] )

fb = s e l f . root ( bracket [ 1 ] )

i f f a ∗ fb > 0 :

r a i s e ValueError (

f ” Function  does  not  change  s i gn  over  

bracket  [{ bracket [ 0 ] : . 1 e } ,  { bracket

[ 1 ] : . 1 e } ] .  ”

f ” f ( a )  = { f a : . 2 e } ,  f (b )  = { fb : . 2 e } .  ”

f ”Check  your  measured  r e s i s t i v i t y  (

entered  { r h o t a r g e t : . 1 e}  ohm cm ) . ” )

r e s u l t = r o o t s c a l a r ( s e l f . root , bracket=bracket , method=

” brentq ” , x t o l=1e−12)

i f r e s u l t . converged :

dop conc = abs ( r e s u l t . root )

re turn dop conc

e l s e :

r a i s e RuntimeError ( ”Root  f i n d i n g  did  not  

converge . ” )
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# Print #

def p r i n t d o p c a l c ( s e l f , dop conc ) :

i f s e l f . type == ” i n t r i n s i c ” :

l e v e l = ” i n t r i n s i c  ( very  l i g h t l y  doped ) ”

p r in t ( f ”The  wafer  i s  i n t r i n s i c  at  { s e l f .T}  K.\n”

f ” Estimated  net  doping  = {dop conc : . 3 e}  

atoms/ c m  ”

f ” ( e s s e n t i a l l y  ze ro  f o r  p r a c t i c a l  

purposes ) .\n” )

re turn

# E x t r i n s i c ca s e s

i f dop conc < 1 e14 :

l e v e l = ” i n t r i n s i c l y  doped”

e l i f dop conc < 1 e16 :

l e v e l = ” l i g h t l y  doped”

e l i f dop conc < 1 e18 :

l e v e l = ” normally  doped”

e l i f dop conc < 1 e20 :

l e v e l = ” heav i l y  doped”

e l s e :

l e v e l = ” degene ra t e ly  doped”

pr in t ( f ”The  est imated  doping  concent ra t i on  at  { s e l f .T}  K

 i s  {dop conc : . 3 e}  atoms/ c m  ”

f ” ({ s e l f . type}−type  background )   wafer  i s  {

l e v e l } .\n” )



Appendix D

Diffusion Code

This code contains majority of the program’s calculations. The equations used in this

code came from Sze’s work[1].

#####################################################################

# F i l e Name : d o p d i f f u s i o n . py

# Desc r ip t i on : This f i l e i s part o f dop main . py that c a l c u l a t e s the

# unkown v a r i a b l e from the user during the d i f f u s i o n proce s s . This

# unknown v a r i a l b e could be temperature , time , depth , or dopant

# concent ra t i on . The r e s u l t i s returned to the user .

#

# Overview :

# − Import L i b r a r i e s and Def ine Class

# − Checks Dopant Agent Used

# − C a l c u l a t i o n s :

# − I n i t i a l Sur face Concentrat ion

# − Dopant Atoms per Area

# − D i f f u s i v i t y

# − Temperature

# − Time

# − Depth

53
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# − Dopant Concentrat ion

#

# Author : Makel le Forson ( win22012@byui . edu )

# Date : 10 June 2025 ( Updated 3 Apr i l 2026)

# Resources : ” Semiconductor Devices : Phys ics and Technology , ” by S . M.

Sze and M. K. Lee

#####################################################################

# Import L i b r a r i e s #

import numpy as np

from matp lo t l i b import pyplot as p l t

from sc ipy . cons tant s import N A, e , k # avogadro , e lementary charge ,

boltzmann ( J/K)

from sc ipy . s p e c i a l import lambertw # Used to c a l c T and t

from sc ipy . opt imize import f s o l v e # Used to c a l c T

c l a s s D i f f u s i o n :

# I n i t i a l Condit ions #

def i n i t ( s e l f , mol , dop agent , d , i n i t C ) :

s e l f . mol = mol # Molar i ty from user (

mol/L)

s e l f . dop agent = dop agent # dopant agent from user

( s t r i n g )

s e l f . d = d # wafer t h i c k n e s s (cm)

s e l f . f i l m t h i c k = 1e−5 # Average f i l m t h i c k n e s s

f o r spin−on dopant (cm)

s e l f . depth l im = s e l f . d # d i f f u s i o n depth l i m i t

(cm)

s e l f . k = 8.617 e−5 # Boltzmann constant (eV

/K)

s e l f . i n i t C = i n i t C # i n i t i a l Concentrat ion

from user ( atoms/cmˆ3)
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# Arrays #

s e l f . depth = np . array ( [ ] ) # (cm)

s e l f . time = np . array ( [ ] ) # ( s )

