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Start Date ___________________________________ 

 

 

Starting Material 

Orientation: _______________ 

Dopant: _______________ 

Resistivity: _______________ Ω•cm 

Diameter: _______________ inch 

Thickness: _______________ µm 

Lot Identification: _______________ 

 

Wafer Count 

Device wafers: _______________ 

Test wafers: _______________  
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1. Field Oxide  Date ______________ Name____________________ 

 

Oxidize all device wafers, TW1, TW2, TW3. 

 

Standard Clean Use plastic tweezers after cleaning wafers 

 SC-1: 15 minutes at 80°C 

 2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 

 Cascade rinse: 5 minutes 

 HF dip: 15 seconds in 50:1 HF 

 Cascade rinse: 1 minute 

 SC-2: 15 minutes at 80°C 

 3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 

 Cascade rinse: 3 minutes 

 Spin rinse/dry 

 

Wet Oxidation Use plastic tweezers 

 Push: Ambient: 0.3 slpm dry N2  

 Temperature: 800°C 

 Rate: 1 inch every 15 seconds 

 Ramp up: Ambient: 0.3 slpm dry N2 

 Final temperature: __________°C 

 Elapsed time: __________ 

 Bubbler on: Temperature: __________°C 

 Bubbler N2: 200 sccm—switch to vent 

 Oxidation: Ambient: 200 sccm bubbler N2 — switch to tube  

 Temperature: __________°C 

 Time: __________ 

 Bubbler off: Power: off 

  Bubbler N2: off — switch to vent 

 Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800°C 

 Elapsed time: __________ 

 Pull: Ambient: 0.3 slpm dry N2 

 Temperature: 800°C 

 Rate: 1 inch every 15 seconds 

 

Measure oxide thickness      TW1 ____________________________________. 

        TW2 ____________________________________. 

        TW3 ____________________________________.  
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2. pattern for p-well   Date ____________  Name____________________ 

 

Use CMOS mask level 1 

 

Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW1 only 

for etch rate calibration.  Do not etch TW2 or TW3 

 

Pattern Photoresist Use metal tweezers 

 Spin HMDS: 4000 rpm for 40 seconds 

 Spin photoresist: _____________ photoresist: __________rpm for __________seconds 

 Prebake: __________°C  for ____________minutes 

 Expose: __________seconds 

 Develop: MIF-300 developer for __________seconds 

 Cascade rinse: 3 minutes 

 Dry: 

 Inspect: 

 Postbake: __________°C  for ____________minutes 

 

SiO2 Etch & Photoresist Strip Use metal tweezers 

 BOE: __________ minutes 

 Cascade rinse: 3 minutes 

 Acetone #1: 3 minutes 

 Acetone #2: 3 minutes 

 Methanol: 1 minute 

 Cascade rinse: 3 minutes 

 Spin rinse/dry: 
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3. Boron deposition for pwell   Date __________ Name _____________   
 
Deposit boron on all device wafers and on TW1.  Do the standard clean on TW2 and TW3, but 
do not put them into the furnace. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80°C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80°C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Boron Deposition Use plastic tweezers 
!  Push Ambient: 0.3 slpm dry N2    

  Temperature: 850°C 
  Rate: 1 inch every 15 seconds 
!  Recovery Ambient: 1 lpm N2 + 1 lpm O2 

  Temperature: 850°C 
  Time: 20 minutes 
!  Source Ambient: 1 lpm N2 + 1 lpm O2 + 40 sccm H2 
  Temperature: 850°C 
  Time: 2 minutes 
!  Soak Ambient: 2 lpm N2  
  Temperature: __________°C 
  Time: __________ 
!  Pull Ambient: 2 lpm N2 

  Temperature: 850°C 
  Rate: 1 inch every 15 seconds  
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
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!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
 
!  Oxidation: Ambient: ÐÐÐÐÐÐÐÐÐÐ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Drive: Ambient: __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800¡C 
  Elapsed time: __________ 
 
!  Pull: Ambient: 0.3 slpm dry N2 

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
 
 
Measure oxide thickness     TW1 ____________________________________. 
 
        TW2 ____________________________________. 
 
        TW3 ____________________________________.  
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5. pattern for  PMOS source/drain Date ____________  Name________________ 
 
Use CMOS mask level 2 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW2 only 
for etch rate calibration.  Do not etch TW1 or TW3 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
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6. Boron dep. for PMOS source/drain   Date __________ Name _____________   
 
Deposit boron on all device wafers and on TW2.  Do the standard clean on TW1 and TW3, but 
do not put them into the furnace. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Boron Deposition Use plastic tweezers 
!  Push Ambient: 0.3 slpm dry N2    

  Temperature: 850¡C 
  Rate: 1 inch every 15 seconds 
!  Recovery Ambient: 1 lpm N2 + 1 lpm O2 

  Temperature: 850¡C 
  Time: 20 minutes 
!  Source Ambient: 1 lpm N2 + 1 lpm O2 + 40 sccm H2 

  Temperature: 850¡C 
  Time: 2 minutes 
!  Soak Ambient: 2 lpm N2  
  Temperature: __________¡C 
  Time: __________ 
!  Pull Ambient: 2 lpm N2 

  Temperature: 850¡C 
  Rate: 1 inch every 15 seconds  
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
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!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
 
!  Oxidation: Ambient __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Drive: Ambient: __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800¡C 
  Elapsed time: __________ 
 
!  Pull: Ambient: 0.3 slpm dry N2 

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
 
 
Measure oxide thickness     TW1 ____________________________________. 
 
        TW2 ____________________________________. 
 
        TW3 ____________________________________.  
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8. pattern for NMOS source/drain   Date ____________  Name________________ 
 
Use CMOS mask level 3 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW1 only 
for etch rate calibration.  Do not etch TW2 or TW3 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
 
Measure sheet resistance: TW1 ____________________________________. 
 
 

a

TW1 TW2 TW3 CMOS device  
 
 

 NSF Laboratory Ð CMOS 70 process traveler 

 12 January 2009 
 
 

 
9. Phosphorus deposition   Date ___________  Name____________________ 
 
Deposit phosphorus glass on all device wafers and TW1.  Clean TW2 and TW3, but do not 
include them in the deposition. 
 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Phosphorus Deposition Use plastic tweezers 
 
!  Push: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Rate: 0.5 inch every 1 second 
!  Source: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Time: __________ minutes 
!  Pull: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Rate: 1 inch every 2 seconds 
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
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Measure oxide thickness     TW1 _______________________________. 
 
 
        TW2 _______________________________. 
 
 
        TW3 _______________________________. 
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11. Pattern for gate oxide   Date ____________  Name____________________ 
 
Use CMOS mask 4. 
 
Pattern and etch all device wafers.  Do not do not any lithograph on the test wafers.  Use TW3 
only for etch rate calibration.  Do not etch TW1 or TW2. 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
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12. Gate oxide   Date ____________  Name____________________ 
Oxidize all device wafers and all test wafers. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Dry Oxidation Use plastic tweezers 
!  Push: Ambient: 0.3 slpm dry N2    

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
!  Drive: Ambient: 1 slpm O2    

  Temperature: __________¡C 
  Time: __________ 
!  Ramp down: Ambient: 0.3 slpm dry N2 

  Final temperature: 800¡C 
  Elapsed time: __________ 
!  Pull: Ambient: 0.3 slpm dry N2    

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
Measure oxide thickness      TW1 _______________________________. 
        TW2 _______________________________. 
        TW3 _______________________________.   
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13. Pattern for contact vias   Date ____________  Name____________________ 
 
CMOS mask 5. 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW2only 
for etch rate calibration.  Do not etch TW1 or TW3. 
 
Pattern Photoresist  Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
Measure sheet resistance: TW2 ____________________________________. 
 
Also, etch all oxide off TW1.  
Measure sheet resistance.:  TW1_____________________________. 
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14. Contact Metallization   Date ____________  Name___________________ 
 
Deposit metal on all device wafers.  Do not metallize the test wafers. 
 
Metal can be deposited with no prior treatment.  However, a 15-second dip in the dilute HF bath 
(part of the standard clean process) can be included to remove any residual oxides that may be in 
the contact areas. 
 
