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MO PAU
1. Ly do chon dé tai

Su ra doi ctia cong nghé epitaxy chum phan tir (MBE) thic day
su phat trién ctua nganh cong nghé ché tao vat liéu ban dan thap chiéu
¢6 cAu tric nano véi cac tinh chat dong thay doi dang ké do su xudt
hién cua céac hiéu ung kich thude [3]. Khi dit hé thip chidu dudi tac
dong cua truong ngoai nhu tur truong, di€n truong va song dién tu
manh, biéu thirc cia dinh luat bao toan ning xung lugng thay dbi [5],
cac hiéu tng quang phi tuyén va hiéu Gmg cao tan xuat hién [15, 20,
36, 59, 57], cac hiéu tmg dong xay ra véi nhiéu diém khac biét so v6i
ban dan khdi [13, 18, 40, 50, 55, 63, 67].

Phat hién sy ton tai cua gradient nhiét d6 khi nghién ctru cac vt
lidu ban dan duéi tic dong cla truong ngoai da danh du sy khoi dau
cho mot huéng nghién ctru méi vé& cac hiéu tng tir - nhiét - dién,
trong d6 co hi¢u ung Ettingshausen (EE) va hi¢u tGng Peltier (PE).
Pay 14 hai hiéu tng tir - nhiét - dién dién hinh, c6 nhiéu @mg dung
trong cac linh vuc khac nhau cua doi sdng [24, 42, 43]. Theo quan
diém cb dién, bai toan vé hai hiéu ing nay dugc giai quyét dua trén
phuong trinh dong cd dién Boltzmann [53] va cho két qua gi6i han &
ving nhiét d6 cao. P& vuot qua gi6i han cb dién nay, phuong phap
phuong trinh dong luong tir da dugc sit dung nhu mot giai phap hiéu
qua [44, 58].

Ly thuyét vé EE va PE da budc dau duoc nghién ctru trong cac
hé ban dan hai chiéu (2D) [10, 11, 27, 28, 58] va trong cac hé mot
chiéu [33, 43]. Tuy nhién, cac nghién ciru trudc ddy moi chi dé cap
t6i sy giam cam cia dién tir ma chwa ké téi anh huong ciia phonon
giam cam. Noi dung ctia ludn an nay v6i dé tai "Anh hwéng ciia sw
lwong tir hoa do giam kich thwdc lén hi¢u ung Ettingshausen
trong siéu mang va hé lwong tir" tap trung trinh bay cac két qua
nghién ciru vé mit 1i thuyét lugng tir dbi v6i hai hiéu tng tir - nhiét -
dién nay trong cac hé 2D c6 ké t6i sy giam cam cia ca dién tir va
phonon.

2. Muc tiéu nghién ciru



Muc tiéu ctia luén an 13 nghién cru anh huéng su giam cdm cua
phonon 1én EE va PE trong cic hé 2D bao gém hd luong tir (QW),
siéu mang ban din pha tap (DSS) va siéu mang ban din hop phan
(CSS).

3. N¢i dung nghién ciru

Chung toi da thyc hién nghién ctru cic ndi dung sau: thiét lap
phuong trinh dong lwong tir cho ham phan bd cua dién tir; giai
phuong trinh dong lwong tir, tim ham phan bd khong can bing cua
dién t, tinh toan mat d6 dong toan phén, mat do thong lugng nhiét;
dua ra biéu thirc giai tich cho cic ten-xo dong, hé sé Ettingshausen
(EC) va hé sb Peltier (PC); tinh toan sb, v& do thi su phu thudc cua
EC va PC vao cac dai lugng dic trung cta trudng ngoai va cac tham
sb cAu tric cua vat liéu; so sanh, danh gia cac Kkét qua thu dugc voi
truomg hop ban dan khdi va truong hop khong ké t6i sy giam cam
cua phonon.

4. Phwong phap nghién ciru

Chung t61 ap dung phuong phap phuong trinh dong luong ti.
Pay 1a phuong phap wu viét, pham vi ing dung rong, cho két qua
téng quat, nghiém dang v&i moi nhiét do.

Ngoai ra, phdn mém Matlab dugc ching toi st dung dé tinh toan
s6 va v& d0 thi cac két qua giai tich thu duoc.

5. Pham vi nghién ctru

Luan 4n nghién ctru anh hudng cua sy giam cam phonon 1én EE
va PE trong cac hé 2D khi dat trong dién truong khong doi, tir truong
va S(')ng dién tr manh. Luan an tap trung xét cac qua trinh tan xa
hodc hap thu khong qua mot photon véi gla thiét tuong tac dién tu
giam cam - phonon giam cam la troi, bao gom hai co ché tan xa: tan
xa dién tir giam cam - phonon 4m giam cam (CAP) va tan xa dién tir
giam cam - phonon quang giam cam (COP).

6. Y nghia khoa hoc va thye tién ciia luin 4n

Céc két qua cua luan an gép phan xay dung va hoan thién li
thuyét lugng tir vé EE va PE trong cac hé 2D. Cac két qua dugc trinh
bay trong luan an la co so cho viéc tién hanh cac thuc nghiém trong



linh vic cong nghé ban dan nano, nghién ciru va ché tao cac vat liéu
moi.
7. Céu triic ciia luin 4n

Ngoai phan m¢ dau, két luan, danh muyc cac cong trinh khoa hoc
lién quan dén luan 4n, tai liéu tham khao, phu luc, ph?m ndi dung cua
luan an gom 4 chuong: Chwong I trinh bay tong quan vé EE va PE
trong ban din khdi; Chwong II trinh bay cac két qua nghién ctru
trong hé lugng tir parabol (PQW); Chuong III trinh bay cac két qua
nghién ctru trong DSS; Chuong IV trinh bay cac két qua nghién ciru
trong CSS.

Céc két qua chinh cua ludn 4n d3 duoc trinh bay trong 07 cong
trinh khoa hoc: 02 bai bao dang trén tap chi thuéc danh muyc ISI, 02
bai bao dang trén tap chi thugc danh muc Scopus, 03 bai trén cac tap
chi khoa hoc trong nudc.

