Problem 1 [20 points]: Semiconductor Basics e
Consider a Si pn junction diode, maintained at 7= 300K, with a structure and potential distribution as shown.

a) Estimate the resistivity of the more lightly doped side. [5 pts]
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b) Calculate the built-in potential, V,. [4 pts]
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c) What is the bias voltage, ¥? [3 pts]
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d) Calculate the areal junction (depletion) capacitance. [3 pts]
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€) Show qualitatively (by sketching a curve on the plot above) the potential distribution ¥(x) for ¥ = 0V. [2 pts]

f) Why does a reverse-biased pn junction have an associated (voltage-dependent) small-signal capacitance? [3 pts]
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Problem 2 |20 points]: Bipolar Junction Transistor
a) What is the base-width modulation effect, and why is it undesirable? [4 pts]
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b) How should the base region of a BIT be designed to maximize current gain, and what is the trade-off? [4 ptsl_
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¢) Consider a BJT with the /-V characteristics as shown below.
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i) Draw the small-signal model for the DC bias condition Vg = 0.8V, Veg=2.5V. |9 pts| ‘
(Indicate numerical values and units for the small-signal parameters, and label the transistor terminals.)
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ii) Indicate by sketching a curve on each of the plots above, for Fg = 0.75V, how the /- characteristics would change
if the base dopant concentration were to be increased by a factor of 2. |3 pts]
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Problem 3 [20 points]: BJT Amplifiers
Consider the amplifier stage as shown. Assume V, = o and active mode operation for the BJT

a) What are the purposes of C; and Cg? [4 pts]
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¢) Describe the trade-off between headroom and voltage gam in selectmg the value for RC
alleviated? [6 pts]
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d) What is the main disadvantage (weakness) of this voltage amplifier design? [2 pts]
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Problem 4 [20 points]: MOSFETSs
a) Explain why the current (/p) in a long-channel MOSFET saturates with increasing drain-to-source voltage (Vps). [3 pts]
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b) How can the channel length modulation effect be minimized, and what is the trade-off? [3 pts]
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¢) Consider a MOSFET with threshold voltage Vqy= 0.5V, biased such that Vg = 1.0V, with the I-¥ characteristic shown.

I, [mA] i)  Is this a long-channel or short-channel MOSFET? Justify your answer. [2 pts]
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e) Indicate in the table below how the parameters of a short-channel MOSFET would change, if the carrier mobility were
to be enhanced (e.g. by 2x). Provide qualitative reasoning for your answers. [6 pts]

MOSFET Parameter will Brief Justification

Parameter increase | decrease | not change | (No equations or formulas!)
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Problem 5 [20 points]: MOSFET Amplifiers
a) For a given bias current, why is the transconductance for a MOSFET generally smaller than that for a BJIT? [4 pts]
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b) Con51der the amphﬁer circuit below. M, and M, are long- channel MOSFETs with £4,Cox = 200 pA/V?, Vo = 0.4V, and
A= 0, and are biased such that I, = I, = 0.1mA. Vpp=1.8V. (W/L), =16 and (WiL), = 1.

i) What is the DC bias voltage at the input (V,)? [4 pts]
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ii) What is the voltage gain? (A numerical answer is required.) [5 pts] L
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iii) Calculate the headroom, i.e. the maximum amplitude of the small- -signal output voltage for which M, operates in
saturation. [7 pts] o b 2V A" ’fi?f
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Problem 6 [20 points]: MOSFET Cascode Stage and Current Mirror
a) Consider the cascode amplifier stage below. M; and M, are each long-channel MOSFETs, with A4 # 0.

VDD i) What is the purpose of transistor ,? [2 pts]
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iif) Derive expressmns for the voltage gain (4,) and output resistance (Ryy). [4 pts]
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b) Consider the current mirror circuit below:

Vop i)  What is the purpose of the reference transistor Mgs? [2 pts]
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Suppose now that 4 # 0. If M, is operating under }he cdhdltlon Vs > Vs, would [, be larger or smaller than Jzer? vadue

Explain briefly. [4 pts]
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Problem 7 [20 points]: Frequency Response
Consider the amplifier stage below. Assume A # 0, g,#,>>1, and saturation mode operation for each MOSFET.

a) Write an expression for the low-frequency voltage gain
from node Xto node Y, i.e. Ay xy. [3 pts]
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b) Write an expression for the low-frequency voltage gain of
the entire stage, i.e. 4,= vou/vi. [3 pts]
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¢) Draw the MOSFET capacitances (Cas1,C6p1,Cs81,Cor1,Cas2,Cp2,Csp2,Cpiz) on the circuit diagram above. [4 pts]
d) Use Miller’s theorem to derive an approximate expression for the bandwidth. Assume that the dominant pole is
associated with node 7, apy- |7 pts]
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e) Sketch the Bode plot on the axes provided. Label the low-frequency voltage gain and bandWidth. I3 pl?s]
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Problem 8 [20 points]: Differential Amplifiers
a) Consider the basic differential amplifier circuit shown below. The MOSFETs are long-channel devices.

VDD i) Why should the circuit be symmetric, ideally? [2 pts]
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b)  Consider the amplifier stage shown below. Assume A # 0, g,#,>>1, and saturation mode operation for each MOSFET.

VQD i) Derive an expression for the differential voltage gain, Vou! (Vin1*Vin2)-
[4 pts]

half-circut for AC analysis :

:": . — l ’ .
Vimmo—lo M, M, Jb— Vi, i—% M3 (PMOS) Ay = =3l (5;:; 3; @a}
&‘ ﬁ I D —
| s " = »gim = § (\Ai,fi.,)@

o LM, (MMe5) T .

U’;ﬁ» b‘i ! ﬁ w

SRS S,

i) Qualitatively, how would thé d»iffereﬁtié«i 'vbltage gain be affected if the current source (/ss) were not ideal, i.e. it
had finite resistance? [3 pts]
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iii) Considering your answer to part (i), what is the best way to adjust the design of this amplifier to increase the
voltage gain? (Consider the various options: adjustment in Iss, Vpp, (WI/L); or (W/L),. Also, consider the trade-
off (if any) with the maximum differential input voltage, AVip max, Which is proportional to (Vgg- Vitdequil-) [4 pts]
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Problem 9 [20 points]: Advanced Topics

a) [Illustrate on the plot how the frequency response of an amplifier stage would | |
change with negative feedback, for a loop gain of 10. Estimate the reduction in Ag
low-frequency gain. [4 pts] gﬁa‘? '
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b) Indicate in the table below how CMOS technology parameters should evolve with technology advancement in order to
improve the speed (i.e. reduce the gate delay) of digital CMOS circuits. Assume that transistor channel dimensions ¥
and L are scaled proportionately with the gate-oxide thickness. [4 pts]
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Carrier mobility, u \4
Threshold voltage, Viy v A
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¢) What is the benefit of using silicon-germanium (SiGe) in the base region of a BIT? Explain briefly. [4 pts]
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d) What is the benefit of using SiGe in the source and drain regions of a p-channel MOSFET? Explain briefly. [4 pts]
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¢) Why have BJTs (rather than MOSFETSs) been preferred, historically, for radio- -frequency circuit applications? Why will
this change in the future? [4 pts]
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