### Don ’ t need t h i s func t i on anymore ###

# Function to check the dopant agent and a s s i g n the c o r r e c t D 0

and E a

# f o r d i f f u s i o n through s i l i c o n d iox ide ( SiO2 ) .

# de f check agent ( s e l f ) :

# i f s e l f . dop agent == ”boron ” :

# D 0 = 3e−4 # Boron D i f f u s i o n

c o e f f i c i e n t at i n f i n i t e temp . (cmˆ2/ s )

# E a = 3.53 # Act ivat ion energy f o r

boron (eV)

#

# e l s e :

# D 0 = 0.19 # Phos . D i f f u s i o n c o e f f

at i n f i n i t e temp (cmˆ2/ s ) .

# E a = 4.03 # Act ivat ion energy f o r

phosphorus (eV)

#

# return D 0 , E a

# I n i t i a l Sur face Concentrat ion Ca l cu l a t i on ( atoms/cmˆ3) #

def C S ca l c ( s e l f , S ,D, t ) :

C S = S / np . s q r t (np . p i ∗ D ∗ t )

re turn C S # Tested and i t works !

# Dopant atoms per area c a l c u l a t i o n ( atoms/cmˆ2) #

def S c a l c ( s e l f ) :



56

S = s e l f . mol ∗ N A ∗ s e l f . f i l m t h i c k / 1000 #

Ca l cu l a t e s the ’ dose ’ ( atoms/cmˆ2)

re turn S # Tested and i t works ! !

# Ca lcu la te the D i f f u s i v i t y ( Fair model ) − uses LOCAL

concent ra t i on

de f D calc ( s e l f , T, l o c a l p ) :

””” l o c a l p  = l o c a l  dopant  concent ra t i on  C(x , t )  in  atoms/

c m

                ( For  a n a l y t i c a l  s o l u t i o n s  we  use  C S  as  the  

r e p r e s e n t a t i v e  va lue ) ”””

s e l f . n i = 5 .29 e19 ∗ (T/300) ∗∗2 .54 ∗ np . exp(−6726/T)

i f s e l f . dop agent == ”boron” :

D0 = 0.037 ∗ np . exp ( −3.46 / ( s e l f . k ∗ T) )

Dplus = 0.76 ∗ np . exp ( −3.46 / ( s e l f . k ∗ T) )

D = D0 + Dplus ∗ ( l o c a l p / s e l f . n i )

e l s e : # phosphorus

D0 = 3.85 ∗ np . exp ( −3.66 / ( s e l f . k ∗ T) )

Dmm = 44.2 ∗ np . exp ( −4.37 / ( s e l f . k ∗ T) )

D = D0 + Dmm ∗ ( l o c a l p / s e l f . n i ) ∗∗2

return D

# Temperature Ca l cu l a t i on #

def ca lc temp ( s e l f , knowns ) :

t = knowns [ 0 ] # time ( s )

x = knowns [ 1 ] # depth (cm)

C = knowns [ 2 ] # t a r g e t concent ra t i on at (x , t ) (

atoms/ c m )
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S = s e l f . S c a l c ( ) # dose ( atoms/ c m )

# Compute e f f e c t i v e d i f f u s i v i t y D e f f from the Gaussian

p r o f i l e

u = (−C∗∗2 ∗ x∗∗2 ∗ np . p i ) / (2 ∗ S∗∗2)

# Safeguard : clamp u so i t s tay s i n s i d e the r e a l domain

o f W {−1}

u min = −1.0 / np . e

i f u < u min :

p r i n t ( f ”WARNING:  u  = {u : . 3 e}  i s  below  −1/e .  ”

f ” Requested  (x , t ,C)  i s  p h y s i c a l l y  

impos s ib l e  f o r  t h i s  dose . ” )

u = u min ∗ 0.999999 # t iny nudge so Lambert W

s t i l l works

w = lambertw (u , k=−1) . r e a l # . r e a l f o r c e s r e a l

output

D e f f = −x∗∗2 / (2 ∗ t ∗ w) # now guaranteed

r e a l

# Solve f o r T such that D model (T, l o c a l concent ra t i on =

C) == D e f f

de f D model (T) :

p r i n t ( f ” In  D model ,  s e l f . dop agent  i s  { s e l f .