CHUONG 1
TONG QUAN VE HIEU UNG ETTINGSHAUSEN
VA HIEU UNG PELTIER TRONG BAN DAN KHOI
1.1. Hiéu wrng Ettingshausen va hi¢u ing Peltier

EE duoc dic trung boi mot EC (P) [44]

v, T 1.
T 4nB,j, 1)

va PE duogc dic trung boi PC (IT) [25, 66]

g=mj. (1.2)

1.2. Li thuyét lwong tir Yé hiéu wng Ettingshausen va hiéu wng
Peltier trong ban dan khoi

Pit miu ban din khéi trong mot dién truong khong dbi E, tr
truong khong dbi B va mét song dién tir manh bién thién didu hoa
theo thoi gian E_O)(t) = E_O)sin ot. Phuong trinh dong luong tir cho ham
phan bo dién tu c6 dang:

an;;(t) . % < [a;% H} > (1.6)




Trong d6: H 1a Hamiltonian ctia hé dién tir-phonon trong ban dan
khoi, va a:, ap lan luot 1a todn tir sinh va toan tir huy dién ti. Giai
phuong trinh dong luong tir ta tim dwoc biéu thirc ciia ham phan bd
khong cén bang cia dién tir trong ban dan khdi. Tir do, tinh toan mat
d6 dong toan phan va mat d6 thong lugng nhiét thong qua cic cong
thure:

- too = =

J='A R(e)de = Lo (P) +Lo (D) (1.34)

Loy e 5

0, = ;.[n (e —er)R(g)de. (1.52)
voi R(e) 12 mat do dong riéng. So sanh biéu thic giai tich cua J véi
cach biéu dién J = o, E,+B, V, T va bicu thuc gidi tich Q véi cach
bicu dién Q =y, E,+& V, T, ta thu dugc bicu thuc giai tich cho cac
ten-xo dong oy, Oyyr Vo By, VA & - Biéu thirc ciia EC va PC lan
luot dugce xac dinh béi [44]:

P= L G\:\'Y(\v = ()f\i\.‘){\:‘. (1
4%B O [ﬁ-"—\' Yax — Oxx (é.\:\' = Kl.)} 63)

- (1.

ot 64)

Céc budc tinh toan trén dugc ching toi ap dung dé giai bai toan

vé EE va PE trong cac hé 2D.
CHUONG 2
ANH HUONG CUA SU LUQNG TU HOA
DO GIAM KiCH THUGC LEN HIEU UNG ETTINGSHAUSEN
VA HIEU UNG PELTIER TRONG HO LUQNG TU
VOI THE GIAM GIU PARABOL

2.1. Sy giam cAm caa dién tir va phonon trong hé lweng tir
parabol
2.2. Biéu thitc giai tich ciia hé sé Ettingshausen va hé sb Peltier

Phuong trinh dong luong tir cho ham phan b can bang cua dién
tur trong PQW dudi anh hudng cta hiéu ing giam kich thudc 1a:
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* T4n xa dién tir giam cam - phonon 4m giam cam.
Xét ham phan bo CAP 1a can bang va gia thi€t rang
PQW-A
(J\)m’qj
thong luong nhiét, chiing t6i thu dugc biéu thirc giai tich cua EC va
PC lan luot nhu sau:
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trong do:
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* T4n xa dién tir giam cam - phonon quang giam cim.

Trong diéu kién nhiét do cao, tan xa dién tir - COP 1a troi [69,
72].
Biéu thirc ctia EC va PC 1an luot dugc xdc dinh boi
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voi cac ten-xo dong:
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2.3. Két qua tinh sé va t!lao luan i

* Tan xa dién tir giam cam - phonon Am giam cam.

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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(a) (b)
Hinh 2.2: Sit phu thudc ctia EC (a) va PC (b) vao tin s6 clia séng dién tit véi Eg = 2.10°
Vim,T=5K,B=5T.

Hinh (2.2) cho thay ca EC va PC déu dao dong va ¢ rat nhiéu
dinh cong huong. Céac dinh cong huong dugc xac dinh boi diéu kién
cong  huong tdr - phonon - photon (MPPRC):
(N-N')DoaC + (n-n‘)]wz +eEr+ Hoh £ o =0 Véi ol = % . CAP
dong gop vao diéu kién cong hudng nay thong qua thanh phan [wA
tao nén diém khac biét so Véi truong hop phonon 4m khong giam
cam (un-CAP) [11]. Do anh huéng cua CAP, ca hai hé s6 nay déu co
su thay ddi vé d6 16n va vi tri cta cac dinh cdng hudng so voi truong
hop un-CAP.

Theo Hinh 2.3, EC va PC phu thudc vao nhiét d theo quy luat
gan nhu tuyén tinh: trong khi EC giam nhanh khi nhiét d6 ting (Hinh
2.3(a)) thi PC lai tang theo nhiét d¢ (Hinh 2.3(b)). Trong truong hop
khi cho chi s6 lugng tir m tién vé 0, chiing t6i thu dugc két qua cho
hiéu tung Ettingshausen trong PQW khi khong ké toi sy giam cam
ctia phonon am, pht hop véi két qua di duoc cong b trude day [11].
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Hinh 2.3: Su phu thudc ctia EC (a) va PC (b) vao nhiét do véi E = 1,3.10° V/m,
Ey=3.10V/m, 0 =10 Hz,B=1T.

* Tan xa dié€n tir giam cam - phonon quang giam cam
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Hinh 2.4: Sy phu thudc cua EC (a) va PC (b) vao tuf truong véi T = 100 K, o =
2,6.10'3 Hz, Ey = 5.107 V/m.