 
Metallization Use metal tweezers 
 
!  system used: ____________________ 
!  metal deposited: aluminum 
!  total thickness: ____________________ 
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15. Metal contact pattern   Date ____________  Name____________________ 
 
CMOS mask 6. 
 
Pattern and etch metal on all device wafers.  Do not do any lithography on the test wafers. 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
Aluminum etch & Photoresist Strip Use metal tweezers 
!  PAN etch: 40 ml H3PO4 + 40 ml CH3COOH + 10 ml HNO3 + 10 ml H2O  

  room temperature 
!  etch time __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
Sintering Use metal tweezers 
!  Push: Ambient: 1 lpm dry N2    

  Temperature: ____________ 
  Rate: 1 inch per second 
!  Sinter: Ambient: 1 lpm dry N2 

  Temperature: ____________ 
  Elapsed time: ____________ 
!  Pull: Ambient: 1 lpm dry N2    

  Temperature: ____________ 
  Rate: 1 inch per second 
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Readings
Callister 10e:  18.11, 18.15 (P-N Junction Only)

Suggested Practice Problems
Callister 10e:  Ch. 18: 24, 25, 26, 27, 28, 29, 30



Study Guide

Understand how the intrinsic conductivity of semiconductors and insulators varies from 
metals in terms of a conduction mechanism.

Understand how changes of temperature in ßuence the conductivity of insulators and 
semiconductors (how/why does this differ from metals ?).

Know how to identify a III-V compound semiconductor given some compound names / 
chemical formulas.

Know which elements tend to be acceptor dopants and donor dopants for elemental group  
IV semiconductors.

Know the difference between intrinsic and extrinsic semiconductivity.
Does extrinsic conductivity replace / substitute for intrinsic conductivity?

Understand how to calculate extrinsic conductivity, given a dopant identity & concentration 
and the appropriate carrier mobility.

What is the applicable mobility for electrons?  For holes?

Know the anatomy of a basic P-N junction.
Be able to identify forward bias vs reverse bias.
What happens physically for forward bias?  Reverse Bias?
Know the characteristic I-V curve for a P-N junction.



Formation of Energy Bands 

s

to the highest filled state at 0 K is called the Fermi energy Ef, as indicated. This en-
ergy band structure is typified by some metals, in particular those that have a single
s valence electron (e.g., copper). Each copper atom has one 4s electron; however,
for a solid composed of N atoms, the 4s band is capable of accommodating 2N elec-
trons. Thus only half the available electron positions within this 4s band are filled.

For the second band structure, also found in metals (Figure 18.4b), there is an
overlap of an empty band and a filled band. Magnesium has this band structure.
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Figure 18.3 (a) The conventional representation of the electron energy band structure
for a solid material at the equilibrium interatomic separation. (b) Electron energy 
versus interatomic separation for an aggregate of atoms, illustrating how the energy 
band structure at the equilibrium separation in (a) is generated. (From Z. D. Jastrzebski,
The Nature and Properties of Engineering Materials,3rd edition. Copyright © 1987 by
John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)
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Figure 18.4 The various possible electron band structures in solids at 0 K. (a) The
electron band structure found in metals such as copper, in which there are available
electron states above and adjacent to filled states, in the same band. (b) The electron 
band structure of metals such as magnesium, wherein there is an overlap of filled and
empty outer bands. (c) The electron band structure characteristic of insulators; the 
filled valence band is separated from the empty conduction band by a relatively large
band gap (! 2 eV). (d) The electron band structure found in the semiconductors, which 
is the same as for insulators except that the band gap is relatively narrow (" 2 eV).
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Conduction Band

Valence Band

Band Gap

Most of the time, we are concerned with 
only the valence and conduction bands 
and the band gap between them. 

Again, these simpli Þed schematics 
represent the band structure for the 
equilibrium interatomic spacing at 0K. 

In other words, we have not allowed for
the possibility of ionized atoms yet, 
which changes the diagrams slightly 
(and their meaning).

Band Diagrams describe the distribution of 
electron energies  in a material, not the 
necessarily spatial distribution (locations)  of 
electrons.



Partially Þlled valence
band  allows for electrons 
to be easily excited to 
higher energies. 

The conductivity of metals 
is high:

to the highest filled state at 0 K is called the Fermi energy Ef, as indicated. This en-
ergy band structure is typified by some metals, in particular those that have a single
s valence electron (e.g., copper). Each copper atom has one 4s electron; however,
for a solid composed of N atoms, the 4s band is capable of accommodating 2N elec-
trons. Thus only half the available electron positions within this 4s band are filled.

For the second band structure, also found in metals (Figure 18.4b), there is an
overlap of an empty band and a filled band. Magnesium has this band structure.
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Figure 18.3 (a) The conventional representation of the electron energy band structure
for a solid material at the equilibrium interatomic separation. (b) Electron energy 
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Figure 18.4 The various possible electron band structures in solids at 0 K. (a) The
electron band structure found in metals such as copper, in which there are available
electron states above and adjacent to filled states, in the same band. (b) The electron 
band structure of metals such as magnesium, wherein there is an overlap of filled and
empty outer bands. (c) The electron band structure characteristic of insulators; the 
filled valence band is separated from the empty conduction band by a relatively large
band gap (! 2 eV). (d) The electron band structure found in the semiconductors, which 
is the same as for insulators except that the band gap is relatively narrow (" 2 eV).
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Metal

to the highest filled state at 0 K is called the Fermi energy Ef, as indicated. This en-
ergy band structure is typified by some metals, in particular those that have a single
s valence electron (e.g., copper). Each copper atom has one 4s electron; however,
for a solid composed of N atoms, the 4s band is capable of accommodating 2N elec-
trons. Thus only half the available electron positions within this 4s band are filled.

For the second band structure, also found in metals (Figure 18.4b), there is an
overlap of an empty band and a filled band. Magnesium has this band structure.
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versus interatomic separation for an aggregate of atoms, illustrating how the energy 
band structure at the equilibrium separation in (a) is generated. (From Z. D. Jastrzebski,
The Nature and Properties of Engineering Materials,3rd edition. Copyright © 1987 by
John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)

Empty
conduction

band

Band gap

Filled
valence
band

(d)

Empty
conduction

band

Band gap

Filled
valence
band

(c)

Empty
band

Ef

Ef
Filled
band

(b)

Empty
band

Band gap

Empty states

Filled states

(a)

Figure 18.4 The various possible electron band structures in solids at 0 K. (a) The
electron band structure found in metals such as copper, in which there are available
electron states above and adjacent to filled states, in the same band. (b) The electron 
band structure of metals such as magnesium, wherein there is an overlap of filled and
empty outer bands. (c) The electron band structure characteristic of insulators; the 
filled valence band is separated from the empty conduction band by a relatively large
band gap (! 2 eV). (d) The electron band structure found in the semiconductors, which 
is the same as for insulators except that the band gap is relatively narrow (" 2 eV).
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Intrinsic
Semiconductor Insulator

to the highest filled state at 0 K is called the Fermi energy Ef, as indicated. This en-
ergy band structure is typified by some metals, in particular those that have a single
s valence electron (e.g., copper). Each copper atom has one 4s electron; however,
for a solid composed of N atoms, the 4s band is capable of accommodating 2N elec-
trons. Thus only half the available electron positions within this 4s band are filled.

For the second band structure, also found in metals (Figure 18.4b), there is an
overlap of an empty band and a filled band. Magnesium has this band structure.
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Figure 18.4 The various possible electron band structures in solids at 0 K. (a) The
electron band structure found in metals such as copper, in which there are available
electron states above and adjacent to filled states, in the same band. (b) The electron 
band structure of metals such as magnesium, wherein there is an overlap of filled and
empty outer bands. (c) The electron band structure characteristic of insulators; the 
filled valence band is separated from the empty conduction band by a relatively large
band gap (! 2 eV). (d) The electron band structure found in the semiconductors, which 
is the same as for insulators except that the band gap is relatively narrow (" 2 eV).
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Band Diagrams - Summary

Filled valence band. 
Small band gap (< 2 eV).

