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1.2.2. The photo-electric effect

The photoelectric effect s by now the "classic” expenment which demonstrates the quantized
mature of light: when applying monochromatic light to a metal in vacuum one finds that electrons
are released from the metal This experiment confirms the notion that electrons are confined to
the metal but can escape when provided sufficient energy. for instance in the form of light
However, the swpnsing fact is that when illiminating with long wavelengths (typically larger
than 400 nm) no electrons are emitted from the metal even if the light intensity is increased. On
the other hand, one easily observes electron emission at ultra-violet wavelengths for which the
munber of electrons emitted does vary with the light intensity. A more defailed analysis reveals
that the maximum kinetic energy of the emitted electrons vanes linearly with the inverse of the
wavelength. for wavelengths shorter than the maxinmm wavelength.

The experiment is illustrated with Figure 1.2.1:
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Figure 1.2.1 Expenmental set-up to measure the photoelectric effect.

The experimental apparatus consists of two metal electrodes within a vacuum chamber. Light is
incident on one of two electrodes © which an external voltage is applied. The external voltage is
adjusted so that the cument due fo the photo-emitted electrons becomes zero. This voltage
corresponds to the maximum kinetic energy, E E.. of the electrons in units of electron volt. That



voltage 15 measured for different wavelengths and is plotted as a function of the mverse of the
wavelength as shown in Figure 1.2.2. The resulting graph is a straight line.
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Figure 1.2.2 Maxuimum kinetic energy, K E. of electrons emitted from a metal upon
illununation with photon energy, Ep;. The energy is plotted versus the inverse of
the wavelength of the light.

Albert Einstein explained this experiment by postulating that the energy of hght is quantized. He
assumed that light consists of individual particles called photons. so that the kinefic energy of the
electrons, K. E.= F/2m equals the energy of the photons, Epy, mimus the energy, g@ iy required to
extract the electrons from the metal The workfimction @4y therefore gquantifies the potential
which the electrons have to overcome to leave the metal The slope of the curve was measured to
be 124 eV/micron which vielded the following relation for the photon energy. Epy:

he (12.1)
EPJ‘? =hv =T

where # 1s Planck's constant, v is the frequency of the hight ¢ is the speed of hght m vactmm and
A is the wavelength of the light

While other lght-related phenomena such as the interference of two coherent light beams
demonstrate the wave characteristics of light, it is the photoelectric effect which demonstrates
the particle-like behavior of light These experiments lead to the parficle-wave duality concept.
namely that particles observed in an approprniate environment behave as waves, while waves can
also behave as parficles. This concept applies to all waves and particles. For instance, coherent
electron beams also yield interference pafterns similar to those of Light beams.

It is the wave-like behavior of particles. which led to the de Broglie wavelength: since particles




have wave-like properties, there is an associated wavelength, which is called the de Broglie
wavelength and 15 given by
-
1o h (12.2)
P

where A is the wavelength, # is Planck's constant and p is the particle momentum This
expression enables a comrect calculation of the ground energy of an electron in a hvdrogen atom
using the Bohr model described in Section 1.24  One can also show that the same expression
applies to photons by combining equation (1.2.1) with Epy =p c.

Fxample 11 A metal has a workfinction of 43 V. What is the minimum
photon energy in Joule required to emit an electron from this metal
through the photo-electric effect? What are the corresponding
photon frequency in Teraheriz and the photon wavelength in
micrometer? What is the photon momentum? What is the velocity
of a free electron with the same momentum?