Theo Hinh 2.4(a), do anh huéng cua phonon giam cam, EC co
nhiéu dinh cong hudng trong ving tir trudng khao sat so véi truong
hop phonon quang khong giam cam (un-COP). Trong Hinh 2.4(b),
PC c6 nhiéu dinh cong huong khi tir trudng nho hon 0,2 T trong ca
hai truong hgp COP va un-COP. Sy giam cam phonon khong chi lam
tang d¢ lon PC ma con lam xuat hién thém cac dinh cong hudng va
dich chuyén vi tri cta cac dinh cong huong. Sy xuat hién cac dinh
cong huong cia PC 1a két qua cua sy thay doi cac muc nang luong
do anh huong cia tir truong va ciing di dugc quan sat trong diém
tiép xtic lwong tir 2D [17]. Bén canh d6, su c6 mit ciia song dién tir
manh ciing anh huong toi sy cong huong cua trong truong hop ké
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dén su giam cam cua phonon quang va lam xuat hién dinh cong
huong phu. Pay 1a mot tinh chat méi cua PE va dugc giai thich boi
qua trinh da photon trong d6 mét dién tir bi kich thich boi cac murc
Landau va cé thé hap thu nhiéu hon mot photon [21].

1.5 v -0.0524
e — === un-COP
coP

S -0.0526

0.0528

(a) (b)
Hinh 2.6: Su phu thudc cia EC (a) va PC (b) vao bién dd cta song dién tif manh véi
T=300K, ®=5.10"Hz, B=1T.

Hinh 2.6(a) chi rd sy giam phi tuyén ciia EC theo chiéu tang bién
do cua song dién tir manh. Tuy nhién, khi ké t6i su giam cam cua
phonon quang thi d 16n cua EC giam, téc d6 giam cua hé sé nay
theo bién d6 ciia song dién tir manh chdm hon. Sy ting phi tuyén cua
PC theo chiéu ting bién d6 cta song dién tir manh duogc chi biéu thi
10 trong Hinh 2.6(b). Do anh hudng cua COP, d¢ 16n ctia PC giam va
téc do tang cham hon so vai truong hop un-COP.

2.4. Két luan chwong 2

- Két qua giai tich: biéu thirc ciia EC va PC déu phu thudc phirc tap
vao cac tham sb clia truong ngoai, nhiét do ctia hé va chi sé luong tir
m dic trung cho su giam cAm cta phonon.

- Két qua tinh toan s6 trong PQW GaAs/AlGaAs cho thay: phonon
giam cam lam giam d¢ 16n cua EC va PC (so véi truong hgp phonon
khong giam cam); CAP lam dich chuyén vi tri va thay ddi d6 cao cua
dinh cong hudng; COP lam tang d cao va dich chuyén vi tri ctia cac
dinh cong huong, lam xuit hién thém cac dinh cong huéng méi cua
EC va PC.

] ~ CHUONG3 o
ANH HUONG CUA SU LUQONG TU HOA
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DO GIAM KiCH THUOC LEN HIEU UNG ETTINGSHAUSEN
VA HIEU UNG PELTIER TRONG SIEU MANG PHA TAP
3.1. Sy giam cAm cia dién tir va phonon trong si€éu mang pha tap
3.2. Biéu thirc giai tich ciia h¢ s6 Ettingshausen va h¢ so Peltier
Phuong trinh dong luong tir cho ham phan bd dién tir trong DSS
c6 dang tuong tu nhu trong PQW nhung khac nhau ¢ thanh phan
chira phé ning lugng cua dién tir va véc to song clia phonon. Tir biéu
thtrc ctia mat d¢ dong toan phan va mat do thong luong nhiét, chung
ti thu duoc bicu thirc cia EC va PC nhu sau:
* T4n xa dién tir giam cAm - phonon 4m giam cim
Biéu thirc cia EC va PC lan luot duge xac dinh boi

pDSS—A _ ﬁ [O.ms A (m) yDSS A im)— O'QSS% (m) Y2554 (m)]
x GDSS=A (1) { BDSSA (1) Y2554 (m) — G255 A(m)[ DSS— A(m)—KL]}_]
(3.11)
pss-A _ Yo M) i
I Dbb A( ) (312)
trong do:
D554 (m) = K% + i {1 (m) + 3 (m)] ae,, [1 — @27 (&13)] +
+ (K2 (m) + K4 (m)] ae,, [1 - coft2 (824)] + (313)
+ 55 (m) ag; [1 — 07T (&5)] + Ko (m) ag, [1 — 077 ()] +
+ K7 (m) ag, [1 —w’t? (87)} + K5 (m) ag, [1 —w?t? (Sg)} }
OB () = e S L 260 {1 () s () o) +
+ K2 (m) + K4 (m)] ae,, T (€24) + K5 (m) ae, T (€5) + (3'14)
+ K (m) ag, T (€6) + K7 (m) ag, T (€7) + Kg (m) ag, T (€5) }
ﬁgss—/\ (m)=— % {[K‘l (m) + K3 (m)] (hw,,,) g, [] — cofrz (813)] -
+ (K2 (m) + &4 (m)] (—heo))) ey, [1- w?7? (&24)] +
(3.15)

+ Kg (m)

+ ks (m) (—hep +ho) ag, [1 — 07> (&5)] +
—h), —ho) ag, [1 - w?t? (&) +
) (

+ &7 (m) (hayy +ho) ae L [1- a):T‘L'Z(&)] +

+ kg (m) (hoyy —how) ag, [1 — 027 (&)] },
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A m) = =TI (m). (3.16)
yg.ss*" (m) = —% {[x1 (m) + K3 (m)] (hexy) ag,, T (€13) +

+ [12 () + K (m)] (—h),) ey, T (€24) + (3.17)
+ Ks (m) (—hof) + ho) ag,T (&5) + kg (m) (—hof) — ho) ag T (€6) +

+ K7 (m) (har,f, + hw) ag,T(&7)+ K3 (m) (hw,,, — hw) agT (83)} ;

- 1
5_{,_355 A(m) = e { hw,,, {[rq (m) + K3 (m)] ag,, [1 - (0312(83)} +
€

+ [K2 (m) + K4 (m)) ag,, [1— 0?7’ (824)] P+ (318)