Mediocre conductors without 
special impurity additions 
(e.g. doping).

Filled valence band. 
Large band gap (> 2 eV).

Very poor conductors without 
special impurity additions 
(doping).
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Each isolated Mg atom has two 3s electrons. However, when a solid is formed, the
3s and 3p bands overlap. In this instance and at 0 K, the Fermi energy is taken as
that energy below which, for N atoms,N states are filled, two electrons per state.

The final two band structures are similar; one band (the valence band) that is
completely filled with electrons is separated from an empty conduction band, and
an energy band gaplies between them. For very pure materials, electrons may not
have energies within this gap. The difference between the two band structures lies
in the magnitude of the energy gap; for materials that are insulators, the band gap
is relatively wide (Figure 18.4c), whereas for semiconductors it is narrow (Fig-
ure 18.4d). The Fermi energy for these two band structures lies within the band
gapÑnear its center.

18.6 CONDUCTION IN TERMS OF BAND AND
ATOMIC BONDING MODELS

At this point in the discussion, it is vital that another concept be understoodÑ
namely, that only electrons with energies greater than the Fermi energy may be
acted on and accelerated in the presence of an electric field.These are the electrons
that participate in the conduction process, which are termed free electrons.Another
charged electronic entity called a hole is found in semiconductors and insulators.
Holes have energies less than Ef and also participate in electronic conduction. As
the ensuing discussion reveals, the electrical conductivity is a direct function of the
numbers of free electrons and holes. In addition, the distinction between conduc-
tors and nonconductors (insulators and semiconductors) lies in the numbers of these
free electron and hole charge carriers.

Metals
For an electron to become free, it must be excited or promoted into one of the
empty and available energy states above Ef. For metals having either of the band
structures shown in Figures 18.4a and 18.4b, there are vacant energy states adjacent
to the highest filled state at Ef. Thus, very little energy is required to promote elec-
trons into the low-lying empty states, as shown in Figure 18.5. Generally, the energy
provided by an electric field is sufficient to excite large numbers of electrons into
these conducting states.

For the metallic bonding model discussed in Section 2.6, it was assumed that
all the valence electrons have freedom of motion and form an electron gas,which
is uniformly distributed throughout the lattice of ion cores. Although these elec-
trons are not locally bound to any particular atom, nevertheless, they must experi-
ence some excitation to become conducting electrons that are truly free. Thus,
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Metals
An abundance of easily accessible  and empty  energy states exist due to a partially Þlled valence band .

Each isolated Mg atom has two 3s electrons. However, when a solid is formed, the
3s and 3p bands overlap. In this instance and at 0 K, the Fermi energy is taken as
that energy below which, for N atoms,N states are filled, two electrons per state.

The final two band structures are similar; one band (the valence band) that is
completely filled with electrons is separated from an empty conduction band, and
an energy band gaplies between them. For very pure materials, electrons may not
have energies within this gap. The difference between the two band structures lies
in the magnitude of the energy gap; for materials that are insulators, the band gap
is relatively wide (Figure 18.4c), whereas for semiconductors it is narrow (Fig-
ure 18.4d). The Fermi energy for these two band structures lies within the band
gapÑnear its center.

18.6 CONDUCTION IN TERMS OF BAND AND
ATOMIC BONDING MODELS

At this point in the discussion, it is vital that another concept be understoodÑ
namely, that only electrons with energies greater than the Fermi energy may be
acted on and accelerated in the presence of an electric field.These are the electrons
that participate in the conduction process, which are termed free electrons.Another
charged electronic entity called a hole is found in semiconductors and insulators.
Holes have energies less than Ef and also participate in electronic conduction. As
the ensuing discussion reveals, the electrical conductivity is a direct function of the
numbers of free electrons and holes. In addition, the distinction between conduc-
tors and nonconductors (insulators and semiconductors) lies in the numbers of these
free electron and hole charge carriers.

Metals
For an electron to become free, it must be excited or promoted into one of the
empty and available energy states above Ef. For metals having either of the band
structures shown in Figures 18.4a and 18.4b, there are vacant energy states adjacent
to the highest filled state at Ef. Thus, very little energy is required to promote elec-
trons into the low-lying empty states, as shown in Figure 18.5. Generally, the energy
provided by an electric field is sufficient to excite large numbers of electrons into
these conducting states.

For the metallic bonding model discussed in Section 2.6, it was assumed that
all the valence electrons have freedom of motion and form an electron gas,which
is uniformly distributed throughout the lattice of ion cores. Although these elec-
trons are not locally bound to any particular atom, nevertheless, they must experi-
ence some excitation to become conducting electrons that are truly free. Thus,
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Electrons can be excited by:
Heat 
Electric Field 
Magnetic Field 
Radiation (optical and higher energies) 
…

The abundance of energy states for free 
electrons results in metals being excellent 
conductors of  electricity (and heat).

The conductivity of simple metals is given 
by the classical Drude model: ! = neµe

T = 0 K
Unperturbed Metal

T > 0 K

~10-23 eV
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Figure 18.11 Electron bonding model of
electrical conduction in intrinsic silicon:
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excitation (the subsequent free-electron and
hole motions in response to an external
electric field).

!"#$%&'()*%&('%+,'&-./0122%-34&3-+22&567289228:;<2'76

18.10 Intrinsic Semiconduction ¥ 735

Si Si Si Si

Si Si Si Si

Si Si Si Si

(a)

Si Si Si Si

Si Si

Hole

Si

Free electron

!  Field

Si

Si Si Si Si

(b)

Si Si Si Si

Free electron

!  Field

Si Si Si

Hole

Si

Si Si Si Si

(c)

Figure 18.11 Electron bonding model of
electrical conduction in intrinsic silicon:
(a) before excitation, (b) and (c) after
excitation (the subsequent free-electron and
hole motions in response to an external
electric field).

!"#$%&'()*%&('%+,'&-./0122%-34&3-+22&567289228:;<2'76

18.10 Intrinsic Semiconduction ¥ 735

Si Si Si Si

Si Si Si Si

Si Si Si Si

(a)

Si Si Si Si

Si Si

Hole

Si

Free electron

!  Field

Si

Si Si Si Si

(b)

Si Si Si Si

Free electron

!  Field

Si Si Si

Hole

Si

Si Si Si Si

(c)

Figure 18.11 Electron bonding model of
electrical conduction in intrinsic silicon:
(a) before excitation, (b) and (c) after
excitation (the subsequent free-electron and
hole motions in response to an external
electric field).

!"#$%&'()*%&('%+,'&-./0122%-34&3-+22&567289228:;<2'76

Semiconductors and Insulators - Intrinsic Conduction
Both feature a Þlled valence band, so excitation requires a much larger energy change 
compared to metals because electrons must be promoted across the band gap.

although only a fraction are excited, this still gives rise to a relatively large number
of free electrons and, consequently, a high conductivity.

Insulators and Semiconductors
For insulators and semiconductors, empty states adjacent to the top of the filled va-
lence band are not available.To become free, therefore, electrons must be promoted
across the energy band gap and into empty states at the bottom of the conduction
band. This is possible only by supplying to an electron the difference in energy be-
tween these two states, which is approximately equal to the band gap energy Eg.
This excitation process is demonstrated in Figure 18.6.1 For many materials this
band gap is several electron volts wide. Most often the excitation energy is from a
nonelectrical source such as heat or light, usually the former.

The number of electrons excited thermally (by heat energy) into the conduc-
tion band depends on the energy band gap width as well as temperature. At a given
temperature, the larger the Eg, the lower the probability that a valence electron will
be promoted into an energy state within the conduction band; this results in fewer
conduction electrons. In other words, the larger the band gap, the lower the elec-
trical conductivity at a given temperature. Thus, the distinction between semicon-
ductors and insulators lies in the width of the band gap; for semiconductors it is
narrow, whereas for insulating materials it is relatively wide.

Increasing the temperature of either a semiconductor or an insulator results in
an increase in the thermal energy that is available for electron excitation.Thus, more
electrons are promoted into the conduction band, which gives rise to an enhanced
conductivity.

