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Solution to Homework Assignment #8 
Problem 1: Optoelectronic diodes

a) Longer wavelength () corresponds to smaller photon energy and hence smaller band-gap energy (EG).  

Smaller EG corresponds to higher intrinsic carrier concentration (ni), so the pn junction diode current (which is proportional to I0=qAni2 [Dn/(Ln×NA)+ Dp/(Lp×ND]) for a fixed value of applied voltage (VA) is larger for a semiconductor material with a smaller EG.

· To achieve a desired current level (I), e.g. for a desired level of LED brightness, the required VA is lower for a semiconductor material with smaller EG.  (This is assuming that the effective densities of states at the band edges, Nc and Nv, and the carrier diffusion constants, Dn and Dp, are similar for the various semiconductor materials.)  Hence, the bias voltage required for a red LED is lower than that for a blue LED.  Listed in the table below are typical LED operating voltages.
	Color
	Forward voltage

	Infrared
	1.6V

	Red
	1.8V to 2.1V

	Yellow
	2.4V

	Green
	2.6V

	Blue
	3.0V


b) One or both of the quasi-neutral regions of a solar cell should be long (at least comparable to the minority carrier diffusion length) and not very heavily doped, to maximize the volume in which carriers are generated.  (The minority carriers that are generated within ~one diffusion length of the depletion region can diffuse to the depletion region and be swept across the junction to contribute to the current supplied by the solar cell.  If the quasi-neutral regions are lightly doped, the carrier mobilities are higher, hence their diffusion coefficients are larger and their diffusion lengths are longer.)
Problem 2: MOS Capacitor Energy Band Diagrams
Since the substrate is n-type, this is a PMOS capacitor, i.e. a sufficiently large negative gate voltage is required to deplete the semiconductor surface of mobile electrons and form an inversion-layer of holes there.
a) Assuming that the n-type Si substrate is non-degenerately doped, its work function is
S = χ + (EC-EF) = χ + EG/2 – (kT/q)∙ln(ND/ni) = 4.05 eV + 0.56 eV – 0.48 eV = 4.13 eV 
The gate material is heavily doped p-type silicon with work function χ + EG ( 5.2 eV
Ideally, the flat-band voltage is given by the difference between the gate and the semiconductor work functions:
qVFB= M – S ( 5.2 eV – 4.13 eV = 1.07 eV
Therefore the flat-band voltage VFB ( 1.07 V 
b) The band diagrams corresponding to the various regions of operation are drawn below:
i) Flat-band condition: VG = VFB so that there is no band-bending
[image: image1.png]2nm




ii) Accumulation:  VG  > VFB so that there are majority carrier electrons accumulated at the Si surface
[image: image2.png]48eV





iii) Equilibrium: Metal and Si Fermi levels are equal, VG = 0 V
Note that the surface is depleted of mobile electrons, i.e. there is a depletion region (of width W) at the surface of the Si.
[image: image3.png]



iv) Strong inversion: VG is more negative than the threshold voltage VT, so that the surface is strongly p-type, i.e. with a (mobile) hole density greater than the (immobile) density of ionized donor atoms.  The depletion region has a width WT, and the total voltage dropped across the Si F = 2F = -2(kT/q)∙ln(ND/ni)=-0.96 V.
[image: image4.png]



Problem 3: MOS Threshold Voltage
a) Bulk semiconductor potential F = -(kT/q)∙ln(ND/ni) = -(kT/q)∙ln(1018/1010) = -8×60mV = -0.48 V 

Areal oxide capacitance Cox = ox/xox = 3.9×8.85×10-14(F/cm)/2×10-7(cm) = 1.73×10-6  F/cm2
The threshold voltage 
[image: image5.wmf]ox
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b) The maximum width of the depletion region is WT:

[image: image7.wmf]um
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c) If the substrate dopant concentration (ND) were to be decreased, it would be easier to invert the surface to be p-type, so the threshold voltage would be smaller (less negative).
d) If the oxide thickness (x0) were to be increased, more of the applied voltage would be dropped across the oxide (rather than the Si), so it would take a larger applied voltage to invert the surface to be p-type.  Thus, the threshold voltage would be larger (more negative).
Problem 4: MOS Areal Charge Density
Since the substrate is p-type, this is a NMOS capacitor, i.e. a sufficiently large positive gate voltage is required to deplete the semiconductor surface of holes and form an inversion-layer of mobile electrons there.
a) Bulk semiconductor potential F = Ei(EF = (kT/q)∙ln(NA/ni) = (kT/q)∙ln(1017/1010) = 7×60mV = 0.42 V 

The work function of the p-type semiconductor is
S = χ + (EG/2) + (Ei(EF) = 4.05 eV + 0.56 eV + 0.42 eV = 5.03 eV 

Ideally, the flat-band voltage is given by the difference between the gate and the semiconductor work functions:
qVFB= M – S ( 4.1 eV – 5.03 eV = -0.93 eV
Therefore the flat-band voltage VFB ( -0.93 V 

b) Areal oxide capacitance Cox = ox/xox = 3.9×8.85×10-14(F/cm)/3×10-7(cm) = 1.15×10-6  F/cm2
The threshold voltage 
[image: image8.wmf](
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c) The total areal charge density (units: C/cm2) within the Si is QS = Qacc + Qdep + Qinv where

Qacc is the accumulation-layer charge density: 0 for VG > VFB (when the surface is depleted of holes)
Qdep is the depletion charge density: 0 for VG < VFB (when the surface has an accumulation layer of holes)
Qinv is the inversion-layer charge density: 0 for VG < VTH 
· For VG < VFB, Qdep and Qinv each are zero so QS = Qacc = (Cox(VG ( VFB) = (1.15×10-6(VG + 0.93V) > 0
(For VG < -0.93V the QS vs. VG plot will be a straight line with slope = (Cox = 1.15×10-6 F/cm2 and with an x-intercept at (0.93 V.
· For VT > VG > VFB, Qacc and Qinv each are zero so 
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From Lecture 16 Slide 11, 
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( For 0.05 V > VG > -0.93 V, 
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 Coulombs per cm2, with magnitude increasing ~with the square root of (VG-VFB), from 0 at -0.93 V to 2.3×10-7 C/cm2 at VG = VT = 0.05 V (see below).
· For VG > VT, Qacc is zero so QS = Qdep + Qinv.
Qdep is ~constant because W does not increase appreciably as VG increases above the threshold voltage, so that it has a maximum value corresponding to a voltage drop of 2S within the Si:  
[image: image13.wmf][
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Therefore 
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-1.63×10-7 C/cm2
Qinv = -Cox(VG ( VT) < 0
( For VG > 0.05 V, QS = (1.63×10-7 ( 1.15×10-6 (VG ( 0.05V) Coulombs per cm2
[image: image15.png]Ve





d) For VG > VT, the surface of the Si is inverted. 

QS = Qdep + Qinv where
Qdep = (1.63×10-7 C/cm2
Qinv = (Cox(VG ( VT) = (1.15×10-6×1 = (1.15×10-6 C/cm2
The charge distribution in the MOS capacitor is illustrated below.
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