+ (~haoy 4—7‘1(»)2 {Ks (m)ag, [1 — 027> (&5)] + ks (m) ag, [1 — 027 (e5)] } +

(ﬁa),,,+hw) { Ko (m)ag, [1— ’t’ (E(,)] + K7 (m)ag, [1- 0?7’ (&7) ]}}
* Tan xa dién tir giam cam - phonon guang giam cam

Trong trudng hop nay, biéu thic giai tich ciia EC va PC lan lugt
duoc xac dinh boi cac cong thirc

PDSS70 4’:3 [O.DSS 0( ),YDSS O(m) O.DSS O(m) ,},DSS O ]

x GR350 (m) {BR%50 (m) 127~ (m) — 8550 (m) [E855C (m) — K]}
(3.19)
S§—-0
o B (3.20)
véi cac ten-xo dong:
G850 (m) = Ko+ — {[x (m) + K3 (m)] [1 - @2 (€13) 73]

+ [z () + Ky ()] [1 — 077 (€24)] M2a+ (3.21)
+ &5 (m) [1— 0?7’ (&5)] 15+ K6 (m) [1— 027’ (&6)] M6+
+K7 (m) [l - coftz (87)] N7 + kg (m) ag, (m) [l - a)f.rz (Sg)] T]g} ;
05> 0 (m) =— KT (er) — % {[x1 (m) + 13 (m)] 7 (€13) M3+

+ (K2 (m) + k4 (m)] T (€24) N2a + K5 (m) T (&5) N5+ (3'22)

+ Ko (m) T (&) N6 + K7 (m) T(&7) M7 + Ks (m) T(€8) M},
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O (m) =— i {1 (m) + 15 (m)] (heoy?) [1 — 027* (e13)] mia+
+ [K2 (m) + ks (m)] (=h0T) [1 — 027 (€24)] M4+
+ ks (m) (—hof +ho) [1 — 0?7 (e5)] ns+ (3.23)
+ Ko (m) (—hof] —ho) [1 — 0?1 (&)] N6+
+ K7 (m) (hol + ho) [1 — 027> (7)) N7+
) ( [

hw —hw

+ kg (m n 1— a)f‘[z 3)] M8},

‘?‘55 0 ( _T’B_QSS—G (7’?1) y (324)

o {[KI (m) + K3 (m)] (ha),?) T(€13) N3+

YD,SS O HI

+[Kz m) + Ky (m)] (—hof) T (€2) Noa+ (3.26)
+ K5 (m) (—hof +ho) T(es) Ns + K6 (m) (~hof — ho) T (&) ne+

+ K7 (m) (ﬁwm + TICO) T(&) M7+ ks (m) (TI(D,“ i hw) 1(8 )TIX} »

{ () {11 (m) + 165 (m)] [1 = 027 (e13)] Mz

&0 (m) = —

em.T

+ [K2 (m) + 1 (m)] [1 - w?t? (€24)] s} + (326)
+(~haf + 1)’ {xs (m) [1 — @27 (5)] ms + s (m) [1 — @27 (g5)] s } +

+ (hof +ﬁau)2 { ks (m) [1 — 0?7* (&) Mo+ 17 (m) [1 — @2 7% (&7)| M } }.
3.3. Két qua tinh toan s va thao luin

Tinh toan s cac két qua giai tich thu dugc & trén ddi voi DSS
GaAs:Si/GaAs:Be, chung t6i thu dugc két qua nhu sau:
* Tan xa dién tir glam cam - phonon 4m giam cim

Hinh 3.3 cho thdy, sy giam cam cia phonon am khong chi lam
giam do 16n ma con 1am thay ddi vi tri cac dinh trong dao dong cua
ca EC (Hinh 3.3(a)) va PC (Hinh 3.3(b)). Su xuét hién cua cac dao
dong kiéu Shubnikov-de Hass nay da ching minh sw xuit hién coa
qua trinh luong tr hoa Landau véi sy gia tang cua tir truong [45].
Nguon gdc cua nhiing tinh chat méi nay c6 thé duoc giai thich thong
qua MPPRC: (N'-N)\ 0, = (n'-n) lo, + eEr + | \VS? F Do. Chi sé
lugng tir m dic trung cho sy giam cim cia phonon am giit vai tro
quyét dinh trong viéc xac dinh vi tri cua cac dinh cong huong. Su
giam cdm ciia phonon 4m khéng chi anh huéng téi vi tri cua cac
dinh trong dao dong cua cac hé sé EC va PC, gay nén su dich chuyén
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cac dinh vé ving niang lugng thap hon so véi truong hop un-CAP ma
con lam cho céc dao dong tré nén rd nét.

10t

0 . e 0.025
— " ~ ~, f - un-CAP| i
0.5 cap | ifY
002 in
4 il
. 1 ‘.I‘
’ i
15 0.015 HE|
il
- 2 — il
F: g om Hi
S 25 s i
g, 2 oo0s ‘-"‘!\\ i kY
/\ fi % il !
35 o . /i if |
e P AN AVAN li il
4 \/-1\\ 5N i
i hJ
“ i 8
/ 0.005 \
Py N
5
1

111 12 13 14 15 16 17 18 19 2
B(M

() (b)
Hinh 3.3: Su phu thudc cia EC (a) va PC (b) vao tf trudng véi Ey = 4, 8. 105 V/m, T
=5K.

Dao dong lugng tu cua EC tuong tng vdi cac cong trinh nghién
ctru 1y thuyét vé hiéu @ng tir - nhiét - dién trong cac hé ban dan 2D
[10, 297, va dit liéu thuc nghiém d6i voi Bismuth [35]. Thuc nghiém
cling chi ra ring mat do dién tich va mat do dong trong thiét bi ban
dan GaAs ting 1én khi nong do pha tap ting [64]. C6 thé ndng do pha
tap cao va su c6 mit cua song dién tr manh da lam thay ddi céac tinh
chit dién ciia DSS GaAs/AlGaAs va lam cho né co cac tinh chat
tuong tu nhu kim loai mac du DSS hoan toan khac véi Bismuth.

