UNIVERSITY OF CALIFORNIA, BERKELEY
College of Engineering
Department of Electrical Engineering and Computer Sciences

EE 105: Microelectronic Devices and Circuits Spring 2008

MIDTERM EXAMINATION #1
Time allotted: 80 minutes

NAME: SOLUTIONS
(print) Last First Signature
STUDENT ID#:

INSTRUCTIONS:
1. Use the values of physical constants provided below.
2. SHOW YOUR WORK. (Make your methods clear to the grader!)
3. Clearly mark (underline or box) your answers.
4. Specify the units on answers whenever appropriate.

o PHYSICAL CONSTANTS PROPERTIES OF SILICON AT 300K
Description Symbol Value Description Symbol Value
Electronic charge q 1.6x10°C Band gap energy Eo 112 eV
Boltzmann’s constant k 8.62x10° eV/K Intrinsic carrier concentration n 10 ¢cm™®
Thermal Voltage at300K Vq= kT/q 0.026 V Dielectric permitti\/ity &si 1.0x102 F/em

Note that V1 1In(10) = 0.060 V at T=300K

Electron and Hole Mobilities in Silicon at 300K
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Problem 1 [25 points]: Semiconductor Basics
a) A Si resistor is doped with 10*" cm™ of phosphorus and 2x10*" cm™ of boron impurities.
1) What are the electron and hole concentrations, n and p, in this sample at room temperature?

[4 pts]

N, =10 cm™3

N, =2x107cm™3

'y =
2

n.
L —
n=—=\103cm™3

il) Estimate the resistivity of this sample. [5 pts]

1

p=—-——
q(nun + p1p)
1

~ qpu,

We can find p,, in the mobility chart using N, + N = 3 x 10'7 cm™3. Doing so, we find

tp, = 250 cm?/V-s

p=[0250-cm]

iii) Qualitatively (no calculations required), how would the resistivity change when the
temperature goes up to 100°C? Explain briefly. [4 pts]

Increasing the temperature will result in more mobile carriers (i.e., more electrons and
holes will have the thermal energy necessary to be conduction electrons/holes), meaning

the resistivity will [decrease]
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b) Consider the two Si p-n junction diode below:

N,=10%cm=3 | Ny=10®cm- N,=10%cm=3 | N4=10%cm-

PN Junction A PN Junction B
i) Find the ratio of the built-in voltages for these two p-n junctions. [4 pts]

log< aANdA) | <O34)
Voa _ VrIn(Ng4Nga/n?) ng ) _°8\1020) 14 |7

Vog  VoIn(NggNap/n2) (Na,BNd,B) a (1032) “12 |6
: log | - 2 log 1020

i

i) What is the ratio of the current densities under a forward bias voltage of 1V for these two
diodes? [4 pts]

Assume 1, = T, = T (given during exam).

Vb 2 ( D, n Dp,4 >
]Dl ]s1e T ]ﬂ _ Noalna = Ngalpa
]DZ 4 Is2 2 Dn,B Dp.B
]SZeVT qni Na BLn,B + Nd,BLp,B
Dna DpA \/Dn,A n \/Dp,A \/:unA \/ﬂpA
NaA\/ Dn AT Nd A\VDpaT  Nya  Nga  Ngg NdA
Dyp \/DnB \/DpB \/Aun,B \/AupB

Ng,p+/ Dn BT Nd By Dpp Ng g NdB Ng g NdB
We have to look up four mobility values on the given mobility chart. Doing so, we find

fna = 1200 cm?/V-s

lipa = 150 cm?/V-s

tnp = 1200 cm?/V:s

tpp = 450 cm?/V-s
Jp1 _

=10.622
]DZ

iii) Find the ratio of the areal junction capacitances of these two p-n junctions when they are
not biased (i.e., OV). [4 pts]

=11.303

\/61651 NoaNaa 1
2 Nyg+ NgaV
Cioa a4 T TdA O’A:\/NaANdA Nop + Nap Vop _

Ciop N,gNig Noa+ Ny, V.
j0,B ges NasNep 1 aBNapg Nga aa Voa
2 Ngg+NypVop
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Problem 2 [25 points]: Bipolar Junction Transistor (BJT)

a) The following two NPN BJTs have the same doping concentrations. The only difference is
their base widths: BJT-A has a base width of 100 nm, while BJT-B has a base width of 200 nm.
Find the ratio of their current gains. (If you give correct qualitative answer, i.e., which BJT has

higher current gain and why, you will get half credit). [6 pts]

E B C E B C
Emitter: N-type, N, =10"® cm™
<>{ 100 nm «<—>f 200 nm Base: P-type, N, =10" ¢cm™
Collector: N-type, N, =10" cm™
BJT-A BJT-B

ﬂ_A _ NgalygaDnpa NppWppDppp  Wpp
Bs  NpaWpaDpga NeplpepDups Wpoa

=[2]

All of the other terms cancel because the doping (and therefore the mobility and diffusion
constants) are the same between the two transistors.

b) Consider the following two BJTs. They have identical dimensions and doping profiles, except
BJT-A is NPN transistor and BJT-B is PNP transistor. Find the ratio of their current gains. (If
you give correct qualitative answer, i.e., which BJT has higher current gain and why, you will
get half credit). [6 pts]

E B C E B C
Emitter: N-type, N, =10"° ¢cm™ Emitter: P-type, N, =10 cm™
Base: P-type, N, =10 cm™ N |p N PN = Base: N-type, N, =10 cm™
Collector: N-type, N, =10"° cm™ Collector: P-type, N, =10 cm™
BIT-A BJT-B

Here, we must again use the assumption that 7, = 7, = 7.

