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Problems for Chapter 2:

@ What is the number of the nearest-neighbor atoms for simple cubic, FCC and BCC
lattice. What is the number of the second nearest ne1ghbors for simple cubic, FCC and
BCC lattice. ' '

@ What are the Miller indices for the planes shown in figures (a) and (b)?

(@) : (b)

@ What are the Miller indices for the lines formed by the intersection of the crystal plane
shown in Fig.-Zb, with plénes [001], [010] and [100]? -

Find the aﬁgle o between the two nearest bonds in the diamond lattice.

Assume that the maximum donor concentration can be achieved when donor atoms
effectively "touch" each other. The donor atoms are regardcd as sphéres with radii

apy =ag(e; /2o Mmy /my,) |

where a5=0.53 A is the Bohr radius. Assummg that the semiconductor is GaAs, estimate
the maximum dopmg concentration. Use £/5=12.9 and md,,/mg—*"() 067. Hint: Assume
that the maximum- doping level donors are as closely packed as possxble even though

this is not necessarily a very realistic assumption. _
e primitive translation vectors of the hexagonal space lattice may be taken as:

a;=434 x+ay, az——J_ax+ay, az=cz

* (a) Show that the volume of the primitive cell is 3 /2a2¢ .
(b) Show that the primitive translation vectors of a reciprocal lattice are:

- 2= 2n
bi="=—x+2%y; by =— =2 x+ 2Ly b,y =207

a
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@ Shcw_ that the intemal energy per umit .volume of a three-dimensional Fermi gas of free
particles at absolute zero is 3NERH0)/(5V); show that the corresponding result for a two-
dimensional Fermi gas is NER(0)/(27). :

.Determme the posmon of the Fermi level in-a §f sample at T=0 K for the following

dopmg densities: . N
(@ N, ='1016cm“3, Np =0 (p-type sample).
g6 3 o5 3
(b) Ny= 10 em™, Np=10"cm’ (compensated sample).
(&) Ny= 1016cm"3,. Np= 10" em ™3 {compensated sainple).'

(d Ny=0,Np= lO”cm_3 (n-type sarﬁple)

Assume that both the acceptor and the donor type nnpuntles mtroduce energy levels
within the bandgap '

Givenan N, = 1014'cm*3 “doped Si sample:
- {a) Present a qualitative argument for the approximate posxt:lon of the Fermi level
in the material as T->0 K.
~ (b) Compute and plot the Fermi level as a function of T from T=300 K to T=500
(¢)  Comment on the general position of the Fermi level as a function of T.
(d)  How will the above answers be modified if the Si sample was doped with
_ donors instead of acceptors?
Determine the equilibrium electron and hole concentrations inside a umformly~d0ped R
sample of Si under the followmg conditions: _
(& Room temperature, ¥, << ¥, Np=10"cm™_
(®)  Room temperature, N,= 10 o= ., Np<<N,:
() Room temperature, ¥, =9x10cm™, N, =10"cm™.
@ T=450' K, Ny=0, N, =10%cm™.
(€) T=650K, v, =0, ND—IO em™, o
@ Calculate the DOS functzon for a two-dimensional (2D) and one-dnnenswnal (1D)

system. Use the approach for the calculation of the 3D DOS functlon, which was
descnbed in the class Sketch the 3D, 2D and 1D DOS functlons
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ind the relationship between the Fermi level Ep and the electron concentration 7 for a 2D

degenerate eIectron gas.

13 An effective densrty of states in the conductlon band of silicon is equal to 2.8x10cm3

(at room temperature) The density of states effective mass for silicon is 1.182m, at 300
K and 1.077m, af 77 K, where m, is the free electron rest mass. Con51der a sample

doped at 1016_ | by shallow ionized donors Find an expressmn for the number of

electrons per unit energy, dn/dE, in the conduction band as a function of energy in this

_ sample and plot it at T=77 K and T=300 K.

