Semiconductor Basics
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& Intrinsic (4'819) semiconductor: a pure semiconductor without doping (5%k).

*. Intrinsic semiconductor =

Undoped (kf£519) semiconductor.
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Electron (& 7): a particle of a negative charge (—1.6x10-1° C).
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Hole (z&m): a fictitious (##419) particle of a positive charge (+1.6x10-19 C).
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& Extrinsic (5MEf) semiconductor: a semiconductor doped with impurity atoms (%ﬁ%’i’)ﬁi

.. Extrinsic semiconductor = Doped (j£4;t7) semiconductor.
& The impurity atoms are called dopants (#2447 when they are used for doping.

¢ 2 types of dopants:
- donor (ig) for n-type semiconductors, and
— acceptor (Z3) for p type semiconductors.
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n-type Si with donor (As) p-type Si with acceptor (B)
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Flow of Carriers (&7 ) in Semiconductor

Positive terminal from
voltage supply

Holes (+) flow toward
negative terminal
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positive terminal
Negative terminal
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Energy Band (g:%)

Formation of energy bands in solid
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For a solid, a large amount of
closely-located energy levels
form an energy band.
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Energy band diagram (g:%+&) of a semiconductor

Energy band diagram (sz#E) =2 E-x relation

Conduction band

: <+— Completely no electrons (at T= 0 K).
(HET)

E. Coduction band edge (B 584%)
Band gap (6%, E,
(Eg= EC_EV)

—— Valence band edge ({[HE#184%)

Completely filled with electrons (at T= 0 K).

/
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& Electron (&57): a particle of a negative charge (-1.6x1071° C).
Hole (%) a fictitious (st particle of a positive charge (+1.6x1071° C).

& Free electrons are in the conduction band and holes are in the valence band.
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& AsT TT, more electrons are thermally excited (#u%%s) from the valence band to the
conduction band.

¢ Electron concentration (&%) n = Hole concentration (gFEf) p.

Energy

Fo?rbidideni ban;d E,

Band gap & electron occupancy (E1s=) at 0 K

Insulator Semiconductor Conductor
(4B%5RE) (58)

A semiconductor has the same

In an insulator at absolute zero,
there are no electrons in the
conduction band.
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band structure as an insulator but
a smaller gap between the valence
and conduction bands.
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Extrinsic semiconductor: when a donor atom is present .....

¢ Donor (or, Donor-like) level:
if filled by an electron _e@
if empty —_—

° I:Icclronl
created !
8858 8 8 N

— electrically neutral (&%)
— positively charged (#+2)

¢ Activation energy (%{L5:5), or
lonization energy (4 7(s:=)
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Extrinsic semiconductor: when an acceptor atom is present .....

¢ Acceptor (or, Acceptor-like) level:
if filled by an electron _@  — negatively charged (#—%)
if empty — — electrically neutral (m:i%)

¢ Activation energy (%{:5:5), or

@ @ @ @ @ lonization energy (i {4 8)
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When a large number of dopant atoms are present .....
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Carrier Concentration at Thermal Equilibrium (zr) <

& Carrier concentration (& 7 FE):
Electron concentration (& F&F), n
Hole concentration (i), p

¢ Fora practical semiconductor:
-E

kT V)

where N is eﬁ‘ecttve density of states in the conduction band (EEREXEERE
Ny is effective density of states in the valence band ((EE R HAERERE),
F,(x) is Fermi integral (&:#f&4y) with n =%,

n=NC-F./2

”)&PNFA(

Fermi integral: F,( dy (withn>-1)

-7, e

In the case of calculating carrier concentration, we have n = .

Ep is Fermi level (#:k4f),
k is Boltzmann’s constant (25 &% %) (= 8.62x107° eV/K = 1.38x1023 J/K),
T is absolute temperature (&35 E).
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E,~E . . . . .
n=N¢Fy,( FkT £)  where N is effective density of states in the conduction band.

p=NyF,(- EFk;E") where Ny, is effective density of states in the valence band.