The conductivity of insulators and semiconductors may also be viewed from the
perspective of atomic bonding models discussed in Section 2.6. For electrically in-
sulating materials, interatomic bonding is ionic or strongly covalent. Thus, the va-
lence electrons are tightly bound to or shared with the individual atoms. In other
words, these electrons are highly localized and are not in any sense free to wander
throughout the crystal.The bonding in semiconductors is covalent (or predominantly
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1 The magnitudes of the band gap energy and the energies between adjacent levels in both
the valence and conduction bands of Figure 18.6 are not to scale. Whereas the band gap
energy is on the order of an electron volt, these levels are separated by energies on the 
order of 10! 10 eV.
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T = 0 K
Unperturbed Si

T > 0 K
Ionized Si

For every electron that is 
promoted to the conduction 
band, one hole (empty state) is 
left behind in the valence band.

This is called intrinsic conduction.

Eg = 1.1 eV
         300 K

~10-23 eV At a given temperature, an 
equilibrium number of free 
electrons will be generated 
due to thermally broken bonds 
(covalent bonds for Si).
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Semiconductors and Insulators - Intrinsic Conduction
Both feature a Þlled valence band, so excitation requires a much larger energy change 
compared to metals because electrons must be promoted across the band gap.

n = p = ni

! = nie(µe + µh)

although only a fraction are excited, this still gives rise to a relatively large number
of free electrons and, consequently, a high conductivity.

Insulators and Semiconductors
For insulators and semiconductors, empty states adjacent to the top of the filled va-
lence band are not available.To become free, therefore, electrons must be promoted
across the energy band gap and into empty states at the bottom of the conduction
band. This is possible only by supplying to an electron the difference in energy be-
tween these two states, which is approximately equal to the band gap energy Eg.
This excitation process is demonstrated in Figure 18.6.1 For many materials this
band gap is several electron volts wide. Most often the excitation energy is from a
nonelectrical source such as heat or light, usually the former.

The number of electrons excited thermally (by heat energy) into the conduc-
tion band depends on the energy band gap width as well as temperature. At a given
temperature, the larger the Eg, the lower the probability that a valence electron will
be promoted into an energy state within the conduction band; this results in fewer
conduction electrons. In other words, the larger the band gap, the lower the elec-
trical conductivity at a given temperature. Thus, the distinction between semicon-
ductors and insulators lies in the width of the band gap; for semiconductors it is
narrow, whereas for insulating materials it is relatively wide.

Increasing the temperature of either a semiconductor or an insulator results in
an increase in the thermal energy that is available for electron excitation.Thus, more
electrons are promoted into the conduction band, which gives rise to an enhanced
conductivity.

The conductivity of insulators and semiconductors may also be viewed from the
perspective of atomic bonding models discussed in Section 2.6. For electrically in-
sulating materials, interatomic bonding is ionic or strongly covalent. Thus, the va-
lence electrons are tightly bound to or shared with the individual atoms. In other
words, these electrons are highly localized and are not in any sense free to wander
throughout the crystal.The bonding in semiconductors is covalent (or predominantly
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energy is on the order of an electron volt, these levels are separated by energies on the 
order of 10! 10 eV.
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Inßuence of Temperature (and Bandgap for semiconductors)

Concept Check 18.5

Will Zn act as a donor or acceptor when added to the compound semiconductor
GaAs? Why? (Assume that Zn is a substitutional impurity.)

[The answer may be found at www.wiley.com/college/callister(Student Companion Site).]

18.12 THE TEMPERATURE DEPENDENCE OF
CARRIER CONCENTRATION

Figure 18.16 plots the logarithm of the intrinsic carrier concentration ni versus tem-
perature for both silicon and germanium.A couple of features of this plot are worth
noting. First, the concentrations of electrons and holes increase with temperature
because, with rising temperature, more thermal energy is available to excite elec-
trons from the valence to the conduction band (per Figure 18.6b). In addition, at
all temperatures, carrier concentration in Ge is greater than for Si.This effect is due
to germaniumÕs smaller band gap (0.67 versus 1.11 eV, Table 18.3); thus, for Ge, at
any given temperature more electrons will be excited across its band gap.

On the other hand, the carrier concentrationÐtemperature behavior for an ex-
trinsic semiconductor is much different. For example, electron concentration versus
temperature for silicon that has been doped with 1021 m! 3 phosphorus atoms is plot-
ted in Figure 18.17. [For comparison, the dashed curve shown is for intrinsic Si
(taken from Figure 18.16)].6 Noted on the extrinsic curve are three regions. At
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6 Note that the shapes of the ÒSiÓ curve of Figure 18.16 and the ÒniÓ curve of Figure 18.17
are not the same even though identical parameters are plotted in both cases. This disparity
is due to the scaling of the plot axes: temperature (i.e., horizontal) axes for both plots are
scaled linearly; however, the carrier concentration axis of Figure 18.16 is logarithmic,
whereas this same axis of Figure 18.17 is linear.
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ni

~1029
n does not vary much with T 
Since it is very high to begin
with, signi Þcant changes are
dif Þcult to induce. 

ni  for Silicon at room temperature.~1016

ni  for Germanium at room temperature.~1019

ni, Ge (T)  > ni, Si  (T) 

Eg, Ge (T)  < Eg, Si  (T) 

0.67 eV  <  1.1 eV 

at room temp.  

METALS:



Eg = 5.5 eV for diamond form (insulator).

Metallic at room temp.

Eg = 0.67 eV at room temp.

Eg = 1.1 eV at room temp.

Semiconductor Types
Elemental (Group IV) Semiconductors

Useful for logic devices and as substrates for other microelectronic 
devices.

Only certain crystal phases of C and Sn are semiconducting. 
Si is - by far - the most commonly used elemental semiconductor



Semiconductor Types
Elemental (Group IV) Semiconductors

Pure Si, pure Ge, and Si-Ge solid solutions are intrinsic  semiconductors,
since their only mechanism for acquiring free electrons (and therefore
holes also) is excitation across the band gap.



Semiconductor Types
Elemental (Group IV) Semiconductors
Comp ound  (III - V) Semiconductors

These are compound semiconductors with an average of valence +4:   
GaAs   AlP     InSb   É

Useful for lasers, LEDs, and optical devices.



Semiconductor Types
Elemental (Group IV) Semiconductors
Comp ound  (III - V) Semiconductors

Be aware that un-doped elemental  and un-doped III-V compounds are 
intrinsic  semiconductors !

In this class we will only discuss doping of elemental semiconductors.



Doping
Intentional addition of impurities to a semiconductor in order to modify
the electrical conductivity. Sufficient doping levels induce extrinsic  
conductivity, which is a conduction mechanism
that occurs simultaneously with the intrinsic
mechanism.

Acceptors  and Donors
Impurities that offer one less or one more valence electron compared 
to the host atom. For elemental semiconductors , these dopants 
correspond to  Group III and Group V elements.



Acceptor Doping
Intentional addition of Group III atoms to a Group IV semiconductor.



Acceptor Doping
Intentional addition of Group III atoms to a Group IV semiconductor.

Example: Boron added to Silicon



Acceptor Doping
Intentional addition of Group III atoms to a Group IV semiconductor.

level is shifted upward in the band gap, to within the vicinity of the donor state; its
exact position is a function of both temperature and donor concentration.

p-Type Extrinsic Semiconduction
An opposite effect is produced by the addition to silicon or germanium of trivalent
substitutional impurities such as aluminum, boron, and gallium from Group IIIA
of the periodic table. One of the covalent bonds around each of these atoms is de-
ficient in an electron; such a deficiency may be viewed as a hole that is weakly
bound to the impurity atom. This hole may be liberated from the impurity atom by
the transfer of an electron from an adjacent bond as illustrated in Figure 18.14. In
essence, the electron and the hole exchange positions. A moving hole is considered
to be in an excited state and participates in the conduction process, in a manner
analogous to an excited donor electron, as described earlier.