Ie:

14 XConsider a silicon sample in the thermal equilibrium at room temperatme (300 K). The

intrinsic carrier concentration of Si at this temperature is about I.SXIOIOcm"3 . Plot the

~ concentration of electrons and holes VETsus acceptor doping in the raﬁge from 1083 ¢m™3

10 107 em™ for the followmg shaIlow—donor concentratrons
@) 1015 cm™ |

Find the total charge of electrons injected mto the p-regron ofanp silicon diode as a

functlon of the bias voItage V. Doping densrty of the p—reglon 18 Ny, mtrmsw carrier
concentration is »;, and the d1ode temperature is 7. The length of the p-reglon is L, and
the diffusion length of clectrons in the p-region is Z,. Consider three cases:

@ Arbltrary relation between Land L, '

(b) L>> L,.

(¢) L<< L. | |
Assume that at the contacts, 1=y, Where npo is the equilibrium concentratlon of

electrons.

16. Deriv‘e the expression for the space-charge region wi'dth, the mammum electric field and

the depletion capacitance of a linearly graded junction. -
onsider a pr-junction diode. The concentratron of holes in the n-section of the device is

described by the continuity equation

2
D dpn_pn""pnozo_
P2 o

The concentration of shallow tonized donors in the n-section is equal to 10*° cm® The

- intrinsic carrier concentration is 10 cm The forward voltage apphed to the diode is 0.5



V. Assummg that the length of the n-section, L, is much smalier than the dlffusmn length__
Lp, calculate and sketch the hole distribution in the n-section of the device, Also,
assuming that D,=12 cm */s and the lifetime 7,=1 ps, how short does the n-section have to_
be to sausfy the cond1t10n that L<<L (use L= L /10 asa cntenon)’?

e forward IV-characteristics of a pn-diode are shown in the figure below.

(a) Explam the origins for the deviation of the measured IVcharactensncs from the
~ ideal model predictions. | . '
(b) Caleulate the series resistance of the d10de Expl-a.in how did you arrive"tp your

answer,
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OShow dlagrammatlcally and with analytlcal expressmns (the sunple ones) the current

components in reverse active mode and in the cut-off mode.

(a) reverse active mode:

(b) cut-off mode
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On the figure below are glven the output charactenstlcs of aBITina common-grnitter
configuration: ' S '
(a) What is the small signal current gain for VCE 10 V
(b) What is the output conductance of this devwe |
- (o) Estimate the Early voltage of the transistor. What is the reason for the Early effect?
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@Sketch the enefgy band diagram and the chargé distribution in a MOS capacitor with 7- _
type semiconductor for the following bias éonditions: ‘ '
(a) Accumulation
(b) Depieﬁon'

- {¢) Inversion

-@The field distribution in an ideal MOS capacitor is shown in the figure below.
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(a) Sketch the potentlal and the charge d13tr1but1on proﬁles Is the MOS capamtor b1ased o
in accumulatlon, depletion or inversion. regime?
(b) Caleulate the voltage drop in the semiconductor a_nd in the oxide.-
) (c) What is the magnitude of the oxide capacitance Cor?
(d) Calculate the threshold voltage VTH for the MOS capacrcor

The dlelcctnc penmtuwty of sﬂlcon is es =1 05><10"10 F/m, ‘rhe oxide penmtnwty is

on -3 45><10'11 F/m, the intrinsic carrier concentration equals to #; = =1 5x1010 em™ and

the temperature is T=300 K
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Plot the h1gh-frequency CV—curves for the three structures shown in the figure below on _
the same plot. Explain how did you arnve to your answer. In your analysis assume that

the gate voltage is swept very slowly

.Charge densxty 2.4x107 C/cm is umformly dlstnbuted in the oxide in a MOSFET

structure The oxide thlckness is dgx = 150 nm. _
(a) Calculate the contnbutlon to the threshold voltage from these charges. _
(b) Calculate for the case when all charges are located at the semlconductor/omde'

. interface.



