The University of Portland
Donald P. Shiley School of Engineering

EE451
Advanced Analog Electronics
HOMEWORK 1
Assigned: Tues, Aug 25, 2020
Bue: Tues, Sept 8, 2020
Problems:
Note: It may be helpful to consult S&S Table 3.1 and J&M Sec 1.5 for some of these problems.

1)

2)
3)

4)

5)

S8S Text 3.6 (parts a, b, ¢, and e only). Note, parts a and b should read as follows:

a) intrinsic silicon
b) n-doped silicon with No=10'/cm?

S&S Text 3.22

An npn transistor has an emitter area of 10um x 10um. The doping concentrations are as
follows: in the emitter No=10'cm?® in the base Na=10""/cm3 and in the collector
No=10'%cm?®. The transistor is operating at T=300K, where ni=1.5 X 10%cm?.  For
electrons diffusing in the base, L~=19um and Ds=21.3cm?s. For holes diffusing in the
emitter, L,=0.6um and Dp=1.7cm¥s. Calculate Is and B assuming that the base-width W is:

a) 1um
b) 2um
¢c) 5um

For case b), if Ic=1mA, find ls, le, and Vee.

J&M Text 1.9 and 1.10 (Note that for these problems you will need the given parameters on
pp. 78-79. They're easy to miss. Also, always assume that gs=0 in the MOSFET SS hybrid-
pi model. Finally, assume that the MOSFET is an n-channel type in Problem 1.10).

Simulate the NMOS circuit on the following page in PSPICE (using Transient Response
analysis) to obtain the large-signal step response, Vo(t). Assume the following NMOS
parameters and conditions: W=100um, L=0.5um, KPn=pnCox=100uAN?, Vir=0.9V, y=0V°3,
A=0V-!, COX=1.9E-3pF/um?, CJ=2.4E-4pFium?, CJSW=CGSO=CGDO=2E-4pF/um, and
Vi(t) steps from 0 to 1V instantaneously. Remember that you get TOX from COX. Assume
all other parameters default. You should use an MbreakN3 and edit its model accordingly.
Don't forget AD, AS, PD, and PS. You should also use a VPULSE source. Please hand-in
your PSPICE printouts including your Schematic and PROBE output showing Ve(t) and Vi(t).
Please hand-comment your PSPICE printouts appropriately
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‘Table 3.1 Summary of Important Equations

Quantity

Relationship

Values of Constants and Parameters
{for Intrinsic Si at T= 300 K)

Carrier concentration in
intrinsic silicon (em™)

" = BT’aeg%/sz

B = 7.3x10%em K2
= 1,12 eV
= 8.62x 107°eV/IK
1.5 % 10"%em®

"

Diffusion current
density (A/cm?)}

ap
Jp = _QDPE
dn
J, = gD, I

1.60 % 107" coutomb
= 12 em/fs
= 34 cm’/s

q

Drift current density
(Afem?)

‘Idrg'ﬂ = Q(pﬂp+nﬂn)E

D
D

1, = 480 cm” /V-s
H, = 1350 cm’ V-5

Resistivity (£2-cm)

P = 1/lq(pu, +np,)]

H,and g, decrease with the increase
in doping concentration

Re!atiopship betw:een_ . D, D, _ v, Vi=kT/g=258mV
mobility and diffusivity B
Carrier conceniration in Rpg = Np
n-type siticon (em3) 2
Ppy = nr‘/ND
Cartier concentration in Pro = Ny
p-type silicon {em= ) 7, = n? /N,
Junction built-in N Np
voltage (V) Vo = Veln[ =5 )
#
Width of depletion X, Ny
region (em) * N
e D = 11.7¢,
W= X+ X,

= 8.854 x 107" Flem

Charge stored in depletion . NAND
fayer {coulomb) o= IN N, T+ N, DA v
Forward current {A) I=1+I
D 744
2 Lp r
Ip—Aqn,L ND( -1}
vy )

Iri = Aqn!L NA(

Saturation current (A)

2 &. + &_
Is = Agqn 7 N, LN,

)

I-¥ Relationship

_ I(em'f 1
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Table 3.1 continued
Values of Constants and Parameters
Quantity Relationship (for Intrinsic 5i at =300 K)
Minority-carrier . = IA/D /D L Ly = 1 um to 100 pum
lifetime (s) PR mo 4
Tw T, = 1 nsto 10 ns
Minority-careier g, =1l Q, =1,
charge storage _
(coulomb) g= QP+Q" = 7l
Depletion capacitance (F) N,: Ny 1
Cpo = 4 )(N,,+N 7
Faym - 1 1
G = Guf1+7) m=3t;
Diffusion Ty
capacilance (F}

Problems arc marked with asterisks to describe their degree
of difficulty. Difficult problems are marked with an asterisk
{*); more difficult problems with two asterisks (¥*); and
very challenginng andf/or time-consuming problems with
three asterisks (¥*¥). Also, if in the following problems the
need arises for the values of particular parameters or
physical constants that are not stated, please consuit
Table 3.1.