Extrinsic excitations, in which holes are generated, may also be represented us-
ing the band model. Each impurity atom of this type introduces an energy level
within the band gap, above yet very close to the top of the valence band (Figure
18.15a). A hole is imagined to be created in the valence band by the thermal exci-
tation of an electron from the valence band into this impurity electron state, as
demonstrated in Figure 18.15b.With such a transition,only one carrier is producedÑ
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Figure 18.14 Extrinsic p-type semiconduction model (electron bonding). (a) An impurity
atom such as boron, having three valence electrons, may substitute for a silicon atom. This
results in a deficiency of one valence electron, or a hole associated with the impurity
atom. (b) The motion of this hole in response to an electric field.
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a hole in the valence band; a free electron is not created in either the impurity level
or the conduction band. An impurity of this type is called an acceptor,because it is
capable of accepting an electron from the valence band, leaving behind a hole. It
follows that the energy level within the band gap introduced by this type of impu-
rity is called an acceptor state.

For this type of extrinsic conduction, holes are present in much higher con-
centrations than electrons (i.e.,p !! n), and under these circumstances a material
is termed p-type because positively charged particles are primarily responsible for
electrical conduction. Of course, holes are the majority carriers, and electrons are
present in minority concentrations. This gives rise to a predominance of the second
term on the right-hand side of Equation 18.13, or

(18.17)

For p-type semiconductors, the Fermi level is positioned within the band gap and
near to the acceptor level.

Extrinsic semiconductors (both n- and p-type) are produced from materials that
are initially of extremely high purity, commonly having total impurity contents on
the order of 10" 7 at%. Controlled concentrations of specific donors or acceptors
are then intentionally added, using various techniques. Such an alloying process in
semiconducting materials is termed doping.

In extrinsic semiconductors, large numbers of charge carriers (either electrons
or holes, depending on the impurity type) are created at room temperature, by the
available thermal energy. As a consequence, relatively high room-temperature elec-
trical conductivities are obtained in extrinsic semiconductors. Most of these materi-
als are designed for use in electronic devices to be operated at ambient conditions.

Concept Check 18.4

At relatively high temperatures, both donor- and acceptor-doped semiconducting
materials will exhibit intrinsic behavior (Section 18.12). On the basis of discussions
of Section 18.5 and the previous section, make a schematic plot of Fermi energy
versus temperature for an n-type semiconductor up to a temperature at which it
becomes intrinsic. Also note on this plot energy positions corresponding to the top
of the valence band and the bottom of the conduction band.

[The answer may be found at www.wiley.com/college/callister(Student Companion Site).]
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Donor Doping
Intentional addition of Group V atoms to a Group IV semiconductor.

Example: Phosphorus added to Silicon



Donor Doping
Intentional addition of Group V atoms to a Group IV semiconductor.

of electrons in the conduction band far exceeds the number of holes in the valence
band (or n !! p), and the first term on the right-hand side of Equation 18.13 over-
whelms the second; that is,

(18.16)

A material of this type is said to be an n-type extrinsic semiconductor. The elec-
trons are majority carriers by virtue of their density or concentration; holes, on the
other hand, are the minority charge carriers. For n-type semiconductors, the Fermi
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of electrons in the conduction band far exceeds the number of holes in the valence
band (or n !! p), and the first term on the right-hand side of Equation 18.13 over-
whelms the second; that is,

(18.16)

A material of this type is said to be an n-type extrinsic semiconductor. The elec-
trons are majority carriers by virtue of their density or concentration; holes, on the
other hand, are the minority charge carriers. For n-type semiconductors, the Fermi
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of electrons in the conduction band far exceeds the number of holes in the valence
band (or n !! p), and the first term on the right-hand side of Equation 18.13 over-
whelms the second; that is,

(18.16)

A material of this type is said to be an n-type extrinsic semiconductor. The elec-
trons are majority carriers by virtue of their density or concentration; holes, on the
other hand, are the minority charge carriers. For n-type semiconductors, the Fermi
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level is shifted upward in the band gap, to within the vicinity of the donor state; its
exact position is a function of both temperature and donor concentration.

p-Type Extrinsic Semiconduction
An opposite effect is produced by the addition to silicon or germanium of trivalent
substitutional impurities such as aluminum, boron, and gallium from Group IIIA
of the periodic table. One of the covalent bonds around each of these atoms is de-
ficient in an electron; such a deficiency may be viewed as a hole that is weakly
bound to the impurity atom. This hole may be liberated from the impurity atom by
the transfer of an electron from an adjacent bond as illustrated in Figure 18.14. In
essence, the electron and the hole exchange positions. A moving hole is considered
to be in an excited state and participates in the conduction process, in a manner
analogous to an excited donor electron, as described earlier.

Extrinsic excitations, in which holes are generated, may also be represented us-
ing the band model. Each impurity atom of this type introduces an energy level
within the band gap, above yet very close to the top of the valence band (Figure
18.15a). A hole is imagined to be created in the valence band by the thermal exci-
tation of an electron from the valence band into this impurity electron state, as
demonstrated in Figure 18.15b.With such a transition,only one carrier is producedÑ
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Figure 18.14 Extrinsic p-type semiconduction model (electron bonding). (a) An impurity
atom such as boron, having three valence electrons, may substitute for a silicon atom. This
results in a deficiency of one valence electron, or a hole associated with the impurity
atom. (b) The motion of this hole in response to an electric field.
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Inßuence of Donor Doping
When does doping become significant?

Consider adding 1 P atom per 10 billion Silicon Atoms. Seems insignificant, but …



Inßuence of Donor Doping
When does doping become significant?

Consider adding 1 P atom per 10 billion Silicon Atoms. Seems insignificant, but … 

And if every P atom ionized, we’ll have 1018 free electrons from 
just the phosphorus additions alone (extrinsic). In this case, the 
carrier concentration due to donor doping is greater than the 
intrinsic carrier concentration of elemental silicon: 

1018 1
m3

> ~1016 1
m3

n > ni

1P Atoms
1010 Si Atoms

! 1028 Si Atoms
m3

"

#
$

%

&
' ! 1018 P Atoms

m3

Concept Check 18.5

Will Zn act as a donor or acceptor when added to the compound semiconductor
GaAs? Why? (Assume that Zn is a substitutional impurity.)

[The answer may be found at www.wiley.com/college/callister(Student Companion Site).]

18.12 THE TEMPERATURE DEPENDENCE OF
CARRIER CONCENTRATION

Figure 18.16 plots the logarithm of the intrinsic carrier concentration ni versus tem-
perature for both silicon and germanium.A couple of features of this plot are worth
noting. First, the concentrations of electrons and holes increase with temperature
because, with rising temperature, more thermal energy is available to excite elec-
trons from the valence to the conduction band (per Figure 18.6b). In addition, at
all temperatures, carrier concentration in Ge is greater than for Si.This effect is due
to germaniumÕs smaller band gap (0.67 versus 1.11 eV, Table 18.3); thus, for Ge, at
any given temperature more electrons will be excited across its band gap.

On the other hand, the carrier concentrationÐtemperature behavior for an ex-
trinsic semiconductor is much different. For example, electron concentration versus
temperature for silicon that has been doped with 1021 m! 3 phosphorus atoms is plot-
ted in Figure 18.17. [For comparison, the dashed curve shown is for intrinsic Si
(taken from Figure 18.16)].6 Noted on the extrinsic curve are three regions. At
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6 Note that the shapes of the ÒSiÓ curve of Figure 18.16 and the ÒniÓ curve of Figure 18.17
are not the same even though identical parameters are plotted in both cases. This disparity
is due to the scaling of the plot axes: temperature (i.e., horizontal) axes for both plots are
scaled linearly; however, the carrier concentration axis of Figure 18.16 is logarithmic,
whereas this same axis of Figure 18.17 is linear.
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Inßuence of Donor Doping

Even for a very small doping concentration  
at room temperature, the free electrons 
associated with the donor species comprise  
the dominant fraction of the free electrons in  
the conduction band.  