dop agent }” )

n i = 5 .29 e19 ∗ (T/300) ∗∗2 .54 ∗ np . exp(−6726/T)

i f s e l f . dop agent == ”boron” :

D0 = 0.037 ∗ np . exp ( −3.46 / ( s e l f . k ∗

T) )
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Dplus = 0.76 ∗ np . exp ( −3.46 / ( s e l f . k ∗

T) )

return D0 + Dplus ∗ (C / ni ) # use

l o c a l C, not S !

e l s e : # phosphorus

D0 = 3.85 ∗ np . exp ( −3.66 / ( s e l f . k ∗ T)

)

Dmm = 44.2 ∗ np . exp ( −4.37 / ( s e l f . k ∗ T)

)

return D0 + Dmm ∗ (C / ni ) ∗∗2

de f o b j e c t i v e (T) :

r e turn D model (T) − D e f f

# Solve

T guess = 1273 .0 # 1000 C good s t a r t i n g po int

T so l = f s o l v e ( ob j e c t i v e , T guess , x t o l=1e−10) [ 0 ]

r e turn T sol , S , D e f f

# Time Ca l cu l a t i on

de f c a l c t i m e ( s e l f , knowns ) :

T = knowns [ 0 ] # temp (K)

x = knowns [ 1 ] # depth (cm)

C = knowns [ 2 ] # t a r g e t concent ra t i on at (x , t ) ( atoms/

c m )

S = s e l f . S c a l c ( )

# F i r s t get approximate s u r f a c e concent ra t i on us ing a

dummy D
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dummy D = 1e−12

C S = s e l f . C S ca l c (S , dummy D, 1 . 0 ) # dummy time=1 s

# Now compute r e a l D us ing s u r f a c e concent ra t i on as

r e p r e s e n t a t i v e l o c a l p

D = s e l f . D calc (T, C S )

# Re−c a l c u l a t e r e a l C S with c o r r e c t D

C S = s e l f . C S ca l c (S , D, 1 . 0 ) # s t i l l dummy time f o r

C S

u = (−np . p i ∗ C∗∗2 ∗ x∗∗2) / (2 ∗ S∗∗2)

w = lambertw (u , k=1) . r e a l

t = −x∗∗2 / (2 ∗ D ∗ w)

return t , S , D

# Depth Ca l cu l a t i on

de f ca l c depth ( s e l f , knowns ) :

T = knowns [ 0 ] # temp (K)

t = knowns [ 1 ] # time ( s )

C = knowns [ 2 ] # t a r g e t concent ra t i on at (x , t ) ( atoms/

c m )

S = s e l f . S c a l c ( )

# F i r s t get approximate s u r f a c e concent ra t i on

dummy D = 1e−12

C S = s e l f . C S ca l c (S , dummy D, t )

# Now compute r e a l D us ing s u r f a c e concent ra t i on
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D = s e l f . D calc (T, C S )

# Re−c a l c u l a t e r e a l C S with c o r r e c t D

C S = s e l f . C S ca l c (S , D, t )

x = 2 ∗ (−D ∗ t ∗ np . l og (C / C S ) ) ∗∗(1/2)

re turn x , S , D # re tu rns x in cm

# Dopant Concentrat ion Ca l cu l a t i on

de f c a l c d e p t h p r o f i l e ( s e l f , knowns ) :

T = knowns [ 0 ] # Temp (K)

t = knowns [ 1 ] # time ( s )

x = knowns [ 2 ] # depth (cm)

S = s e l f . S c a l c ( )

# F i r s t get approximate s u r f a c e concent ra t i on

dummy D = 1e−12

C S = s e l f . C S ca l c (S , dummy D, t )

# Now compute r e a l D us ing s u r f a c e concent ra t i on

D = s e l f . D calc (T, C S )

# Re−c a l c u l a t e r e a l C S with c o r r e c t D

C S = s e l f . C S ca l c (S , D, t )

s e l f .C = C S ∗ np . exp(−x∗∗2 / (4 ∗ D ∗ t ) )

re turn s e l f .C, S , D # ( atoms/ c m )

de f c a l c f i n a l C ( s e l f ,C, i n i t t y p e ) :
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# Fina l Concentrat ion Ca l cu l a t i on

# I f type and doping agent are the same

pr in t ( f ”Dope  agent  i s  { s e l f . dop agent }” )

i f s e l f . dop agent == ” phosphorus ” :

dop agent type = ”n”

e l s e : # boron

dop agent type = ”p”