Section 3.1: Intrinsic Semiconductors

3. Find values of the intrinsic carrier conceniration »;
for silicon at —70°C, 0°C, 20°C, 100°C, and 125°C. At
each temperature, what fraction of the atoms is ionized?
Recall that a silicon crystal has approximately 5 X 10%
atoms/om’.

3.2 Calculate the value of m, for gallium arsemde
(GaAs) at T = 300 K. The constant B = 3.56x 10"
(cm e ) and the bandgap voltage £, = 1.42 eV.

Section 3.2: Doped Semiconductors

3.3 For a p-type silicon in which the dopant concentratlon
N, = 10"%cm’, find the hole and clectron concentrations
at T=300K.

3.4 For a silicon crystal doped with phosphorus, what
must Ny be if at ' = 300 X the hole concentratmn drops
below the intrinsic level by a factor of 1079 '

35 Ina phospholléus—dg)ped silicon layer with impurity
concentration of 10 /cm’, find the hole and electron con-
centrations at 27°C and 125°C.

Section 3.3 Current Flow in Semiconductors

3.6 A young designer, aiming to develop intuition con-
ceming conducting paths within an integrated circuit, exam-
ines the end-to-end resistance of a connecting bar 16 pm
long, 3 pm wide, and 1 pum thick, made of various maferials.
The designer considers:
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(©) n-doped silicon with Np = 10"/cm
(d) p-doped silicon with N,

I
—
O——
L=
&
2]
L")

(e} aluminum with resistivity of 2.8 1€} -cm

Find the resistance in each case. For intrinsic silicon, vse the
data in Table 3.1 For doped silicon, - assume
H,= 2.54, = 1200 cm ?/Vs. (Recall that R= pL/4)

" 3.7 Contrast the electron and hole drift velocities through
a 10-pm layer of intrinsic silicon across wh:ch a voltage of
5V s nnposed Let 4, = 1350 cm 2/Vs  and
H, = 480 cm V.

3.8 Find the current that flows in a silicon bar of 10-im
length having a 5-pumx 4-pm cross sectlon and having
free electron and hole densities of 10>/ cm” and 1015/cm
respectively, when a b Vis applled end-to-end. Use
2, = 1200 cm Vs and H, = 500 cm Vs,

3.9 In a 10-m long bar of donor-doped silicon, what
donor concentration is needed to realize a current density of
I mA/ pmz_ in response to an applied voltage of | V. (Nofe:
Although the carrier mobitities change with doping concen-
tration, as a first approximation you may assume A, o be

constant 2and use the wvalue for intrinsic = silicon,
1350 cm’/V-s). ’

3.10 Holes are being steadily injected into a region of n-
type silicon (connected to other devices, the details of which
are not important for this question), In the steady state, the
excess-hole concentration profile shown in Fig. P3.10 is
established in the n-type silicon region. Here “excess”
means over and above the thermal-equilibrium concentra-
tion {in the absence of hole m_]ectlon), denoted pﬂu If
Np=10"%m? n,= 1.5x10%em®, D, = 12 em¥s,
and W=0.1 um, ﬁnd the density of the cunent that will flow
in the x direction.
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3.11 Both the carrier mobility and diffusivity decrease as
the doping concentration of sificon is increased. The table
below provides a few data points for z, and 4L, versus dop-
ing concentration. Use the Einstein retatmnshtp to obtain the
corresponding values for D, and D,

Section 3.4: The pn Junction with Open-Circuit-

Terminals (Equilibrium) v

312 Caleufate the built-in voltage of a Juncnon in which
the p and » regions are doped equally with 10" atoms/em?.
Assume m; = 1.5 10'%em®. With the terminals left open,
what is the width of the depletion region, and how far does it
extend into the p and # regions? If the cross-sectional area of
the junction is 100 pm?’, find the magnitude of the charge
stored on either side of the junction.