Solution The mimunmum photon energy. Ep;. equals the workfunction. & .
in units of electron volt or 4.3 eV. This also equals

Epy=q®y =16%107" 43 =6.89x107" Joule
The corresponding photon frequency is:
E L 1p-19
L _Eph _ 689x10 1040z
h 6.626x10"
The corresponding wavelength equals:
=34 g
he  6.626x10 " x3x10° 1.4
b - = _0288um
Eph 6.89x10" Epp (V)
The photon momentum, p, is:
-3
=£= M=229? ':10—2? kgﬂl
A 0288x1078 :

And the velocity, v. of a free electron with the same momentum
equals

Lir)

Lennard-Tones potential

- ro




Example 1.3 An electron is confined to a 1 micron thin layer of silicon
Assuming that the semiconductor can be adequately described
by a one-dimensional quantim well with mfimte walls
calculate the lowest possible epergy within the mafenal in units
of electron volt. If the energy is inferpreted as the kinefic energy
of the electron what 5 the comesponding electron velocity?
(The effective mass of electrons in silicon is 0.26 mp, where my
= 011 x 107! kg is the free eclectron rest mass listed in

Appendix 2).
Solution The lowest energy m the quantum well equals:
R Ly - (6.626 <107*)° —L
YTom' 2L 2x0.26x9.11x107 "2x10°¢
=232x 107 Joules = 145 peV
The velocity of an electron with this energy equals:
V= IE_E,1=J—2"2'32 0 1399 ks
Ym"  V026x911x107%
Semi- Effective masses Mobality (300 K) Relative static di-
conductor (units of free electron mass)  (cm’/Vs) electric constant
Electron® Hole** Electron Hole
Si m =092 my =013 1450 505 119
m, =019  my =054
Ge m =157 mpy = 0.04 3900 1800 162
m, =0.082 my =028
InSh 0.0136 mpy =0.0158 77000 850 16.8
My = 0.34
(GaAs 0.063 my =0.076 9200 320 12 4
gy = 0.50
CdSe 0.13 0.45 200 — 10
GalN 022 0.96 440 130 104

X
Bk S

m, 1s longitudinal, m, 1s transverse.
iy, 15 light hole, 1y, 15 heavy hole.



Example 1.5 Calculate the energy relative to the Fermi energy for which the
Femmni function equals 5%. Wiite the answer in units of £7.

Solution The problems states that:

=0.05
)

F(E)=

1
E-FE
1+ exp( F

kT

E—Ep =W(19)kT = 3kT
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Example 22  Calculate the energy bandgap of permanium. silicon and gallinm
arsenide at 300, 400. 500 and 600 E_

Solution The bandgap of silicon at 300 K equals:

aT?
0473107 = (300)?

300+ 636

=1.166- =112eV

Similarly one finds the enercy bandgap for germanium  and
gallum arsentde, as well as at different temperatures. yieldmg:

Gemmanium Silicon Gallium

Arzenide

T=300K 066eV 1126V 142 eV
T=400K 062V 1.09 eV 1.38 eV
T=500K 058eV 1.06 eV 133 eV
T=600K 054eV 1.03eV 1.28 eV

e |
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valence bands O Zermaniiin. sihicon and Zalinum arsenide at S0U
K.

Solution The effective density of states in the conduction band of
germanium equals:
2emkT 37
3 W
h_
_p2r055x0.1 1077 x138x107 <300,3.2
(6.626 10732
=1.02x10% m? =1.02x10 em™

N =2

where the effective mass for density of states was used (see
appendix 3 or section 2.3.6). Similarly one finds the effective
density of states in the conduction band for other semiconductors
and the effective density of states in the valence band:

Gemmanim Silicon Gallnm

Arsenide
N, (e 1.02x 10%° FRiE e 435x 10"
N, (em™) 5.64x 10" 183x 10" 7.57x10'®

Note that the effective density of states is temperature dependent
and can be obtain from:

. o e I .1n
N AT)=N_(300K)(—)"'~
c(T)=N,( }(mﬂ}

where N (300 K) is the effective density of states at 300 E.
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) Sl Al Sl ddua il A83e AUS Koy 13¢]
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Intrinsic ¢arrier concenteation m, (em™)
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N“=n*p ——n?=Nc-exp—(Ec—Eri)/keT Ny * exp—~(Eq -E,)/ keT

N ={ Nc* Nv}*?exp— (Eg/ 2ksT)

1500 Ty
1000 500 200 100

27 0 20
=

I I 1
| o || 1 | 1 |

1018

| % 1 1

.