187 = T 0 <
: T——g\g/w | \ [ un-CAP
|6‘ = -1 Rl ——CAP
141
-2
12 ‘
3
z z
5 1} %
g g
il ‘ 2 -4
| o -
gost| 2
|
ost |
\
04+ 6
02+ 7
o= e 8
0 05 1 15 2 25 3 35 45 5 05 1 1
ng (m3) 10 ng (em™®) 10
(a) (b)

Hinh 3.5: Sy phu thudc ctia EC (a) va PC (b) vao nong do pha tap v6i T=5 K, B =
L.S'T.

Hinh 3.5 cho thay: khi xét dén sy giam cam cta phonon am hay
khong xét to1 sy giam cam loai phonon nay trong DSS thi ca EC va

15



PC déu phu thudc khong tuyén tinh vao nong do pha tap. Két qua ma
ching t0i thu duoc phu hop véi nghién cuu li thuyét vé hiéu ang
Peltier trong DSS InGaAs [71]. Nong d6 pha tap trong ban dan co
gidi han riéng. Vi nong do pha tap cao, hé suy bién gan nhu hoan
toan, tinh dan dién twong tu kim loai [71], dong dinh qua I6p chuyén
tiép p - n on dinh [64]. Day dugc coi nhu mét trong nhiing nguyén
nhan dan d&n sy 6n dinh cua EC va PC trong DSS véi ndng do pha
tap cao. Ching toi dé xuat sir dung két qua nay nhu mét co so dé tién
hanh cac thuc nghiém nham xéac dinh nong do pha tap cua vat liéu.
* Tan xa dién tir giam cAm - phonon quang giam cam

100
15 T 3r

=un-COP " = un-COP
cop 25 cop

1

EC (dvbk)
PC (dvbk)

B(T) B(T)
(a) (b)
Hinh 3.6: Su phu thudc ctia EC (a) va PC (b) vao tif trudng véi Eg = 5.103 V/m,
®=5.10" Hz, T=100 K.

Trong Hinh 3.6, ca EC va PC déu dat cong hudng trong viing tir
truong khao sat. Do anh huéng cia COP, cac dinh cong hudng déu
¢6 su dich chuyén vj tri va thay ddi d6 cao so véi truong hop phonon
quang khong giam cam (un-COP). Gia tri ciia cam @ng tir twong ting
V6i cac dinh cong huong dugc xac dinh thong qua biéu thic:

-n) Do, + eEr: Dol + 0 .
() Jop + eFT+ o+ o 0= /(D%Jrvz(mn/d)2 . Khi m

Vi
2el] 6 Om =

thay ddi, diéu kién cong huong thay ddi lam cho cac dinh cong
hudng duoc xac dinh & mot vi ti méi.

Hinh 3.7(a) cho thay EC c6 nhiéu dinh cong hudong khi khao sat
su phu thudc vao tan sé caa song dién tir manh. Khi ké dén su giam
cam ciia phonon quang, tuy EC nhan cac gia tri nho hon trong truong
hop un-COP nhung céac dinh cong hudng rd nét hon, vi tri cac dinh
thay d6i va xut hién thém cac dinh cong huong méi. Két qua nay

B =m,
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hoan toan khac véi cac tinh chéat cia EE da duoc nghién cuu trong
ban dan khoi [53].

0.0185 COP,m=3
0 | 0.018

> 0.0175

EC (dvbk)
PC (avbk)

un-COP 50165

2k . . 4 0.016 -
4 5 7 1

(a) (b)
Hinh 3.7: Su phu thudc ctia EC (a) va PC (b) vao tan sb ciia song dién tit manh véi
Eyp=3.10V/m,B=0,15T.

Két qua khdo sat su phu thuoc cua PC vao tan sd cua song dién
tir manh biéu thi trong Hinh 3.7(b) cho thiy: COP la nguyén nhén
gy nén su thay ddi vi tri cac dinh cong huéng, gia ting s0 luong cac
dinh cong huong cua PC va lam giam d6 Ion cia hé sé nay so voi
truong hop un-COP. Diéu kién cong huong trong DSS duoc néu &
trén 1a co sé giai tich dé giai thich cho cac két qua nay.

3.4. Két luan chwong 3

- Biéu thuc giai tich ciia EC va PC déu cho thay su phu thudc caa hai
hé sb nay vao cac dai luong dac trung cho song dign tr manh, tur
truong, dién truong khong dol nong do pha tap cua DSS, nhiét do
cua hé, dic biét 1a cac chi s6 luong tir m dic trung cho su giam cam
cuaa phonon.

- Két qua tinh sb ddi véi cho thay phonon giam cam 1am ting do l6n
cua EC va giam d¢ lon cta PC khi khao sat sy phu thudc cua cac hé
sb nay vao bién d¢ cua song dién tr manh va néng d6 pha tap cia
siéu mang; CAP lam tang bién d6 dao dong tu cua EC va giam bién
d6 dao dong tir cia PC; COP gay nén sy dich chuyén vi tri cac dinh
cong huong, lam xuat hién cac dinh cong huong cua EC va PC khi
khao sat su phu thudc cia chiing vao tan sb cua song dién tir manh.
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CHUONG 4
ANH HUONG CUA SU LUQNG TU HOA
DO GIAM KiCH THUOC LEN ETTINGSHAUSEN
VA HIEU UNG PELTIER TRONG SIEU MANG HQP PHAN

4.1. Sy giam cam cua dién tir va phonon trong siéu mang hop
phan
4.2. Biéu thirc giai tich cia hé sé Ettingshausen va hi¢u wng
Peltier

Ap dung phuong phap phuong trinh dong luong tur, chung toi
tinh toan va thu duoc biéu thirc ciia EC va PC trong CSS nhu sau:
* Tan xa dién tir giam cAm - phonon Am giam cam

