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Chu dé hom nay: trong tac clia anh sang voi nhirng trang théai dién tir trong ban dan
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Pé mo ta twong tac clia anh sang v&i cac electron, can phai mo ta trang thai clia electron

Phuong trinh Schrédinger mé ta chuyén dong cua vi hat bang ham séng ¥

2m ox? ot

\ & 7
Y

Hamilton, cho biét mat dé nang lwong ciia ham séng

{—hz62+V(x)}1’(x,t)=iha\11(x,t)

Chl y rang ‘dd cao I&n’ (rng v&i ndng lvong cao (nhw ddi véi &anh sang) va
s phu thubc thdi gian ti Ié v&i nang lvong ciia ham séng

Trong khéng gian tw do V=0 chuing ta tim dwgc ham song c6 dang

v (r) = Ae o

@ day xac suat tim thay hat tai vi tri x ti 1& v&i |]? hoac ¥x¥*

So sanh: xac suat phat hién anh sang ti Ié v&i |E(x,t)|? hodac ExXE*
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Hé thirc co dién:
Nang luvong E =% mv?

pong lvong p=mv =(2mE)

Co hoc luvgng tir:

IO vt =inlwxt) v (1) = Ae T
2m ox* ot
21,2 21,2
Nang lvgng E=V+ hke hoac E = hKe khi V=0

2m 2m
Pong lwong p=V@2mE) = #iK,

Chung ta sé nhan thdy rang vecto séng ctia photon thwdng nhd hon vecto séng cia
electron (A, vao c& khoang cach gilra cac nguyén tir)
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Bén trong chét ran, cac electron chuyén déng trong thé nang tuan hoan: V(r) = V(r + a)

E thap = Nghiém lién két v&i xac suat thap trong cac nguyén tir

o & &

H

T

Nhirng electron hoa tri
V(r)

E cao = Nghiém truyén véi xac suat dang ké trong cac nguyén tir

I
wfl@) Nh[]:ng electron dan

H

Fundamentals of Optical Science Spring 2008 - Class 12

slide 5



n°k?

Electron c6 budc song ngan hon tng véi nang lvong cao hon: E = 2rT:
Nhirng electron dan trong tinh thé (dai dién cho ‘thé nang lién két rat yéu’)
AE

Néu a=1A
E =~ 150 eV

. >
mfa -imfa -mfa o wa Inmfa 3wa I

Nang lwvong cla electron irng voi buédc séng 1 Amstrong = 150 eV
Nang lwvong cla photon rng véi budc séng 1 Amstrong ~ 12 keV
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Nghiém cuta phwong trinh Schrodinger c6 thé duoc viét duwdi dang ham Bloch:

ik-7
v (r)=u.r)e
Phwong trinh nay c6 thé dugc dung dé moé ta nhirng electron ¢é nang lvong cao

3

(bwdc séng ngan) theo s 1éch pha gitra nhitng nguyén t&r 1an can (dwoc mo ta

b&i‘k’) va dang ciia ham song trong 6 don vi [dwoc md ta b&i ham u,(r)]

- -
mwfa Zma 3wa l_
S

J

Gmfa -2nmfa -wla

v
Vung Brillouin th&r nhat
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Trang thai cliia hat trong 6 don vi
lam nay sinh nhirng vung nang
lwrong

Chuing ta c6 thé mo ta trang thai
clia electron bang nhirng vecto
séng nam trong vung Brillouin
th&r nhat
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Trong trurorng thé tuan hoan rong hon, ‘Iwc day’ tai bién ving dan dén:

Nhirng vung nang lwgng khéng con tuan hoan nira,

nhwng c6 thé xem ching cé dang parabon gan k=0
C6 thé md ta nang lvgng theo vecto séng k nhw
trrdc nhwng dung khéi lwong hiéu dung m*:

72K

2m*

E =

s

-
T R R R

Cha y: dé cong cao = m* phai nho

‘Parabon nhon = khdi lwong hiéu dung nho’

Piém then cho6t: cho du nang lwvong electron I&n, sw chénh léch nang lvong do

‘twong tac gilra cac electron lan can’ chi vao bac vai eV
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Theo cac huéng khac nhau cla tinh thé, thé tuan hoan sé khac nhau