3.3 If, for a particular junction, the acceptor concentra-
tion is 10'%em® and the donor concentration is 10"cm?,
find the Jjunction  built-in  voltage. Assume ».=
15% 10" %m’, Also, find the width of the depletmn
region () and its extent in each of the p and » regions
when the junction terminals are left open. Calculate the
magnitude of the charge stored on either side of the junc-
tion. Assume that the junction area is 400 pm?

Doping Concentration
{carriers/em?) #t, {em*/Vs) i, {em¥/Vs) D, (cm¥/s) D, (emi/s)
Intrinsic - 1350 480
10" 1100 400
10" 700 260
10" : 360 150

Table P3.11

Swisows cwnay
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3.14 Estimate the total charge stored in a 0.1-um depletion
Iayer on one side of a 10-pm X 10-ptm junction. The d3op-
ing concentration on that side of the junction is 10 /em’.

3.15 In a pn junction for which ¥, ¥ Np, and the deple-
tion layer exists mostly on the shallowly doped side with IV =
0.3 pm, find ¥y if Np = 10'%cm’. Also caleulate O ;.

3.16 By how much does F, change if N, or Np is
increased by a factor of 107

Section 3.5: The pn Junction with an Applied
Voltage

3.17 If a 5-V reverse-bias voltage is applied across the
junction specified in Problem 3.13, find Wand (.

3.18 Show that for a pn junction reverse-biased with a
voltage ¥, the depletion-layer width 7 and the charge
stored on either side of the junetion, Q, can be expressed as

f v
W=w,1+-2
0 VO

’ Vr
0;= 0j 1+V

where Wy and O, are the values in equilibrium.

3.19 In a forward-biased pn junction show that the ratio of
the current component due to hole injection across the junc-
tion to the component due to electron injection is given by

Evaluate thlS ratio for the case NIf = 10%/em’,
Np = 10°/em’, L,=5ym, L,=10pm, D,=

10 em?/s, and D, = 20 em?/s, and hence find 1, and

1, forthe case in wh:ch the pr junction is conducimg a for-

ward current /=1 mA.

3.20 Calculate I and the cmrentI for =700 mV for apn

junction for which N, = 10 /cm3 Np = 10" em’, 4 =

200an1 H; = 1.5x 10" /cm L,=5pm, L, 10;1m,
10cm/s and D, = ISCm */s.

3.21 Assuming that the temperature dependence of Ig
arises mostly because [; is proportional to n?, use the
expressmn for n; in Eq. (3.2) to determine the factor by
which n changes as 7' changes from 300 K to 305 K. This

will be approximately the same factor by which Jg changes
for a 5°C rise in femperature. What is the factor?

3.22 A p+n junction is ong in which the doping concentra-
tion in the p region is much greater than that in the » region.
In such a junction, the forward current is mostly due to hole
injection across the junction. Show that

vrvy

I=1 = AqnfL ND(e 1)

For the specnﬁc case in which A, = 10" /cm®,
D, = 10 cem ss, L, = 10 pm, and 4 = 10* pn?, find
Ig and the voltage V obtained when I = i 0.5 mA, Assume
operation at 300Kwhere m = 15x107/ cm’,

3.23 A pn junction for which the breakdown voltage is 12V
has a rated (i.e., maximum allowable) power dissipation of
0.25 W. What continuous current in the breakdown region
will raise the dissipation to half the rated value? If break-
down ocawrs for only 10 ms in every 20 ms, what average
breakdown current is allowed?

.Section 3.6: Capacitive Effects in the pn

Junction

3.24 For the pr junction specified in Problem 3.13, find

Cipand C; at V=5 V.

3.25 For a particular junction for which Cyy = 0.6 pF,
Vo = 0.75V, and m = 1/3, find C, at reverse- blas voltages
of ]| Vand 10V,

3.26 The junction capacitance C; can be thought of as that
of a paraliel-plate capacitor and thus given by

cA
C —
W
Show that this approach Ieads to a formula identical fo that
obtained by combining Egs. (3.43) and (3.45) [or equiva-

lently, by combining Eqs. (3.47) and (3.48)].

3.27 A pn junction operating in the forward-bias region
with a current 7 of 1 mA is found fo have & diffusion capaci-
tance of 10 pF, What diffusion capacitance do you expect
this junetion to have at I = 0.1 mA? What is the mean transit
time for this junction?

3,28 For the p'n junction specified in Problem 3.22, find
1_ and calculate the excess minority carrier charge and the
value of the diffusion capacitance at /= 0.2 mA.
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