Biéu thuc ciia EC va PC duoc xac dinh thong qua cac cong thic

PCSS A _ 1 [O.CSS A(m ,})S‘SS A(m) CSS A ,}[,‘SS A ]X

" 4nB
{GS5S (m) { BaCSS — A (m) Y55 (m) — 6555 (m) [£6554 (m) — K] }}
(4.18)
[IC55-4 _ Tx;(;;xif;?ng”) (419)
trong do:
o5 ) mr - { e )+ g [1 - 022 ()] +

e

+ (K2 (m) + Ky (m)] M [1— @272 (g5, )] +

(4.20)
+ K5 (m) Nes,, [1 — @27 (E5m)] + Ko (m) N, [1 — O2 T (€6m)] +
+K7 (m) Ney,, [1 = 027 (7)) + K5 (m) Mey,, [1 — 077 (8m)] }
o5 (m) = — K@ T (€F) — % {[K1 (m) + K3 (m)] g 7 () +
+ [ (m) + Ky ()] Mg T (£57) + Ks (m) My, T (E5m) (4.21)

+Ke (’”) Negn T (Eﬁm) + K7 (m) Ne;,, T (£7m) + K3 (’") Neg,, T (SSIH)} ’
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BESSA (1) = — ’L ([t (m) + 165 (m)] (ho) g [1 — @322 ()] +

+ (K2 (m) + ks (m)] (—hay) M [1 - @27 (€,)] +
+ ks (m) (—hj —ho) Ne,, [1 — 0277 (€s)] + (4.22)
+ Ko (m) (hapy +ho) N, [1 — 02T (€6m)] +

+ K7 (m) (—hejh + ho) Ne,, [1 — 02T (e7m)] +
+5 (m) (hop — ho) Ng,, [1 — ©27* (e3m)] }

Y35 (m) = ~TBSS (m), (4.23)

SSA(

Xy m) =

’iw(- {[x1 (m) + 3 (m)] (hw)*n T (eh) +
+[K'2 (m) + x4 (’”)] (71(0 ) Mg ( m) o+ (4 24)
+ K5 (m) ( hw,,, = ﬁw) MNes,, T (&5m) + K6 (m) (ﬁ(l)”, s fl(l)) Negm© (€6m) +

+K7 (m) (—heph + hw)' Neg T (E7m) + Kg (m) (hafy — hw)' Neg, T (83,,,)} ;
. 1 2
ECTA (m) =— m{["l (m) + 13 (m)] (heoy,)? Nes[1— o't (grﬁ)j]*"

+[K2 (m) + 3 (m)] (heott)® Nz [1— 027 (g,)]+
+ K hafh — ho) N, [1 — O2 T (5m)]+
s (m) (—h h )T][ % (&5m)] (425)
+ Ko (m) (hwm E hm).‘ 715(, 7[] — ;T (56"')]+
+ 167 (m) (—heop + 1) Mgy, [1 — 0272 (E1m)]+
+kg (m) (hayh — hco) Neg, [1 — 027 (sg,,,)} )
* Tan xa dién tir giam cam - phonon quang giam cam
Tuong tu truong hop tan xa dién tir giam cam - CAP, biéu thtrc
giai tich cia EC va PC trong truong hop nay lan lugt duge xac dinh
thong qua cac cong thac:

PCSS—O i IB [O.CSS o (m) }ﬁSS— ) _ Gg:‘iS—O (m) ,}foS—O (m)] w (4 26)
{55570 (m) { BES5= (m) 950 (m) — 05550 (m) (5550 (m) K]} } '
8§5-0
e = Z_Eéss-o((z)) (427)
Véi cac ten-xo dong:
OE3 0 (m) = ey + {1 (m) 0 ()] g b -+ [ (m) 54 ()] g,
‘ (4.28)

+ K5 (1) Nes,, Mes,, + Ko (1) Teg,, e, + K7 (1) Ney,, ey, + K (m) nt‘smﬂfym} ’
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2
cﬁss (m)=—w, {Kom-FT (er) + —e{[rq (m) + w3 (m)|n,. T (&) +

me

+ (k2 (m) + Ky (m)] My, T () + K (m) Me,, T (E5m) (4.29)

+ Ko (1) Neg,, T (Eam) + 57 (1) Ney,, T (E2m) + Ky (1) Neg,, T (Egm) }}

) 1
BESS=0 (1) = — e { [K1 (m) + K3 (m)] (heom) Nt Mg+
%

+[2 (m) + Ky (m)] (—hO) N e+ (4.30)
+ K5 (m) (=@ —ho) e, Lesn + Ks (m) (R +ho) Neg, pon+
+ (hof) — ho) [K7 (m) Ney,, Mgzm + Kg (m) nfx,,,ug;;,n] } ;
10 m) = =TBE (m), (4.31)

iw {(hw,,,) (i1 (m) + K3 (m)] . 7 (€5,) +

ew s -
)4.“55 O(m) =

(fza),,,) (K2 (m) + x4 (m)]n,, ‘r(&‘,;) +

(4.32)
+(hw,,,+rzw) (K5 (m) Neg,, T (E5m) + Ko (m) Neg,, T (E6m) | +
(hw,,,—h )2[ (m) Ney,, T (€7m) + K (M) Neg, T (Esm) }
css-0 o { @2’ (i1 (m) + 3 (m M g+
+ (102)? (162 (m) + K (m)] 1, pty- +
(4.33)