#pr in t ( f ”The dop agent type i s { dop agent type }”)

i f i n i t t y p e == dop agent type :

C f = s e l f . i n i t C + C

new type = i n i t t y p e

# I f wafer was i n t r i n s i c

e l i f i n i t t y p e == ” i n t r i n s i c ” :

C f = C

new type = dop agent type

#pr in t ( f ”Thus the new type i s {new type }”)

# I f type and doping agent are d i f f e r e n t

e l s e :

#pr in t ( f ”The i n i t i a l dopant and new dopant have

d i f f e r e n t types . I n i t i a l type = { i n i t t y p e

}”)

C f = s e l f . i n i t C − C

# I f s i gn change , then i t a l s o chang4es what

type o f doping i s

# predominant .

i f C f < 0 :

i f i n i t t y p e == ”n” :

new type = ”p”

e l s e :
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new type = ”n”

e l s e :

new type = i n i t t y p e

#pr in t ( f ”The new type i s {new type } . ” )

re turn abs ( C f ) , new type



Appendix E

Plotting Code

The last file in the dopant diffusion program produces plots based on the values

collected and calculated.

################################################################

# F i l e Name : dop p lo t s . py

# Desc r ip t i on : This f i l e goes with the dop main . py f i l e . I t

# conta in s code to p l o t va r i ous p l o t s f o r the d i f f u s i n g

# c a l c u l a t i o n s .

#

# Overview :

# − I n i t i a l Condit ions

# − Dopant Concentrat ion (C) vs Depth ( x )

# − R e s i s t i v i t y ( rho ) vs Dopant Concentrat ion (C)

#

# Author : Makel le Forson

# Date : 7 July 2025 ( Updated 8 Apr i l 2026)

################################################################

# L i b r a r i e s #

import numpy as np

from matp lo t l i b import pyplot as p l t
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from d o p i n i t i a l c import I n i t i a l C

from d o p d i f f u s i o n import D i f f u s i o n

c l a s s DopePlots :

# I n i t i a l Condit ions #

def i n i t ( s e l f ) :

pass

# Plot Depth P r o f i l e (C) vs depth at var i ous t imes #

def p l o t C vs x ( s e l f , mol , dop agent , d , in i t C ,T, t , x , C f , i n i t t y p e ,

new type ) :

# x from dop main i s in cm

DF = D i f f u s i o n ( mol , dop agent , d , i n i t C )

S = DF. S c a l c ( ) # atoms per area (cmˆ−2)

D = DF. D calc (T, S) # D i f f u s i v i t y (cmˆ2/ s )

time = [ . 1 , 60 , 225 , 450 , 900 , 1800 , 3600 , 7200 ] # time (

s )

depth range = np . l i n s p a c e (0 ,1 ,1000) # Goes to a

depth o f 1 microns ( microns )

i n i t C = [ i n i t C ]∗ l en ( depth range ) #

I n i t i a l dopant concent ra t i on t imes l ength o f depth

range f o r p l o t t i n g

p l t . f i g u r e ( )

# Loop through depth range with d i f f e r e n t times ,

c a l c u l a t i n g depth p r o f i l e

f o r t in time :

C S = DF. C S ca l c (S ,D, t )
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C = C S ∗ np . exp(−( depth range ∗1e−4)∗∗2 / 4 / D

/ t )

# Plot depth in microns

p l t . p l o t ( depth range ,C, l a b e l = f ” t  = { t / 6 0 : . 2 f }

 minutes ” )

p l t . p l o t ( depth range , in i t C , ”−−” , l a b e l = f ” I n i t i a l  

Concentration ,  type :  { i n i t t y p e }” )

# p l t . p l o t ( x∗1e4 , C f , ”+”, l a b e l = f ” Fina l Concentration ,

type : {new type }”) # x (cm) was converted to microns f o r

p l o t t i n g

p l t . t i t l e ( f ”Dopant  Density  at  {T: . 0 f }  K” )

p l t . x l a b e l ( ”Depth  ( microns ) ” )

p l t . y l a b e l ( ”Dopant  Density  ( atoms/cmˆ3) ” )

# p l t . xl im ( [ np . min ( depth range ) , np . max( depth range ) ] )

p l t . yl im ( [ 1 e12 ,2∗1 e23 ] )

p l t . l egend ( )

p l t . g r id ( True , which = ”both” , l s = ”−” , alpha = . 6 5 )

p l t . y s c a l e ( ” l og ” )