Chéang han theo Ashcroft va Mermin (trana 161): d6i véi electron trong mang lap phwong
L 5}’(’3:{

tam mat / / \

4@'—‘5/;
32\.\

e O T P R v 4
56 electron trén mét & dom vi

Nhirng ki hiéu & dwdi truc ndm ngang biéu dién hwéng va do Ién cha k
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M6t lwong electron xac dinh lam nay sinh nhirng trang thai bi chiém va nhirng trang thai
chwa bi chiém.Trong ban dan, nhirng trang thai bi chiEm nam & cac mic nang lwvong
cao nhét trong ving hoa tri. Nhitng trang thai chwa bi chi€m nam trong ving dan.

Nhirng electron & viing dan

Chuwa bi chiém \l/\

Nhirng electron & vung hoa tri
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Su chénh Iéch nang luong gitra viing dan va vang hoa tri duwoc goi la do rong khe
nang long cha ban dan

Vat liéu ban dan thuong cé E,, < 4eV, va dién moi thuwong cé E,,, > 4eV
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Trong trevd'ng hop ba chiéu, gian do E-k phu thudc vao huéng trong tinh thé

4 -
CdS U/ Si
= sl )
= ;f,_", 2 -
; :
o b . E~238eV | =
g] o e Eg = ,% 1L =
E" g Egﬂ.w eV
=11}
3 o OF -
z 2 N «
E, = Nguon: Tinh chat
/’ 0.02eV quang hoc cua tinh
10056V 1F § thé nano ban dan,
/— \\ \ Gaponenko
— ) (¥2 ¥2 ¥2) (000} (100)
k song song k vubng goc
Va1 ¢ véic
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M6t nguyén t&r gdm hat nhan dwoc bao quanh béi cac electron

Trong chét ran: nhirng electron ctia cac nguyén tr 1an can nhau co thé twong tac:
= nhirng mlrc nang lvong cla electron bi thay doi, dan dén hinh thanh nhirng

vung nang lvong

Trong ban dan, nhirng trang thai b

chiém nadm & dinh viing hoa tri, va viing dan chira
nhirng trang thai chwa bi chiém.

Nhirng trang ti€p theo: dap (rng quang hoc manh nhat néu nhirng electron dwgc cadm rn

nhirng trang

thai dan

(thuwdng tréng)
Chua bj chiém

=
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Exne nhirng trang
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Ban dan khe nang lvong trwee ti€p c6: Nang lwong vang dan va ving héa tri ciing dat

cwc tri tai k=0
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Anh séang co6 thé cam trng lam dién tir dich
chuyén. Qua trinh nay phai tuan theo dinh
luat bao toan nang lvgng va déng luvong:

cudi — Edéu = Ephot va Ak = hkphot ~ O

(Photon: budc song dai c& khoang cach gilra cac
nguyén tr = Kyp, « m/a )
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Ban dan khe nang luvong trwec tiép

Nhirng photon v&i nang lwvgng E < E,,, khong thé lam cho electron hoéa tri

nhay lén viing dan = sy hép thu bat dau tai E = Ejpe
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Ban dan khe nang lwvong gian tiép co: cuc tri ving dan va ving hoa tri khdng xuét hién

dong thoi tai cung gia tri k

Nhirng chuyén dich truc ti€p c6 thé xay ra khi
k~0 = Su hap thu vung-vung mét cach trwc tiép

xay ra nhiéu khi E > E,
Kha nang khac: dong lvong va nang lvong co thé

e
gl
o
@
.

duwoc bao toan bang cach hap thu photon va déng

thdi hap thu hodc phat ra mét phonon:

Nhirng chuyén dich gian ti€p c6 thé xay ra voi
‘s, tham gia cia mdt phonon’

Puoc biéu dién & day la nhirng dich chuyén cam
trng quang hoc.