An insigniÞcant number of electrons are  
promoted across the band gap compared to  
those that are promoted from the high energy  
donated state. Therefore, the intrinsic component  
of the conductivity is negligible, and the conductivity  
of a donor-doped semiconductor is:  

! = neµe + peµh

! = neµe

n >> pbut

level is shifted upward in the band gap, to within the vicinity of the donor state; its
exact position is a function of both temperature and donor concentration.

p-Type Extrinsic Semiconduction
An opposite effect is produced by the addition to silicon or germanium of trivalent
substitutional impurities such as aluminum, boron, and gallium from Group IIIA
of the periodic table. One of the covalent bonds around each of these atoms is de-
ficient in an electron; such a deficiency may be viewed as a hole that is weakly
bound to the impurity atom. This hole may be liberated from the impurity atom by
the transfer of an electron from an adjacent bond as illustrated in Figure 18.14. In
essence, the electron and the hole exchange positions. A moving hole is considered
to be in an excited state and participates in the conduction process, in a manner
analogous to an excited donor electron, as described earlier.

Extrinsic excitations, in which holes are generated, may also be represented us-
ing the band model. Each impurity atom of this type introduces an energy level
within the band gap, above yet very close to the top of the valence band (Figure
18.15a). A hole is imagined to be created in the valence band by the thermal exci-
tation of an electron from the valence band into this impurity electron state, as
demonstrated in Figure 18.15b.With such a transition,only one carrier is producedÑ
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Figure 18.14 Extrinsic p-type semiconduction model (electron bonding). (a) An impurity
atom such as boron, having three valence electrons, may substitute for a silicon atom. This
results in a deficiency of one valence electron, or a hole associated with the impurity
atom. (b) The motion of this hole in response to an electric field.
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Inßuence of Acceptor Doping

Even for a very small doping concentration  
at room temperature, the holes generated  
by excitations of valence electrons to  
acceptor states comprise the dominant  
fraction of the holes in the valence band.  

An insigniÞcant number of electrons are  
promoted across the band gap compared to  
those that are promoted from the high energy  
donated state. Therefore, the intrinsic component  
of the conductivity is negligible, and the conductivity  
of an acceptor-doped semiconductor is:  

! = neµe + peµh

! = peµh

p >> nbut

a hole in the valence band; a free electron is not created in either the impurity level
or the conduction band. An impurity of this type is called an acceptor,because it is
capable of accepting an electron from the valence band, leaving behind a hole. It
follows that the energy level within the band gap introduced by this type of impu-
rity is called an acceptor state.

For this type of extrinsic conduction, holes are present in much higher con-
centrations than electrons (i.e.,p !! n), and under these circumstances a material
is termed p-type because positively charged particles are primarily responsible for
electrical conduction. Of course, holes are the majority carriers, and electrons are
present in minority concentrations. This gives rise to a predominance of the second
term on the right-hand side of Equation 18.13, or

(18.17)

For p-type semiconductors, the Fermi level is positioned within the band gap and
near to the acceptor level.

Extrinsic semiconductors (both n- and p-type) are produced from materials that
are initially of extremely high purity, commonly having total impurity contents on
the order of 10" 7 at%. Controlled concentrations of specific donors or acceptors
are then intentionally added, using various techniques. Such an alloying process in
semiconducting materials is termed doping.

In extrinsic semiconductors, large numbers of charge carriers (either electrons
or holes, depending on the impurity type) are created at room temperature, by the
available thermal energy. As a consequence, relatively high room-temperature elec-
trical conductivities are obtained in extrinsic semiconductors. Most of these materi-
als are designed for use in electronic devices to be operated at ambient conditions.

Concept Check 18.4

At relatively high temperatures, both donor- and acceptor-doped semiconducting
materials will exhibit intrinsic behavior (Section 18.12). On the basis of discussions
of Section 18.5 and the previous section, make a schematic plot of Fermi energy
versus temperature for an n-type semiconductor up to a temperature at which it
becomes intrinsic. Also note on this plot energy positions corresponding to the top
of the valence band and the bottom of the conduction band.

[The answer may be found at www.wiley.com/college/callister(Student Companion Site).]
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Example ( concentrations and mobilities will be given, as needed)

Calculate the conductivity of intrinsic Si at room temperature:

! = neµe + peµh

! = nie(µe + µh)

Concept Check 18.5

Will Zn act as a donor or acceptor when added to the compound semiconductor
GaAs? Why? (Assume that Zn is a substitutional impurity.)

[The answer may be found at www.wiley.com/college/callister(Student Companion Site).]

18.12 THE TEMPERATURE DEPENDENCE OF
CARRIER CONCENTRATION

Figure 18.16 plots the logarithm of the intrinsic carrier concentration ni versus tem-
perature for both silicon and germanium.A couple of features of this plot are worth
noting. First, the concentrations of electrons and holes increase with temperature
because, with rising temperature, more thermal energy is available to excite elec-
trons from the valence to the conduction band (per Figure 18.6b). In addition, at
all temperatures, carrier concentration in Ge is greater than for Si.This effect is due
to germaniumÕs smaller band gap (0.67 versus 1.11 eV, Table 18.3); thus, for Ge, at
any given temperature more electrons will be excited across its band gap.

On the other hand, the carrier concentrationÐtemperature behavior for an ex-
trinsic semiconductor is much different. For example, electron concentration versus
temperature for silicon that has been doped with 1021 m! 3 phosphorus atoms is plot-
ted in Figure 18.17. [For comparison, the dashed curve shown is for intrinsic Si
(taken from Figure 18.16)].6 Noted on the extrinsic curve are three regions. At
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whereas this same axis of Figure 18.17 is linear.
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Example ( concentrations and mobilities will be given, as needed)

Calculate the conductivity of intrinsic Si at room temperature:

Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms.

! = neµe + peµh

! = nie(µe + µh)
! = (1.3! 1016 m" 3)(1.6 ! 10" 19 C)(0.14 m2 / V-s+ 0.05 m2 / V-s)

! = 4 ! 10" 4 [! -m]" 1



Example ( concentrations and mobilities will be given)

Calculate the conductivity of intrinsic Si at room temperature:

Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms per m 3.

! = neµe + peµh

! = nie(µe + µh)
! = (1.3! 1016 m" 3)(1.6 ! 10" 19 C)(0.14 m2 / V-s+ 0.05 m2 / V-s)

! = 4 ! 10" 4 [! -m]" 1

! = neµe + peµh

! = peµh

p >> n

! = (1023m! 3)(1.6" 10! 19 C)(0.05 m2 / V-s)
! = 800[! -m]! 1

(p-type)

In this class, if you are told the semiconductor is extrinsic
or you are asked to calculate the extrinsic conductivity, use 
an assumption such as this.



Example ( concentrations and mobilities will be given)

Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms per m 3.

! = neµe + peµh

! = peµh

p >> n

! = (1023m! 3)(1.6" 10! 19 C)(0.05 m2 / V-s)
! = 800[! -m]! 1

(p-type)

In this class, if you are told the semiconductor is extrinsic
or you are asked to calculate the extrinsic conductivity, use 
an assumption such as this.

Unlike metals, we can achieve outstanding control of the electrical 
properties of semiconductors, changing their conductivities over 
a huge range via careful doping.



Producing Consistent Devices Requires 
Highly Pure Single Crystals of Silicon

Work is done in cleanrooms often with 
robot assistance.



PN Junction via Photolithography
Start with pure Si.

Semiconductor Substrate



PN Junction via Photolithography
Deposit a polymer coating.

Polymer

Semiconductor Substrate



PN Junction via Photolithography
Align a metal die to the Si substrate.

Polymer

Semiconductor Substrate

Metal Absorber



PN Junction via Photolithography
Expose the assembly to ultraviolet light, which degrades the polymer where it’s exposed.

Polymer

Semiconductor Substrate

Metal Absorber
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PN Junction via Photolithography
Expose the assembly to ultraviolet light, which degrades the polymer where it’s exposed.



PN Junction via Photolithography
The degraded polymer is removed via acetone rinse.
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Semiconductor Substrate
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PN Junction via Photolithography

Polymer Mask

Semiconductor Substrate

PN Junction via Photolithography
The degraded polymer is removed via acetone rinse.



PN Junction via Photolithography
Heat the masked wafer in a furnace in the presence of gaseous p-type atoms. 
Diffusion results in a p-type region in the wafer.