& IfE--3KT > Ey > Ey, +3KT, semiconductor is called nondegenerate (7).

Er — E Er — E
n = Nc Fi2 <7FkT C) ~ Nc exp <—FkT C) CB
°
Er—F Er — E 7 °
p:NVF1/2 (*%) = Ny exp (7%) EC o0 0000
Ec - F E, Er
np = Ny N¢ exp (*%) Ny N¢ exp ( kT) E

n= NC e(Er-EQ)/kT ﬁ

p= NV e*(EF-Ev)/kT

np= NCNV e—Eg/kT
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Extrinsic (i.e., doped) semiconductors

|7 Intrinsic (i.e., undoped) semiconductors
® n=p

=n, , where n, is called intrinsic carrier concentration (ZE#; 7). (Np: donor concentration (j##it/%) & N,: acceptor concentration (ZH#j/%))
= np=n-n=n? If N or N, is not very high, giving the semiconductor nondegenerate, then we have:
But, an intrinsic semiconductor is nondegenerate. (See its E to be calculated below.) & Complete ionization (5245 7-1t): as shown in the figure below. .
= F-EC
= np=NcNy eFAT ¢ Ifdoped with Ny (>>n;) = n-type n=Nce
1 - - . . ‘ - ~(Er-Ev)KT
. The above two equations give n, = (N.Ny)” e Fe/2T n =N eFrEOAT Majority carrier (%##7) n=N, = Eg-E.~KkT-In(Ny/N,) |P~=Nve (Er-Ev)
& n=p = NgeErEKT =N, e E-EVKT p =Ny e FFEVAT Minority carrier (V¥ 7) p =Ny e E-FVXT or p=n2/n n-p =NcNy e BAT
. Intrinsic Fermi level (&:E2:15%4r) is given by np = NoN, e EekT * if[d.op.ed Wlth.NA G>n) = p;ype E B KT INUN ) =n/
ajority carrier (Z#H#E ) p=N, = Ep-E,=KI'In(Ny/N,
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Summary of formulas (for both intrinsic & extrinsic cases)
Intrinsic N-type P-type When the semiconductor is nondegenerate: n =N eErEIKT
o n=Ng eEFEIKT = N e(EEC/KT o(ErE)KT p =Ny e EF-EVKT
noP n==p n==p = n, eEF-E)/KT n'p = NNy ¢ FekT
_ D=2 D =n? !
np=n? PN PN p =N, e EFEVKT = N g (EEVKT o~(ErE)KT =n?
— n, e~ (EFE)KT
n'p = n}? < Mass action law
¢ Eg-E.=KT-In(n/Np) E|
E;- Ey = KT In(Ny/p)
or Ejm—mmmm—mmmm
E;- E, = KT-In(n/n,)
Eg- E, = kT In(n/p) Ey

& For a doped semiconductor:
Ifntype = n=Ny & p=n?n
Ifptype = p=N, & n=n%p
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Symbols for undoping & doping concentration

Examples: n*-Si, p**-Si, n-GaAs, p—GaAs, i-GaAs

Np: Donor concentration (jfeiss)
N,: Acceptor concentration (5 )

> 10" cm?3 Degenerate ntt pt
10 ~ 10" ¢cm3 ~ Degenerate n* p
107~ 10" cm3 Nondegenerate n p
1015 ~ 1017 Nondegenerate n -
Q . Nondegenerate i i
(Intrinsic)
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When & = 0, carriers undergo random thermal motion only
= Zero net displacement over a sufficiently long period of time.

Average thermal velocity (FEg#uERE), Vg,
Vi~ 107 co/s @ 300 K

(More precisely: Vam™vy,2 = 3-%KT)
Mean free path (755 HEER), [
I=vyT, (~1000 A @ 300 K)
Mean free time (7513 Hi5R]), or
Collision time (fit#%r5R), or

Relaxation time (5z5ti5R)

T =1 /vy (~102s=1ps @ 300 K)

When & # 0, carriers have combined motion due to
random thermal motion and an applied electric field.
= Non-zero net displacement, so-called drift.
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Drift Velocity (z##rr) and Mobility (&%)

@ Drift velocity (=) v = &, where & is the electric field.
Mobility (s#=) W= (q'1T,)/m", where m" is the effective mass of the carriers.
(ft=mv = —q&1,=m'v = v=—(q1/m) &)

@ In most of the semiconductors, electrons have higher mobility than holes (i.e., u, > 1, )
due to their smaller effective mass.