- Trong qua trinh phat phonon
mOot phonon duwoc tao ra

i
e
e
-

. - Trong qua trinh hap thu phonon
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Excitons la nhirng trang thai electron-16 tréng két hop:

Mét electron tw do va 10 trong tw do (trang thai tréng trong ving hoa tri)
tac dung lwc Coulomb v&i nhau:

nhirng trang thai lién két giong hidro c6 thé xay ra: nhirng trang thai exciton

E}

E

-

\ >k

E, la ndng luong lién ket

exciton = nang Ilwong
dwoc giai phéng trong sw
hinh thanh exciton, hoac
nang lwong can dé pha ve
exciton

Ham séng cua electron va 16 tréng gidng nhw cla electron tw do va 16 tréng tw do

Chu y: exciton c6 thé di chuyén trong tinh thé, tirc la khdng lién két véi nguyén tir

riéng biét nao!



Anh sang co6 thé kich thich mot electron tir viing héa tri va tao ra mot exciton
v&i nang lwogng nhé nam dudi khe nang lvong

= Xét hép thu tai E ., = Expe — Ep, (Ndp thu nho duGi Eyy,)

TE ok 4K 5 : A E
o : | 1;
- - excitan ” i
= 0.5F L
A !
D'_:LII!JIII: u..,.-..,_..... Eb¢ EE
1.515 1.520 1.38 1.44 1.50
NANG LUGNG PHOTON (V) NANG LUGNG PHOTON (£V) -
Hinh 7.5. Pho hap thu caa GaAs (a) nhiét d6 thap (theo Ref.7.4) va / ‘ \ k
(b) nhiét do phong (theo Ref.7.5)

Nang luvong lién két Exciton c6 dod I&én vao c& vai meV
Nang lvong chuyén dong nhiét tai nhiét do phong: kT ~ 25 meV

= exciton nhanh chong tach ra tai nhiét dé phong
— Pho hap thu m& rong ra / bi€én mat & nhiét dé cao hon
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Ga: 3 electron hoa tri
0

1A
1 Si: 4 electron hoa tri 2
H ) He
1.00794( 1A nA A VA ViA VIlA  j4.00260
P As: 5 elecyron hoa tri 10
Li Be Ne
6941 |9.01218 20.179
11 12 18
Na Mg Ar
2298977 | 24.305 ili8 Ve VB vIB ViIB  — vill —, 39,948
19 20 21 22 23 24 25 26 27 28 36
K Ca Sc Ti v Cr Mn fe Co Ni Kr
39.0983] 40.08 |44.9559| 47.88 [50.9415| 51.996 54,9380| 55.847 |58.9332 58.69 83.80
37 38 39 40 41 42 43 44 45 46 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Xe
85.4678] 87.62 |B3.9059| 91.22 {92.9064| 95.94 {98) 101.07 | 1029055 | 106.42 131.29
55 © 56 57-71 72 73 74 75 76 77 78 B6
Cs Ba Rare Hf Ta W Re Os Ir Pt Rn
1329054 | 137.33 | Earths | 178.49 | 180.9479 | 183.85 {166.207] 190.2 192.22] 195.08 {222)
87 a8 §9-103 | 104 105 106 107 108 109
fr. Ra Acti- Rf Ha
(223) |226.0254 | nides | (261) | (260) | (263) | (262} | (265) (266}

63 64 63 66 69 70 71
Gd Th Dy Ho Er
167.26 | 1689342 | 173.04 (174.967

59 60 61 62 3
]
151.96 | 157.25 { 158.9254 | 162.50 | 164.9304

Nd Pm sm

Rare Earths 57 58
C Pr
1409077 | 144.24 | (145) | 150.36

{Lanthanides) La e
1389055 | 140.12

97 98 99 100 101 102 103
Md No Lr

. 89 90 9 92 93 o4 95 96
Actinides Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm
270078 | 232.0381 | 31.0359 | 2380089 | 237.0062 | (244) | (243) | (247) | (247 | @51 | (2520 | (2570 [ {258) (259) | (260}
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Pha tap chat As vao Si: electron héa tri du ra lién két rat yéu

“d e e

Donor

Vimng héa tri
Hinh 6.9 Mirc donor trong bin din

Hinh 6.8 Qu¥ dao cua electron quanh mdt nguyén it donor

Nhiét do thap: electron lién két yéu vé&i donor. Anh sang nang luong thap
cling c6 thé kich thich electron donor nhay vao ving dan

