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Homework Assignment #12 Solution
Problem 1: MOSFET with Retrograde Channel Doping
(a) At the threshold condition, the lightly doped surface region will be completely depleted whereas the heavily doped sub-surface region will be barely depleted, so that the depletion width WT ( d. Applying Poisson’s equation in the surface region 0 < x < d :
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Hence, in the surface region the electric field is constant and the electric potential is a linear function of distance.  Therefore, for 0 < x < d, the band-edge energies (Ec(x) and Ev(x)) are linear functions of distance, i.e. the energy “band bending” is a straight line.

Since the sub-surface region is not significantly depleted, the energy band diagram for this region is unperturbed from equilibrium.
The MOS energy band diagram for the threshold condition is shown below:
[image: image2.png]



Note: In practice, the sub-surface region is doped more heavily than the surface region in sub-micron MOSFETs, but not degenerately so – otherwise the drain-body p-n junction would have significant reverse-bias current due to the Zener breakdown mechanism (band-to-band tunneling).
. 
(b) Under strong inversion, the total voltage dropped across the silicon is S = 2×F.  For a retrograde channel doping profile, this voltage is dropped primarily across the lightly doped surface region.  Therefore, the electric field strength at the silicon surface is simply ESi = S/d = 2F/d.

(c) Since oxEox = SiESi , 
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(d) For a MOSFET with retrograde channel doping, then:
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since VFB ( (2F
In comparison, the threshold voltage for a MOSFET with uniform channel doping is
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If d = WT, VT,Uniform = 2×VT,Retro .  In other words, the threshold voltage of a MOSFET with a uniformly doped channel is larger than that of a MOSFET with a retrograde doped channel, for the same depletion width (i.e. the same subthreshold swing and similar short-channel effect).  Since small VT is desirable for higher on-state current, the retrograde channel doping profile is advantageous.
Problem 2:  MOSFET Source/Drain Structure
(a) The parasitic resistance associated with the source region, RS, has greater effect on the MOSFET saturation current.  This is because RS reduces the effective gate-to-source voltage, in addition to reducing the effective drain-to-source voltage.  (The parasitic resistance associated with the drain region, RD, only reduces the effective drain-to-source voltage.)
(b) A lightly doped drain region provides for reduced depletion width in the channel/body region (since a larger fraction of the pn-junction depletion region resides within the drain) and lower peak electric field at the drain junction.  The short-channel effect would be decreased and punchthrough would be mitigated due to the reduced depletion width and high-electric-field effects would be ameliorated as well.
(c) Ideally, the source region should be more heavily doped to reduce its parasitic resistance and thereby boost the MOSFET on-state current.  A heavily doped drain would result in high electric field strength at the drain end of the channel region, resulting in undesirable “hot carrier” effects (ref. Lecture 23, Slide 5); it would also worsen the punchthrough problem.  Therefore, a heavily doped drain is not desirable.  (Recall that in a digital logic circuit, the drain junction of a MOSFET must sustain a large reverse bias voltage, in contrast to the source junction.)
Problem 3:  Qualitative BJT Questions

(a) The energy-band diagrams for a Si PNP BJT in forward-active and saturation modes of operation are shown below.
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(b) A family of common-emitter output characteristics (IC vs. VEC curves for different values of VEB) are drawn below. 
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(c) If the minority-carrier lifetime in the base were to decrease drastically:
i. The base transport factor T would decrease to be much less than 1, since more of the holes injected into the quasi-neutral n-type base region would recombine before reaching the collector depletion region.

ii. Holes would be annihilated more rapidly within the quasi-neutral n-type base region, so that they must be injected at a higher rate into the base region in order to maintain the excess hole profile dictated by the applied bias voltages.  Thus, IEp would increase and hence the emitter efficiency  would increase to be closer to 1.
iii. The common-emitter current gain would decrease because decreased base transport factor has larger impact.
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