(hw,,, + hw)z [K5 (m) Mg, Kes,, + Ko (M) Neg,, /ngm] +
+ (hoyy - hw) (K7 (1) Ney,, Mey,, + Ks (1) N, e, }
4.3. Két qiia tinh s6 va thao luan
Cac két qua giai tich thu duoc & trén duoc tinh sé ddi voi CSS
GaAS/AlolszaojsAS.
* Tan xa dién tir giam cAm - phonon 4m giam cam
Hinh 4.1 cho thiy su dao dong di xay ra khi khao sat su phu
thugc ctua EC vao tir truong va bién d dao dong tang khi tur truong
tang. So vai truong hop un-CAP, su dao dong cia EC manh hon voi
nhiéu dinh cong hudng c6 bién do Ion khi ké téi sy giam cam cia
phonon am. Sy dao dong tir cia EC ma ching t6i thu dugc phu hop
VGi cac nghién ciru 1y thuyét vé cac hidu ang tir - nhiét - dién xay ra
trong cac hé ban dan 2D [29], cac dit liéu thuc nghiém quan sat duoc
trong kim loai [35] va trong mot s6 hé ban dan thap chiéu khac [40,
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58]. Trong siéu mang GaAs/AlGaAs, sy dao dong tir c6 nguyén nhan
tir su cong huong voi su chuyén tiép dién tir va 16 tréng & cac mirc
Landau, mdi cong hudng twong ung véi mot dinh [47] duoc xéac dinh
boi (N-N)[J ETBe: sn"%- €0 - €Er = Hoh+ Lo VEi of = v, % phu
thudc vao bé day d, caa lop GaAs. Khi d; cang nho, chu ky cia siéu
mang cang nho, phonon 4m bi giam cim cang manh va hiéu ung
luong tir thé hién rd nét. Pay 1a nguyén nhan din dén sy mat dan cac
dao dong, giam sb luong cac dinh cong huong khi d, tang dan. Két
qua nay duoc biéu thi trong Hinh 4.1(b) va phu hop voi két qua thu
dugc trong CSS khi chua ké dén sy giam cam cua phonon 4m [10].

10

150 10° 0 - : 3 ; i ” s 5 > ; v 2 3 . 5
N = ot g en|
) {*X CAP et By e
1 fA i 1 o R
g A ) 0 e O S —
o5} ‘A“ [ “ \“ : = \“ ‘
i ‘ i o \ / 5
A“a«»’:,ﬂ”*—r__r/-lf omemeae | 3
| \ g ‘
[ 8. \
/ \ |
At/ v
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/ -15
151 \
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2 - - - = e 20 .
1 2 25 3 35 4 45 5 55 6 1 1 2 25 3 35 4
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ot Lo X 55 5
Hinh 4.1: Su phu thudc ctia EC vao tit trudng véi Eg = 10° V/m, ® = 3.10'> Hz, T =
3K
010t — PR [t
H d=30nm
| d=35nm
05 ! 05 d=450m
1 -1
2 = £ Z J
8 .15 : 8.5
g > g
2 = 2
//4
25} r 25
=-=-=un-CAP —
d=30nm ‘ — AP ‘ phonon am giam cam
-3| 15 2 2‘5 ’3‘ 7‘2 14 16 18 2 22 2‘4 26 28 3
B(T) B(T)
(a) (b)

Hinh 4.2: Su phu thudc ctia PC vao tif truong véi Eg = 10° V/m, @ = 3.10'2 Hz, T =

3K.

21



Hinh 4.2(a) cho thy PC trong truong hop CAP va trong truong
hop chua ké dén sy giam cam cua phonon 4m déu tang phi tuyén khi
tir truong tang nhung cac d6 thi gan nhu tring nhau. Nhu vay, su
giam cam cda phonon am c¢6 anh hudng khéng dang ke dbi véi PC
trong CSS khi khao sit sy phu thudoc ciia hé sb nay vao tir
truong. Hinh 4.2(b) chi rd: PC ting chdm & ving tir truong yéu va
dot ngot taing nhanh trude khi dat gia tri 6n dinh ¢ ving tir truong I6n
hon; chu ky si€u mang cang 16n thi su on dinh cua PC cang dugoc mé
rong vé ving tir truong co gia tri nho.

* Tan xa dién tw glam cim - quang giam cAm

Tir Hinh 4.5 ¢6 thé nhan thay rang, cac dao dong kiéu Shubnikov
- de Hass da khong xuét hién nhu trong truong hop CAP, thay vao d6
1a sy xuat hién cua cac dinh cong huong. Cac dinh cong huéng nay
dugc X4c dinh baoi MPPRC:
(N-N) o, = €0 "€y +eEr+ HoQ + Ho Voi

ol = \/m(z) +v2(mn/d;)2.

10
15¢ 2 2 2 % 2 . o5 2 : . -
- un-COP phonon quang giam cam

b
05F
& TN, e 001 F S - = -
0.5

K]

EC (dvbk)
EC (dvbk)

15F

(a) (b)
Hinh 4.5: Su phu thudc ctia EC vao tit truong véi Eg = 2.10° V/m, @ = 5.10'> Hz, T
=300 K.

Khi cho chi sé luong tir m tién vé gia trj 0, chung t6i thu dugc lai
két qua thu dugc cho truong hop chua ké dén sy giam cam cia
phonon trong nghién ctru d3 dwoc cong bd trude day [10]. Trong
treong hop COP, cac dinh céng huong cua EC cao hon va dich
chuyén viing ma dién tir c6 nang lugng cyclotron nho hon, gia tri cua
hé s nay giam dang ké so véi trudng hop un-COP. Hon nita, EC
nhan cac gia trji 4m thay vi cic gia trj duong khi chua ké dén anh
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huong cua hiéu wng giam cam phonon [10]. Ngoai ra, khi chu ky cua
CSS tang, cdc dinh cong huong dich chuyén vé& ving tir truong
manh, dng thoi, gia tri ciia EC ting dan.

Hinh 4.6 cho thiy: dul c6 xét toi sy giam cam cua phonon quang
hay khong, PC chi nhan cac gia tri am. Tuy nhién, do anh huong cua
COP, gia tri ciia PC ting dang ké so véi truong hop un-COP (Hinh
4.6(a)). Tuong tu nhu voi EC, chu ky cua siéu mang anh huong
manh dén PC (Hinh 4.6(b)). Khi chu ky ciia CSS tang, gia tri cua PC
giam manh; vi tri cac dinh cong huang dich chuyén vé phia tir truong
manh wong ng v&i viing nang lugng cyclotron caa dién tir lon.