Nang luong lién két E4 ¢6 dd Ion c& KT tai nhiét dé phong (‘RT):

Tai nhiét dd phong hau nhu nhirng electron lién két dwoc dwa vao vung
dan

= tap chat bi ion hoa hoan toan tai nhiét do phong :  As la mét donor
trong Si

Tai nhiét d6 phong nhitrng dich chuyén nhu thé thwong qua rong, khong
thé quan sat duoc

Fundamentals of Optical Science Spring 2008 - Class 12
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Pha nhirng nguyén tlr tap chat Ga vao Si : trang thai trdng dién t&r & ngay trén vung
héa tri: tai nhiét d6 xac dinh, electron héa tri clia Si c6 thé nhay vao lap mirc
acceptor

= L0 tréng (trang thai hoa tri chwa bi chiém) quay quanh lon tap chat Ga

Ving din

s

‘hole’ =
available
electron
state

e

Hinh 6.10 Tap chat Ga trong tinh the Si
L5 trong dir dinh cut trong tinh the

Nang lwgng lién két E, c6 dd I&n vao c& KT tai nhiét dé phong:
Tai nhiét dd phong, 16 trong c6 thé roi khoi cac ion tap chéat tao
ra ‘hat tai dién tw do’
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Nang lwong lién két tap chéat thap: mic donor lién quan dén cac qua trinh hép thu

blrc xa khong nhin thay tai nhiét dd phong va hap thu cac birc xa c6 thé nhin thay tai
nhiét dé thap
Vi du: sw hap thu truwec ti€p ttr vang héa tri murc acceptor trong Si duwoc pha Bo

40 -

30

cim

0,

10 ___T

0.1 0.15

fri, eV

Hinh 6.35 Hé s6 hap thy cia mau Si dwoc pha Bo theo ning hrong photon fv.
Jter Burstein, ef af., Proc. Photoconductivity Conference, New York: Wiley. 1956]

Chuyén dich v&i nang lvong photon ~40 meV = (rng VO

budc song A~30 um : hdng ngoai
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Nhirng dich chuyén c6 thé xay ra lién quan dén tap chét:

EW i ///////// /////////

2 //////////////////

(©) G))
Hinh 6.34 Nhitng qua trinh hap thu khéc nhau lién quan dén tap chat

s/////////// ////

Thong thwong cé thé nhin thay tai nhiét do thap, nhwng khong quan sat duoc ro tai

nhiét dé phong
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Tai nhiét do phong, qua trinh hap thu lién quan dén tap chéat ndi bat la qua trinh hap thu
do cac hat tai dién tw trong dé mot photon kich thich mot electron nhay Ié€n trang thai
nang lwong cao hon.

Vi du: Xét ban dan loai p, nhirng trang thai bi chiém trong viing dan: dich chuyén quang

hoc co thé xay ra voi E . < E !

Electron tw do: qua trinh hép thu thuwdong

la chuyén dich gian ti€p c6 suw tham gia clia

phonon

L6 tréng tw do co thé dich chuyén trwc tiép
tlr vung 10 tréng nang sang vung 16 tréng nhe

=Qua trinh hap thu do 16 tréng xay ra nhiéu

hon qua trinh hap thu do electron
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H&p thu do electron tw do c6 thé dwoc mé ta bang mo hinh Drude

Nhirng mirc tap chét trong ban dan thuorng c6 néng do tir khoang104 - 1018 /cm?
trc la thap hon khoang 108 — 108 |an mat do electron ty do trong kim loai

Tan s6 Plasma clia ban dan tap chét thdp hon 104- 103 an cta kim loai: IR

Tai tén s6 I1&n hon tan sé plasma,g, va o c6 dang

. o)s . 0)5 oosl“
e (©)*1-—2,  g"(0)x—L=-1
0 07 0
2 2
O ol T'A
a(@)z—e"(@)z—5=—7F
C Cw ckp

Hap thu electron tw do tang khi nang

lwong giam
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