- (©) Ca.lculate when the charges are located 20 nm away from the sennconductor—omde

mterface into the oxide layer _ _
In your calcul_atlons,- for the dielectric pennittivity of the oxide use .‘Ejox =345x10711
Fm. _ AU |

25 Charge dens1ty of 24x107 Coulombs/cm is umformly dlstnbuted in the oxide ina
MOSFET structure. The oxide thickness is d»=150 nm. | |

VNMM Calculate the contribution to the threshold voltage from these oxide charges
o.,‘.") 9}\ (b) . Calculate for the case when all the charges are located at the 31hcon-sﬂ1con

dioxide interface. L :
(¢) - Calculate for the linear charge distribution Wﬂhm the oxide (zero charge
| density at the Si-SiO; mterface maximum charge density at the metal—SzOz'
: mterfacc) ' '

onsider nearly two identical silicon MOSFETs. The only difference between the two |
- devices is that the oxide layer in one of them is perfectly clean, and the other one is

| cbntaminated with sodium ions that produce a positive charge density. The concentration
of sodium i ions equals to 2 xlOchm , and the thlckness of the oxide layer is 0 1 pm The

permittivity of SiO is 3.45x107 7 /m ..

. (a) What 1s the dJﬂ'erence (including 31gn) 111 the device threshold ‘voltages if these
devices are n—channel devices?

t)] What is the difference (mcludmg S1gn) in the dev1ce threshold voltages if these
devices are p—channei devices?

(c) Assume that the threshold voltage of the n-channel clean dewce is 1 V and that the
threshold voltage of the p-channel clean device is -1 V. - Sketch the quahtatlve
.dependencies of the drain-to-source saturation current on the gate voltage for all four
devices (clean and contaminated 7-channel and clean and contaminated p-channel
devices). Label the thresholds and sh1fted thresholds on the gate-voltage axis.

' @enve the expressions for the extnns1c transconductance and the extrinsic’ drain
conductance ofa tranmstor with finite source and drain series resistances in terms of those
of an ideal transmtor with zero series resistances,

‘Ialculate the dependence of the drain current Ip upon the dram voltage VDS for VGS =

V, for a silicon _MOSFET with the following values of the source (Rs) and drain



resrstance (RD) Rs = RD = 0 Q, and Rs = RD = 100 Q The devrce parameters are as
follows _ ' :
._gerte length: I.,‘=4 pm
gate width: W =100 um |
* electron mobility in the channiel: iy = 1000 cm?/V-s
dielectric permittivity of gate oxide: gx=345x10" F/m
dielectric permittivity of silicon: €sc = 1.05%10° 10 F/m
ﬂat-band voltage: Vig=0V -
substrate bias: Ve =0V |
temperature:‘ T=300K _
substrate doping: Na= 10" ¢m™
gate oxide thickness: dox =20 nm .
intrinsic carrier cbncentration n1 =1.5%10%° crn'3 . |
- In your calculatrons use:
(a) square-law theory
: (b) bulk-charge theory : : :
Repeat the problem for No=10"% cm" 3 and Na=1 017 cm>. Discuss the validity of the
- square-law theory versus substrate doping and the influence of the series resrstance on
the drain cutrent characteristics of these dewces
.Denve an expressron for the drain saturatlon current of an n-channel MOSFET using
square-law theory and neglectmg velocity saturation effects, i.e. assuming the constant
mobility model, but takmg into account the source senes resistance Rs. Use the followmg
MOSF ET parameters:
gate oxide thickness: dox=17.5 nm
 device gate width: W =100 um .
~ gate length; L =4 yum |
threshold voltage: VT =-1 V i |
electron mobility in the channel: Ha= 800 cmsz -8
dielectric permittivity of gate oxide: gy = 3.45%10 A1 Fm
gate voltage' Vs =5V
substrate bias: Vg =0 V
- Plot IDsﬂt versus Rs for ZQ <Rg=20Q.