Hinh 4.8(a) cho thiy COP lam giam EC so véi trudong hop un-
COP, dong thoi 1am thay d6i quy luat bién d6i cia hé s6 nay theo
nhiét do: trong truong hop COP, EC giam nhanh khi nhiét d6 tang;
khi chua ké t6i sy giam cam cua phonon quang, hé sé nay ting phi
tuyén theo nhiét do.
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Hinh 4.6: Sy phu thudc cta PC vao tif trudng véi Ey = 2. 10 V/m, @ = 5.10'2 Hz, T
=300 K.
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Hinh 4.8: Su phu thudc ciia EC (a) va PC (b) vao nhiét do vdi Ey = 2.10° V/m,
©=5.10"2Hz,d=35nm,B=24T.

Trong Hinh 4.8(b), su giam cam caa phonon quang chi ting do
I6n ma khong lam thay doi quy luat bién ddi cua hé sb nay theo nhiét
d6: khi nhiét ¢ nho hon 250 K, PC ting phi tuyén va sau d6 bién doi
tuyén tinh ¢ ving nhiét do cao hon.

Tuong tac dién tir - phonon la mot trong nhiing yeu t6 anh huong
dén tinh chat phi tuyen cia PC. Tinh chét phi tuyén cua hé s nay
trong siéu mang ban dan 1a dang ké khi nhiét do dién tr I6n hon
nhiét 6 ciia mang tinh thé [71]. Trong truong hop nhiét d6 cua hé
cao, dién tr 6 xu hudng nhiét hod nhanh hon véi mang tinh thé anh
hudng dén sy twong tac dién tir giam cam - phonon guang giam Cam
do d6 khong c6 su phat sinh nhiét va qua trinh chuyen tlep la tuyen
tinh [71]. Pay duoc coi 1a nguyén nhan dan dén sy bién doi tuyén
tinh cua PC & nhiét do cao.

4.4. Két luan chwong 4

- Biéu thuc giai tich ctia EC va PC phu thudc vao cac tham sd truong
ngoai, tham s6 céu trac cia CSS, nhiét do cua hé va chi sd luong tur
m dic trung cho su giam cAm cta phonon.

- Két qua tinh s chi r3: phonon giam cam lam tang d6 16n cua EC va
giam do6 16n cua PC khi khao sat su phu thudc cua cac hé sb nay vao
bién d6 cua song dién tir manh va nhiét do cua hé; CAP lam ting
bién do dao dong cua EC theo tir trudng va tan sb cua séng dién tir
manh; COP 1am thay d6i vj tri cac dinh cong huéng cua ca EC va PC
khi khao sat sy phu thudc cia ching vao tir trudng va tan s cua
song dién tur manh.

KET LUAN

Trong luan an, ching t6i da st dung phwong phap phuong trinh
dong luong tir két hop véi phan mém Matlab dé nghién ctru anh
hudng cua su lugng tr hoa do giam kich thude 1én hai hiéu tng tur -
nhiét - dién dién hinh 1a EE va PE trong cic hé 2D bao gom PQW,
DSS, CSS. Cac két gua chinh thu duoc caa luan an la:

1. Thiét lap dugc cac phuong trinh dong lwong tir cho ham phén
bé dién tu trong cac h¢ 2D khi c6 mat song dién tor manh, dién
truomg khong doi, tir truong va co ké dén su giam cam ca dién tir va
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phonon. Tir d6, tim duoc biéu thic giai tich EC va PC véi hai co ché
tan xa 13 tan xa dién tir giam cam - CAP va tan xa dién tir giam cam -
COP. Cac két qua giai tich thu dwoc cho thay su luong tir hoa do
giam kich thudc trong cac hé ban dan 2D anh huong dang ké dén EE
va PE v&i sy xut hién cua cac chi s6 lwong tir N, n dic trung cho su
giam cam cua dién tir va chi sé luong tir m dic trung cho su giam
cam cua phonon. Khi cho m tién vé gia tri 0 va thira s6 dang dién tir
tro vé biéu thic nhu trong truong hop phonon khong giam cam,
chang t6i thu lai dwoc két qua cho trudng hop phonon khong giam
cam. Bén canh do, ca EC va PC déu phu thudc vao cac tham sb dic
trung cho truong ngoai (bién do E, va tan sb o cua song dién tir
manh, dién truong khong d6i E, tir truong B), cac tham sé cau tric
vat lieu (bé rong hé luong tir L, ndng do pha tap np, chu ky siéu
mang d) va nhiét 46 T cta hé.

2. Két qua tinh sb ddi véi cac hé 2D tidu biéu, gom PQW
GaAs/AlGaAs, DSS GaAs:Si/GaAs:Be va CSS GaAs/Alg5Gag 75AS,
d3 minh hoa truc quan cho cac két qua giai tich thu dwoc. Tir d6 chi
r& anh huéng caa phonon giam cam 1én EE va PE. Cy thé:

+ Phonon giam cdm lam thay d6i dang ké do 16n cua ca EC va
PC trong cac hé 2D so véi trudng hop phonon khéng giam cam.

+ Sy giam cam caa phonon 4m 14 nguyén nhan lam thay d6i bién
d6 dao dong tur cua EC va PC trong si€u mang va lam cho cac dao
dong tro nén ro nét.

+ COP dong gop vao MPPRC trong cac hé 2D, giy nén su dich
chuyén vj tri, thay ddi d6 cao cac dinh cong huong cia EC va PC (so
V6i trudng hop un-COP) khi khao sat sy phu thudc caa hai hé sé nay
vao tir truong va tan sb cua song dién tir manh.

Céc két qua thu duoc cia luan an phii hop Véi cac nghién ciru li
thuyét va so liéu thyc nghiém, gép phan hoan thién 1i thuyét vé cac
hiéu @ng tir - nhiét - dién trong cac hé 2D, 1a co s& dé giai thich mot
sb tinh chat dong cua cac hé ban din thap chiéu co céu trac nano.
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