@ Under low fields, drift velocity is much smaller than thermal speed (i.e., vy << vy).

€ A trajectory such as this would take place only under very high fields.
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Drift current (=& E:%)

& Drift current density (FeEiEE): J=J,+J,
J=1J,+J,=nqv, +pqv,=qnu,+p-p,) & =c &

& Conductivity (5 ¥ or HER): = q(nW,p-K,) (in Q-cm)
—for n-type (n>>p) = o=qny,
— for p-type (p>>n) = o=qpy,

& Resistivity (BH{x% or EE=x): p=1/0 (in Q-cm)
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Diffusion @zgr)

& If'the carrier concentration is not uniformly distributed in space, the carriers can
diffuse (550 even without expericing an electric field.

& Diffusion current density (JEE(EREE):

Electrons: J,= q-Dn-Z—z
; | q=1.6x109C |

. =—q-D -P

Holes: J,=—q'D, P

where D (= v, °]) is the diffusion coefficient (%0 (or diffusivity (5550%)).
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Einstein Relation (ZXiiiHE (%)

—

-

¢ J =qD, (dn/dx) is one-dimensional.
s myvy?=%kT = v, 2 =kT/m,
® Use [[=vyT,

3

L T=um"q ¢ from u=qt/m*

= D, =v4l =vy (Uth rc) =02 (M) = (fn_TIEﬂL)

= D,= kT,
D, = (KT/q)p,

q q

n

for electrons

for holes

} Einstein relation
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High-Field Effects (mmEsxoe)

At high electric fields, many effects may occur.

Two important effects among them are:
1) Drift velocity saturation (=’ EEREF])
2) Impactionization (&% 7t)
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Drift Velocity Saturation ¢z eafi) Impact lonization (@ -11)
& Real drift velocity is represented by an empirical expression (4&i=t)
V=W & 1+ (g Ev) 1"« for Si & Ge
where |, is the low-field mobility (K E5E® %),
v, is the saturation velocity (tf1f1#%), and
v is a factor (2 for electrons; 1 for holes).
10x10° - E
V, =W, & ’ )
Electrons
- 3 \/ E
/ =
Lo e @
: / ( Vo= Hp ¢ Impactionization (E%gETt), or _
? afb— 7% Holes Avalanche multiplication (£347505) .
5 . o Ymyv2=E, +3-Ym vy o
27 Si m,v,=3-mv; @
. (300K) = vimv2 = 1.5E, - @
0 1 2 3 4x10° .. The required kinetic energy for the -
e(V/cm) ionization process, E =~ 1.5 E,. @
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Tunneling (k%)
¢ In quantum mechanics: h I’
R '}' ‘ Transmission coefficient ({41550 —d-1 avo
e e o 0 0 0 0 & o —TGT— 1 271 E E
e 06 06 06 0 0606 06 0 o T T = 1+—(qV;JS1nh(Bd)) E[.‘ === =-—= SESE===—- Q'EF
e s e 00 e 0000 4E(qVI)—E)
. 9s E, E,
: where B=.2m,(qV,—E)/h @
J & IfB-d>>1 (e, V,T,ord T,orE) o
. W(x
n-Semiconductor DT = T=e = e_zd“zm”(qVO_E)/h
= Tis small
& Ifwewant T 1, weneedd |, qV,|,E1,m" |
EV
X
o d
Semiconductor  Semiconductor ®)
A B (a) Band diagram of a semiconductor potential barrier with a distance d.
(b) Schematic representation of the wave function across the potential barrier.
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