1016 Y W

e

1012

10 = ——— _EEEE
%
N
%
'

1 L LW L e ™ L 1
1079 Gais 2k e —
‘l\. L]
Ny

LO%;
0.5 1.0 1.5 20 2.5 3.0 R':.I‘}'Sﬁs

1000/T (K1) temp

4

(4-12)

) i A8l A8l o) iy

L 5 3 ) padl da Ha3ak oy ded A2 3 - )

A Uilia gla 138 5 350 Sl Adua 5l 0l 35

C(Y-Y) IS AgUal) p5all 23 gai b i
138 5 Aed J5 A8Ual) 5 gad a8 30l 3 - ¥

e Jie 5 Al oSl Adua 51l Gladi ay

ol JSaN 3 eday LS 5 Ul 201 ila g L

A8LLalls ymd 53 () sSoludl lliay 5 ) all Aa o

4 )lie Al cleall e Slel 38 55 1,26V

. 1.55eV sl ZHOR

e afine Jad e Juani 3 ) jall da )y o slie e 4l e Al sl 035 )18 5l o 315 (4-4) A8l ¢ sl
Q\);él\}&lj})ﬁ:\l‘ﬁ\g)ﬁjoﬁ’é\}w\g);ﬁ(EFi) é\hﬁ\@):\éd)mé}aquﬂ} AdUal) 3 gad Jilay
N:p—> N¢ eXp—(EC—EFi)/kBT:Nv*eXp—(EFi—EV)/kBT

Er = (Eg/2) +3 /4 KsT(In m¥n/ m*o)

21 %
_E SN | s
% A R
i 104 1 6%
7 e ¢ 1 4
E 108421 { 0%

(0EHI i

42 41 0 01 0 03 04
Energy (V)

Pro b billidy

(4-13)

S aal) A ()5S Ala gall A o) sl dle d
) Lellan Sy han AL G o) iy Lall B
P R P S B PO

Cratia iy 4S5 A 0 b (5 sise )

Cn IS LS Heday (12-3) JSA) 8 Al 6 gad

QU}JMY\ RS i GA):\B dlac YAl a8

ALY AV ey dllaial



Mobility {crm/V-s)

mobility A< ,adl

Os W o g ¢ Lgtia aamy (gl (U jeainl) o8 48 jall () e A0l yeSUl Alia il o ) 483U} (00
LSl e ) Ll o Jalusall Al 5e S Olaall 303 5 281 W) Ao puall (g ol s 8 3 ol L o
Y (relaxation time) (s i) g 5 ) al) Gl latay 22a3 Ltiad (8 131 (Al jeS Jlaall 32 59
o Sl aas 8l A8l 5 (paeabiat cpule a3 Jia

u=g-«t/m*
g,_,ﬁaj\@d;uﬂ\‘QM\Q\)@\@@JLM\‘w\@d;uﬂ\@&\ﬁsmﬁnwy\w;mw
3l adl il 5o 2ie 1S A3l (il sl 5 Ay ) sl o gaedl S350 Llae | (5 AV SOl ae Jelill 5 45 ) 5L
éﬁ)\)ﬂ\&;)ﬂ@“hﬂ\d&dﬁ;ﬁ\J@JM\&A&M\)ﬂhdﬂg@w\ﬁj\)ﬂ\ub‘)dm}‘:’\_ﬂa\}j\
s JLO T 32300 ) all cilasads [ on T 32 Akl g 5 ) s o 2 il
u.cl_ma_"u\ N @}%S)ﬂwécbﬁj\)ﬂ\hjﬂwmw\ﬂﬁ)\)ﬂ\g\;‘)d@g\:\s‘)ﬂ\é‘)ﬂ\
(2-4) SR e edas WS 5 Ay ) jall As jall oSB