BA _ NE,ALpE,ADnB,A NB,BWB,BDnE,B _ NE,A DPE.ATDHB.A NB,BWB,BDTLE,B

Bs  NpaWpaDpea NgplnesDpss Ng aWg aDppa N 8y PnEsTDpE B
Dyg aDnp,a Dyg _ v HpEAlnBAHnEB  +/HnEBHnB,A
DpE,a DnggDpep  +/HnEBHpEatpsB  +/HpEalpB,B

We have to look up all of these mobility values. Doing so, we find
tnep = 300 cm?/V:s
Unpa = 750 cm?/Vs
tpea = 150 cm?/V-s
tpep = 350 cm?/V-s

g—Az 3.030
B
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c) Answer this question qualitatively. For the two BJTs in Part a), which BJT will have larger
Early voltage? Why? [4 pts]

Device |B| will have a larger Early voltage (i.e., it will suffer less from the Early effect
than device A). This is because the base width in B is larger than it is in A. This means
that any change in the base width due to a change in the reverse bias on the base-collector
junction will result in a smaller relative change in the base width in B than in A.

d) Solve the bias point of the following PNP transistor (lc, Ves, Vec). Assume
I, =10"" A, $=100,and V, = [5 pts]

Vo, =3V

R. =1KQ

Assume I = 10717 A (correction made during exam).

1+p
Vee = Veg = IgRg = B I¢RE
1+p Ic
VEB = VCC - TICRE = VT ln <E)

I =[2.12mA
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e) Draw the small-signal model of the circuit in Part d). Specify all the small signal parameters
used (e.g., g,,, I, etc). [4 pts]

+ .,
Fx "'{ U * GmUs Rp
1
m = V—C =[81.5mS
T
I, = gﬁ =[1.226 kQ
m
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Problem 3 [30 points]: BJT Amplifiers
a) Consider the BJT amplifier shown below with I, =1 mA.

Assume I, =10" A, =100, and V, =10V .
V.. =3V

@ tows

C vy
1KQ —] out
v, R =10 KQ

i) Find the value of Vg . [4 pts]
Assume V., = 2 V (given during exam) and Is = 10~17 A (correction made during exam).

VC = 2 V
I = 1 mA (fixed by the current source)
1+p
VE = IERE = ﬁ ICRE = 101V
VCE == 099 V
VBE V
Io = LeVr (1 +ﬂ)
Va
Ic
VBE = VT ln —V = 836 mV
Is (1+68)
Va

ii) Is the BJT in the active mode? Why? [4 pts]

Yes. The base-emitter junction is forward biased and the base-collector junction is
reverse biased (i.e., Vo > Vgg).

iii) Find the small signal parameters of the BJT under this bias condition. [4 pts]

el _35Ems
Im =y T3~ 2521
rn=g£=2.6kﬂ

m

v
rozl—Az 10 kQ

C
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iv) What is the expression for the voltage gain? What is its numerical value? [6 pts]

For this part, assume V, = oo (given during exam).

R,
1 Rs

G-t Re T T3

4, =|- —9.65

You could also write the gain as the gain from the input to the base times the gain from
the base to the collector, which would look like:

-+ (1 +6)R R

Av=_ T ( B) E . - L =—9.65
Rs+mm+(1+BR; L | p

9

m

v) What is the expression for the input impedance (seen by v,,)? What is its numerical value?
[6 pts]

For this part, assume V, = oo (given during exam).

Rin =|Rs + 17 + (1 + PR | =[104.6 kQ]
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vi) What is the expression for the output impedance (seen by v, )? What is its numerical
value? [6 pts]

For this circuit, we must perform small-signal analysis to determine the output resistance.
The derivation is similar to the derivation of the output impedance of a common emitter
amplifier with emitter degeneration.

Here’s the small-signal model with a test source at the output (excluding R, which
obviously goes in parallel with the result from this analysis):

Rg
AL\
= +
S <. A
P < Ur # OmUx § T'o L [ (7U) Uy

\
JF

.

-

Ve — Ve

+ gmVr = I
rO
it[Rg Il (ry +rRS)] =V

A
Vg = =7

e
T + Rg
Ve = UVt + GmToVn — UtTh
£ .
=Vt — GmToVe — Lt
T + Rg
Ut - itTO
v, =

— o
L+ gmm T + Rg

i[RIl (i + Rg)] =

, T Ve
i, {[Rg Il (r; + R)] + 2 7

- T,
1+gmr"rn+RS 1+gmroﬁ

v T
Rout = Ry, |l l—t =R, |l {ro + (1 + GmTy #) [Re Il (1 + RS)]} =[9.58 kQ
I S

t
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