Polymer Mask

Semiconductor Substrate



PN Junction via Photolithography
Remove from furnace after the diffusion doping is complete

Polymer Mask

Semiconductor Substrate



Polymer Mask

Semiconductor Substrate

PN Junction via Photolithography
Remove the remaining polymer mask with chemical bath & rinse.



Semiconductor Substrate

PN Junction via Photolithography
Remove the remaining polymer mask with chemical bath & rinse.



PN Junction via Photolithography
Repeat to create an adjacent n-type region.

Semiconductor Substrate
P N



PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.) 

Acts as a one-way valve for electric current  
(Allows current to pass in only one direction).

Semiconductor Substrate
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Holes are the dominant carrier. e- are the dominant carrier.

An activation energy prevents significant electron-hole 
recombination at the PN junction under ambient conditions. 



PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.) 

Forward Bias
Current flows as electrons and holes meet at the junction and recombine, 
releasing energy as electrons drop back down to the valence band.
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Visible Light
A   narrow   and continuous range of the EMR spectrum detectable by the human eye.   

1 THz = 1012  1/s 
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PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.) 

Forward Bias
Current flows as electrons and holes meet at the junction and recombine, 
releasing energy as electrons drop back down to the valence band.

Semiconductor Substrate
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Holes are the dominant carrier. e- are the dominant carrier.
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np np
SufÞciently energetic photons
can create a free electron and
hole that subsequently recombine.

The current in the device can
be measured and is proportional
to the light intensity.
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PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.) 

Forward Bias
Current flows as electrons and holes meet at the junction and recombine, 
releasing energy as electrons drop back down to the valence band.
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SufÞciently energetic photons
can create a free electron and
hole that subsequently recombine.
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18 Chapter 1    How Digital Cameras Capture Images

 

Each light-sensitive element on a digital image sensor is fitted with either a red, green, 
or blue filter, corresponding to a color channel in a pixel in the image that is captured. 
There are roughly twice as many green filters as blue and red to accommodate how the 
eye perceives color. This color arrangement is also known as the Bayer pattern color filter 
array. (For more information on how the eye perceives color, see ÒUnderstanding How 
the Eye Sees Light and ColorÓ on page 29.) A process known as color interpolation is 
employed to ascertain the additional color values for each element.

Common Types of Digital Image Sensors
There are two types of digital image sensors typically used:  a charge-coupled device 
(CCD) and a complementary metal oxide semiconductor (CMOS).

CCD
CCD sensors were originally developed for video cameras. CCD sensors record the 
image pixel by pixel and row by row. The voltage information from each element in the 
row is passed on prior to descending to the next row. Only one row is active at a time. 
The CCD does not convert the voltage information into digital data itself. Additional 
circuitry is added to the camera to digitize the voltage information prior to transferring 
the data to the storage device.

Bayer pattern 
color filter array

Bayer RGB pattern on CCD sensor

Voltage values are collected row by row. 
Each element records only one color.



PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.) 

Reverse Bias
Charges are separated away from the junction 
Current stops as flowing and the junction is very insulating. 

If a very high voltage is applied in this configuration, electric breakdown 
will eventually occur and electrons will flow. 

Prior to breakdown, a PN junction operating in reverse bias is a decent insulator.
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PN Junction I-V Characteristics

Conductor

Insulator

Conductor



Other Examples of Diffusion - Layer by layer production of CMOS.
Elements such as Boron, Phosphorus, Arsenic, etc. are added to locally  adjust the electrical properties. 
This is called doping  in the semiconductor industry.
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CMOS 70 process 

Summer 2009 

Iowa State University 

 

Start Date ___________________________________ 

 

 

Starting Material 

Orientation: _______________ 

Dopant: _______________ 

Resistivity: _______________ Ω•cm 

Diameter: _______________ inch 

Thickness: _______________ µm 

Lot Identification: _______________ 

 

Wafer Count 

Device wafers: _______________ 

Test wafers: _______________  

 

 

 

a

TW1 TW2 TW3 CMOS device
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1. Field Oxide  Date ______________ Name____________________ 

 

Oxidize all device wafers, TW1, TW2, TW3. 

 

Standard Clean Use plastic tweezers after cleaning wafers 

 SC-1: 15 minutes at 80°C 

 2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 

 Cascade rinse: 5 minutes 

 HF dip: 15 seconds in 50:1 HF 

 Cascade rinse: 1 minute 

 SC-2: 15 minutes at 80°C 

 3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 

 Cascade rinse: 3 minutes 

 Spin rinse/dry 

 

Wet Oxidation Use plastic tweezers 

 Push: Ambient: 0.3 slpm dry N2  

 Temperature: 800°C 

 Rate: 1 inch every 15 seconds 

 Ramp up: Ambient: 0.3 slpm dry N2 

 Final temperature: __________°C 

 Elapsed time: __________ 

 Bubbler on: Temperature: __________°C 

 Bubbler N2: 200 sccm—switch to vent 

 Oxidation: Ambient: 200 sccm bubbler N2 — switch to tube  

 Temperature: __________°C 

 Time: __________ 

 Bubbler off: Power: off 

  Bubbler N2: off — switch to vent 

 Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800°C 

 Elapsed time: __________ 

 Pull: Ambient: 0.3 slpm dry N2 

 Temperature: 800°C 

 Rate: 1 inch every 15 seconds 

 

Measure oxide thickness      TW1 ____________________________________. 

        TW2 ____________________________________. 

        TW3 ____________________________________.  

 

 

a

TW1 TW2 TW3 CMOS device
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2. pattern for p-well   Date ____________  Name____________________ 

 

Use CMOS mask level 1 

 

Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW1 only 

for etch rate calibration.  Do not etch TW2 or TW3 

 

Pattern Photoresist Use metal tweezers 

 Spin HMDS: 4000 rpm for 40 seconds 

 Spin photoresist: _____________ photoresist: __________rpm for __________seconds 

 Prebake: __________°C  for ____________minutes 

 Expose: __________seconds 

 Develop: MIF-300 developer for __________seconds 

 Cascade rinse: 3 minutes 

 Dry: 

 Inspect: 

 Postbake: __________°C  for ____________minutes 

 

SiO2 Etch & Photoresist Strip Use metal tweezers 

 BOE: __________ minutes 

 Cascade rinse: 3 minutes 

 Acetone #1: 3 minutes 

 Acetone #2: 3 minutes 

 Methanol: 1 minute 

 Cascade rinse: 3 minutes 

 Spin rinse/dry: 

 

 

 

a

TW1 TW2 TW3 CMOS device
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3. Boron deposition for pwell   Date __________ Name _____________   
 
Deposit boron on all device wafers and on TW1.  Do the standard clean on TW2 and TW3, but 
do not put them into the furnace. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80°C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80°C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Boron Deposition Use plastic tweezers 
!  Push Ambient: 0.3 slpm dry N2    

  Temperature: 850°C 
  Rate: 1 inch every 15 seconds 
!  Recovery Ambient: 1 lpm N2 + 1 lpm O2 

  Temperature: 850°C 
  Time: 20 minutes 
!  Source Ambient: 1 lpm N2 + 1 lpm O2 + 40 sccm H2 
  Temperature: 850°C 
  Time: 2 minutes 
!  Soak Ambient: 2 lpm N2  
  Temperature: __________°C 
  Time: __________ 
!  Pull Ambient: 2 lpm N2 

  Temperature: 850°C 
  Rate: 1 inch every 15 seconds  
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
 
 

a

TW1 TW2 TW3 CMOS device

 NSF Laboratory Ð CMOS 70 process traveler 

 6 January 2009 
 
 

 
!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
 
!  Oxidation: Ambient: ÐÐÐÐÐÐÐÐÐÐ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Drive: Ambient: __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800¡C 
  Elapsed time: __________ 
 
!  Pull: Ambient: 0.3 slpm dry N2 

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
 
 
Measure oxide thickness     TW1 ____________________________________. 
 
        TW2 ____________________________________. 
 
        TW3 ____________________________________.  
 