'Calculate and plot the stlbthreshold.current for a lotlg-channel’ Si MOSFET as a ﬁlﬁctlon _
~of the gate voltage Vs that varies in the range between Vr-1(V) and Vr. For the dram
voltage assume Vps =0, 01 V, 0.1 V and 10 V Use the followmg parameters
_ _threshold voltage VT 1 V _
- substrate doping: NA=1015 cm o
electron moblhty in the channel Hn = 800 cm?/V-s
dev1ce gate w1dth W=100pm |
| gate length: L'=20 pm- _'
. gate oxide thlckness d<m = 5() nm
' enetgy band gap Eg=1.12 eV '
effect1ve density of states in the conduction band: Nc 3.22x10" ¢m
~ effective density of states in the valence band: Ny = 1.83><10_‘9_ em?
dielectric permittivity of gate oxide: o= 3.45x10"" F/m
' d1electnc penmtnwty of s111con €5 = 1.05%10 OF/m
temperature T=300K '

'@Consuier the following idealized ion implantation profile near the semiconductor-

insulator interface i ina Si MOSFET (x=0 corresponds to the semconductor insulator
interface). Calculate the threshold voltage shift as a function of N,, for 10" em™ < N; <
10" em™ for dimp = 0.08 pm. Assume. '
| .semjconductor background doping N = 10'° cm™
gate oxide thickness: dyx=50nm
energy band gap: EG= 1.12eV o - _
effective density of states in the conduction band: N = 3.22x 10_19 cm?
effective density of states in the valence bahd: Ny =1.83%10"° ¢m™
dielectric permittivity of gate oxide: Isox = 3.45x10™! F/m
dielectric permittivity of silicon: g, = 1 05><1('l'10 F/m
temperatu.re T=300K
Assume shallow ionized acceptors Deﬁne the ﬂareshold voltage as the gate voltage
for which the electron concentration at the surface #(0) is equal to Na +Ni.



- Doping density

: x_=0 _ ' Distance x .

@ The cun-ent-voltage characteristice ofa long-chai_niel MOSFET are described w1th _

Zu .
; jf’f%‘"—[% VT)VD "EVD] Vp <V =Vp
T(VG 7y, R - Vp>Ve-ipo

' where Heg I8 the effective electron moblhty in the channel L is the effectlve chanmel
length, Z is the channel (gate) width, Cox is the gate’ capamtance, Ip is the drain. current
Vp is the drain voltage (with the source as reference), VG is the gate voltage, and V7 is the

- threshold voltage. When the drain and gate are connected, consider the following two
cases: '. | | | |
(@) Vr>0,and
(b) ¥Vr<0,
Find and plot Ip in terms of VD in each of these tWO.cases.

@A GaAs MESFET is fabricated lising an epitaxial layef doped to ND= 10" cm that is 0.2
Hm thlck The Schottky barrier metalhzanon hasa bamer he1ght of 0.75 eV.
(a) Evaluate the built-in voltage Vi
- (b) Evaluate the pinch-off voltage Voo
(c) Evaluate the threshold irolt_age Vr. .
| (d) Is the resulting.transistor a depletion or enhancement ir_iode device?
(e) What is the depletion Iayer tlﬁcknese with Zero gate voitage?_ -

@Wn‘ce a program to evaluate the dram current as a function of Vp for a spemﬁed gate
voltage. Use the transistor parameters of problem 34. The program should be valid for all
channel lengths; assume that p, = 5000 cm’/V-s and Vs = 1.3><1(_)7 cim/s. '



a. Plot ID(V D) with VG Ofora tran51stor w1th L— 10 wm and Z= 100 u,m
. Repeat(a)forL 0.2 pm and Z =100 pm. . |
. Compare VDsat in (b) with the value VDsat =EL which i is the extreme veloclty _
saturation limit. Does this limit apply to a transistor with L = 0.2 um?