# Hor i zonta l Shading f o r Doping Leve l s #

p l t . axhspan (0 ,1∗10 e13 , c o l o r = ” orch id ” , alpha = . 2 ,

l a b e l = ” I n t r i n s i c ” ) #

I n t r i n s i c

p l t . axhspan (1∗10 e13 ,1∗10 e15 , c o l o r = ” darkorch id ” , alpha

= . 2 , l a b e l = ” Light  Doping” ) # Light

Doping

p l t . axhspan (1∗10 e15 ,1∗10 e17 , c o l o r = ” d a r k s l a t e b l u e ” ,

alpha = . 2 , l a b e l = ”Normal  Doping” ) # Normal

Doping

p l t . axhspan (1∗10 e17 ,1∗10 e19 , c o l o r = ” blue ” , alpha = . 2 ,

l a b e l = ”Heavy  Doping” ) # Heavy
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Doping

p l t . axhspan (1∗10 e19 ,10 e29 , c o l o r = ” darkblue ” , alpha =

. 2 , l a b e l = ” Degenerate  Doping” ) # Degenerate Doping

p l t . show ( )

# Plot R e s i s t i v i t y vs Dopant Concentrat ion f o r P and N type

Dopings #

# This corresponds to the d o p h a l l e f f e c t . py f i l e where i t l ook s

at the wafer be f o r e being doped

de f p l o t r h o v s c o n c ( s e l f , i n i t c o n c , i n i t r h o ) :

# r e s i s t i v i t y va lue s are based o f f o f p l o t in Bro John ’ s

book

rho va lue s = np . l og space ( −3 ,4 ,200) # .001 to 10000

ohm∗cm ( log s c a l e )

p l t . f i g u r e ( )

f o r dop type in [ ”p” , ”n” ] : # Cycle through

both types o f dopant

dop conc = [ ] # dopant

concent ra t i on with each rho

f o r rho in rho va lue s :

INC = I n i t i a l C ( dop type )

t ry :

N = INC . est imateDoping ( rho )

dop conc . append (N)

except Exception as e :

dop conc . append (np . nan )

# sk ip va lue s that f a i l to

converge
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dop conc = np . array ( dop conc )

p l t . l o g l o g ( dop conc , rho va lues , l a b e l = f ”{

dop type}−type  s i l i c o n ” )

# Plo t t i ng D e t a i l s

p l t . p l o t ( i n i t c o n c , i n i t r h o , ’+ ’ , l a b e l = ” I n i t i a l  Wafer” )

# Wafer ’ s i n i t i a l r e s i s t i v i t y

p l t . x l a b e l ( ”Dopant  Concentraion  ( atoms/cmˆ3) ” )

p l t . y l a b e l ( ” R e s i s t i v i t y  (ohm∗cm) ” )

p l t . t i t l e ( ” R e s i s t i v i t y  vs  Doping  Concentrat ion  at  300  K”

)

p l t . g r id ( True , which = ”both” , l s = ”−” , alpha = . 6 5 )

p l t . xl im (10 e10 ,5∗10 e19 )

# V e r t i c a l shading to show doping l e v e l s

p l t . axvspan (0 ,1∗10 e13 , c o l o r = ” orch id ” , alpha = . 2 ,

l a b e l = ” I n t r i n s i c ” ) # I n t r i n s i c

p l t . axvspan (1∗10 e13 ,1∗10 e15 , c o l o r = ” darkorch id ” , alpha

= . 2 , l a b e l = ” Light  Doping” ) # Light Doping

p l t . axvspan (1∗10 e15 ,1∗10 e17 , c o l o r = ” d a r k s l a t e b l u e ” ,

alpha = . 2 , l a b e l = ”Normal  Doping” ) # Normal

Doping

p l t . axvspan (1∗10 e17 ,1∗10 e19 , c o l o r = ” blue ” , alpha = . 2 ,

l a b e l = ”Heavy  Doping” ) # Heavy Doping

p l t . axvspan (1∗10 e19 ,5∗10 e19 , c o l o r = ” darkblue ” , alpha =

. 2 , l a b e l = ” Degenerate  Doping” ) # Degenerate

Doping

p l t . l egend ( )

p l t . show ( )



Appendix F

Spin-On Dopant SOP

This Standard Operating Procedure (SOP) provides details, safety considerations,

equipment, and the method needed to procure n-type spin-on dopant solution. This

solution is needed to dope a silicon wafer through diffusion.
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