 
 
 

a

TW1 TW2 TW3 CMOS device
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5. pattern for  PMOS source/drain Date ____________  Name________________ 
 
Use CMOS mask level 2 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW2 only 
for etch rate calibration.  Do not etch TW1 or TW3 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
 
 

a

TW1 TW2 TW3 CMOS device
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6. Boron dep. for PMOS source/drain   Date __________ Name _____________   
 
Deposit boron on all device wafers and on TW2.  Do the standard clean on TW1 and TW3, but 
do not put them into the furnace. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Boron Deposition Use plastic tweezers 
!  Push Ambient: 0.3 slpm dry N2    

  Temperature: 850¡C 
  Rate: 1 inch every 15 seconds 
!  Recovery Ambient: 1 lpm N2 + 1 lpm O2 

  Temperature: 850¡C 
  Time: 20 minutes 
!  Source Ambient: 1 lpm N2 + 1 lpm O2 + 40 sccm H2 

  Temperature: 850¡C 
  Time: 2 minutes 
!  Soak Ambient: 2 lpm N2  
  Temperature: __________¡C 
  Time: __________ 
!  Pull Ambient: 2 lpm N2 

  Temperature: 850¡C 
  Rate: 1 inch every 15 seconds  
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
 

a

TW1 TW2 TW3 CMOS device  
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!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
 
!  Oxidation: Ambient __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Drive: Ambient: __________ 
  Temperature: __________¡C 
  Time: __________ 
 
!  Ramp down: Ambient: 0.3 slpm dry N2 

 Final temperature: 800¡C 
  Elapsed time: __________ 
 
!  Pull: Ambient: 0.3 slpm dry N2 

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
 
 
Measure oxide thickness     TW1 ____________________________________. 
 
        TW2 ____________________________________. 
 
        TW3 ____________________________________.  
 
 
 
 

a

TW1 TW2 TW3 CMOS device  
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8. pattern for NMOS source/drain   Date ____________  Name________________ 
 
Use CMOS mask level 3 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW1 only 
for etch rate calibration.  Do not etch TW2 or TW3 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
 
Measure sheet resistance: TW1 ____________________________________. 
 
 

a

TW1 TW2 TW3 CMOS device  
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9. Phosphorus deposition   Date ___________  Name____________________ 
 
Deposit phosphorus glass on all device wafers and TW1.  Clean TW2 and TW3, but do not 
include them in the deposition. 
 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Phosphorus Deposition Use plastic tweezers 
 
!  Push: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Rate: 0.5 inch every 1 second 
!  Source: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Time: __________ minutes 
!  Pull: Ambient: 1 lpm N2 

  Temperature: 900¡C 
  Rate: 1 inch every 2 seconds 
 
Deglaze 
!  BOE: 2 minutes 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
 

a
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Measure oxide thickness     TW1 _______________________________. 
 
 
        TW2 _______________________________. 
 
 
        TW3 _______________________________. 
 
 
 

a
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11. Pattern for gate oxide   Date ____________  Name____________________ 
 
Use CMOS mask 4. 
 
Pattern and etch all device wafers.  Do not do not any lithograph on the test wafers.  Use TW3 
only for etch rate calibration.  Do not etch TW1 or TW2. 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
 
 

a

TW1 TW2 TW3 CMOS device  
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12. Gate oxide   Date ____________  Name____________________ 
Oxidize all device wafers and all test wafers. 
 
Standard Clean Use plastic tweezers after cleaning wafers 
!  SC-1: 15 minutes at 80¡C 
  2500 ml DI H2O + 500 ml NH4OH + 500 ml H2O2 
!  Cascade rinse: 5 minutes 
!  HF dip: 15 seconds in 50:1 HF 
!  Cascade rinse: 1 minute 
!  SC-2: 15 minutes at 80¡C 
  3000 ml DI H2O + 500 ml HCl + 500 ml H2O2 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry 
 
Dry Oxidation Use plastic tweezers 
!  Push: Ambient: 0.3 slpm dry N2    

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
!  Ramp up: Ambient: 0.3 slpm dry N2 

  Final temperature: __________¡C 
  Elapsed time: __________ 
!  Drive: Ambient: 1 slpm O2    

  Temperature: __________¡C 
  Time: __________ 
!  Ramp down: Ambient: 0.3 slpm dry N2 

  Final temperature: 800¡C 
  Elapsed time: __________ 
!  Pull: Ambient: 0.3 slpm dry N2    

  Temperature: 800¡C 
  Rate: 1 inch every 15 seconds 
 
Measure oxide thickness      TW1 _______________________________. 
        TW2 _______________________________. 
        TW3 _______________________________.   
 
 

a

TW1 TW2 TW3 CMOS device  
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13. Pattern for contact vias   Date ____________  Name____________________ 
 
CMOS mask 5. 
 
Pattern and etch all device wafers.  Do not do any lithography on the test wafers.  Use TW2only 
for etch rate calibration.  Do not etch TW1 or TW3. 
 
Pattern Photoresist  Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
SiO2 Etch & Photoresist Strip Use metal tweezers 
!  BOE: __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
Measure sheet resistance: TW2 ____________________________________. 
 
Also, etch all oxide off TW1.  
Measure sheet resistance.:  TW1_____________________________. 
 
 

aa

TW1 TW2 TW3 CMOS device  
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14. Contact Metallization   Date ____________  Name___________________ 
 
Deposit metal on all device wafers.  Do not metallize the test wafers. 
 
Metal can be deposited with no prior treatment.  However, a 15-second dip in the dilute HF bath 
(part of the standard clean process) can be included to remove any residual oxides that may be in 
the contact areas. 
 
 
Metallization Use metal tweezers 
 
!  system used: ____________________ 
!  metal deposited: aluminum 
!  total thickness: ____________________ 
 
 
 

aa

TW1 TW2 TW3 CMOS device  
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15. Metal contact pattern   Date ____________  Name____________________ 
 
CMOS mask 6. 
 
Pattern and etch metal on all device wafers.  Do not do any lithography on the test wafers. 
 
Pattern Photoresist Use metal tweezers 
!  Spin HMDS: 4000 rpm for 40 seconds 
!  Spin photoresist: _____________ photoresist: __________rpm for __________seconds 
!  Prebake: __________¡C  for ____________minutes 
!  Expose: __________seconds 
!  Develop: MIF-300 developer for __________seconds 
!  Cascade rinse: 3 minutes 
!  Dry: 
!  Inspect: 
!  Postbake: __________¡C  for ____________minutes 
 
Aluminum etch & Photoresist Strip Use metal tweezers 
!  PAN etch: 40 ml H3PO4 + 40 ml CH3COOH + 10 ml HNO3 + 10 ml H2O  

  room temperature 
!  etch time __________ minutes 
!  Cascade rinse: 3 minutes 
!  Acetone #1: 3 minutes 
!  Acetone #2: 3 minutes 
!  Methanol: 1 minute 
!  Cascade rinse: 3 minutes 
!  Spin rinse/dry: 
 
Sintering Use metal tweezers 
!  Push: Ambient: 1 lpm dry N2    

  Temperature: ____________ 
  Rate: 1 inch per second 
!  Sinter: Ambient: 1 lpm dry N2 

  Temperature: ____________ 
  Elapsed time: ____________ 
!  Pull: Ambient: 1 lpm dry N2    

  Temperature: ____________ 
  Rate: 1 inch per second 
 

aa

TW1 TW2 TW3 CMOS device  

Pure Silicon

Oxidation

Mask / Etch

Diffusion

Unmask / Oxidation 
/ Drive

Mask / Etch

Diffusion

Diffusion

Mask /  Oxidation /
Unmask

Mask / Etch / Unmask

Metallization

300 mm ~1 ft

Common metrics in the semiconductor industry 
are: transistor count tra and transistor density.  

Commercial  Cutting Edge for CPU:  
2019 TSMC:
171.3 million transistors per square mm.

2021 Apple ARM M1 Max:
57 billion MOSFET transistors

Unmask / Oxidation 
/ Drive

Mask / Etch

Unmask /
Oxidation / Drive

Unmask / Oxidation Mask / Etch / Unmask
Remaining Mask Layers 
Omitted From Schematics