llJ“E T 1 11111 T 1 T[T10 T 1 111 1600
? NN <102 ear? T:. ? 1400 = El '
- X101 __| - ¢ 1200 + N gclrons |
e = % T2 3 - 1000 \
= AR = = T [ '
E 10 \E \‘//rm E : %00
"E Nk = Z 00 —mos N |
= 1.3x10'7 3 =  ——
s 2\ | : Z | 1\
- - = N . = N0 S
1 2:1017 \‘\\ | = ..00 e 1-,__:_.______:
= Silow-field) \ \\ 3 0 . |
e ﬁ N LOE+14 10E+16 10E+1§ 10E=20
102[ Ll 1 11t L I|IJII102 L1 III”]ICF
Temperarure (K}

i . B
Doping density (cm™)
ALY S i 8l A n AV ¢Sl b sl g g SN A st il (2-4) JS2)

Al o) pall 8 2l g i 3l
Clasa e g SEIV) 38 55 85 55 Jomny O S Al 5,30 Al e aldie |5 ALl o) sl 8
salall ) (oW A e s g SISV Cla e ol gadl) 38 53 380l ) (sf Sl 5) il gadll 3855
OsSalall Jia dlia gall 4 ol gl & (p-type) das sall 2l sall s o4 2001 A5 (n-type) dball & 53l (e
oo i 5 S Aad Led 430G 3 0 JAa) ld Sl gy Aay )l Lt )3 elliad ) g o gaila jal)
s LA 5, (pe il 5 N Ary ) e Adpmall 553 e mg Y G5 SAY) 2 g s ) AN e
3al i gl ¢ g SV 508 5 (853 ) (s Lee (Sl S Ll Jai5 AS jall (8 ja Guelad) (g5 S
- (Ng) @ ey S il (Eq)e i dla U iy Joa il e (e 8 @ e i) LgalS 5 AL
430N Al (donor atoms) Asile <l jd iy 3GV 38 55 A 8ak ) e i Al 2Ll <l A e gl
g SN 2 Allall B3a g <l g SN A3 L, ellias Ails 50 Jaals Lale Jan 538 doa sl 30l 4
Ainmall 33 iy S (e a5 (5 Sl Ry s Adaaall 5,0 (il g S A0 s AL 5,30
S AT 05 S (e ) 8 Alae A ga 8 slae B3 e 05 A e BLEYN B g3k (S5 dadi e e
Lty 5 A g Ain o8 LaBl5 &) Al | i1 5 <l i o2 s &1 Al GlS 5 138 55 ) slane B3 (e ARy )
(En) Ll A8Ual ki g 5K Ao ja o Lad g clinl LdlS 5 Aalall 500l | b jeS LS elda



) Ailall Al ol sl 58 58 b sl e gty il Al <l 3 e llai (Np ) <o b3S il
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He=1500cm?/V's ) o Lale (300K )& sl 5 ) yall da oy i) ¢y sobuall 30 5 Al il el 2 Jlie
my* = 0.6mo, Me* = 1.06 Mo (Mr=500cm?/V's
8i=n*q* (Ue+n)
ni = ( Nc + Ny) exp— ( Eg/ 2kgT)
Nc=(2/h% (2n kT mg )¥
1/h3=9X10% ,
(2nkT)=(2* 3.14* 300 * 1.38* 10 %%) 32 = 4.2¢10%j
(mre) 32 =14* 10
Nc=35*10®m3*=35* 10 cm™
Nv=15* 10 cm?
ni=(Nc* Nv)%* exp (- Eg/2kT) = (35* 1.5* 10%)%° exp ( -1.12/ 0.052)
ni=1.01*10*cm?®
Gi= ni*q* (Hetpn) =10 *1.6* 10 °* 2000 = 1.6 * 10 °( Q-cm)™
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ci=14( Qcm)-1
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p=op/Hh*q

Gh:]./p
R=p*(L/A).....p=R*A/L........ 6 =p*urq=L/(R*A)
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