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Tém tat: Trong bai bao nay chiing t6i nghién citu vé hien tuong két
cap cua phonon quang doc va plasmon trong cac 16p mang mong
ban dan In,Al,_,As bing Iy thuyét ham dién moi. Chtng t6i khao
sat sut lan truyén ctia séong dién tit trong cac 16p ban dan tit do
tim ra sy phu thuoc ctia hé s6 truyén qua ciia cic 16p ban dan vao
tan so ctia séng dién tir. Trong pho truyén qua ching t6i tim thay
hai cuc tiéu ctia cac do thi tai cac vi trf tring véi cac tan sd cla
phonon quang ngang ctia cdc ban dan InAs va AlAs. Quan trong
hon, duéi diéu kién thi nghiém thich hop, ching toi tim thay mot
cuc tiéu khac tai vi tri tring véi tan s6 clia mot mode két cap
phonon quang doc-plasmon. Cuc tiéu nay nim trong vimng tan sé
TeraHertz va phu thudc rat nhay vao nong do cia dién tit nhung
khong phu thuoc vao do day cua 16p ban dan.

T khéa: Hién tugng két ciap, phonon quang doc, plasmon, TeraHertz,

InAlAs, ham dién moi.

1 GIOI THIEU

Céac cau tric ban dan na-no tiép tuc thu hut sy quan tam nghién ctu ciia cac nha
khoa hoc nhd nhitng ting dung quan trong trong doi song, y hoc, quan sy va nhiéu
linh viyc khac. Ngoai cac tinh chat dien, tit, quang, co hoc noéi bat thi vat lieu ban
dan na-no6 con l1a nguon phét cidc dao dong két hop nhu phonon va plasmon. Trong

cac vat lieu do vi vay con ton tai tuong tac két cap ciia phonon véi plasmon khi
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¢6 su kich thich ctia song dién tir beén ngoai phut hop [1], [2]. Cac mode két ciip cla
phonon quang doc va plasmon thudng nam trong viing tan s6 TeraHertz va c6 nhiéu
tiém nang tng dung. Tuy nhién, viec khai thac ting dung cac biic xa nay van con
han ché do cac van dé liéen quan van chua duge nghién ciu day du.

Cac cong trinh nghién cttu thyc nghiém veé syt lan truyén ctia mot séng dién tit trong
cac tinh thé ban dan da thu dugc mot s6 két qua quan trong. Nam 1994, Sciacca
cling cac cong sy da tién hanh thyc nghiém chiéu bic xa hong ngoai lén cac mau
ban dan AlAs va GaAs [3]. Ké qua thu duge cho thiy trén phd truyén qua co chita
cac diém cyc tiéu tai cac vi tri triing véi cdc tan s6 clia phonon quang ngang (wro)
va phonon quang doc (wrp) ctia hai mau ban dan. Nam 2004, thyc nghi¢m chiéu
xién bitc xa hong ngoai lén cac 16p ban dan n-Ing 53Gag 47 As ciing da duge thuyc hien
bdi Ibanez ciing cic cong sy [4]. Nghién cttu nay chi ra ngoai hai cie tiéu tai cac vi
tri triing véi cac tan sd wro cla hai ban dan thanh phan InAs va GaAs thi con ton
tai mot cuc tiu tai vi trf tring véi tan sé wro clia ban dan GaAs va mot cuc tieu
tai vi trf tring véi tan s6 clia mode két cip w, gifta phonon quang doc va plasmon.
Gan day nam 2015, Ishioka va cong su ciing da khao sat 1y thuyét va thie nghiem
ve dong Iiic hoc két cap siéu nhanh ctia phonon quang va plasmon két hop trong ban
dan viing cam xién GaP va thu duge nhiéu két qua tha vi [5].

Trong bai bao nay, ching toi nghién cttu hién tugng két cap phonon quang doc-
plasmon trong ban dan In,Al;_,As bang ly thuyét ham dién moi. Chung toi nghién
cttu st lan truyén clia mot séng hong ngoai trong cac 16p ban dan va khao sat su
phu thuoc ctia hé s6 truyén qua ctia cac 16p ban dan vao tan s6 ciia song dién ti
bing phan mém Mathematica. Tt d6 chiing toi xac dinh phd biic xa clia cac mode
két cip w,y giita phonon quang doc va plasmon va danh gia anh huéng clia cic yéu

t6 khéc len hanh vi clia cac mode két cap nay.

9 LY THUYET

Theo Berreman [6], khi chiéu séng hong ngoai lén mot 16p mang méng ban dan theo
huéng vuong géc v6i bé mit mau (6; = 0°, hinh 1a), thi trong phd truyén qua ctia
mang moéng ta chi thu duge mot cuc tidu tai vi trf ing tan sé ctia phonon quang
ngang (TO phonon) ctia vat lieu. Khi séng t6i lech mot goc 0; # 0° so v6i bé mat
mau va dién truong phan cuc loai s thi ta cling chi thu duge mot cuc tiéu tai vi tri
ting tan s6 ctia phonon quang ngang (hinh 1b). Trong truong hop goc t6i 6; # 0°

va dién truong phan cuc loai p thi pho truyén qua méi chita hai cyuc tiéu tai cac vi
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trf timg v6i cac tan s6 ciia phonon quang ngang va phonon quang doc (LO phonon)
(hinh 1c).

Hinh 1: Mo hinh séng hong ngoai truyén qua mau ban dan c6 do day d véi cac goc chiéu
khac nhau t6i bé mit mau: a) 6; = 0°; b) 6; # 0°, phan cuc s; ) 6; # 0°, phan cuc p.

Phan tiép theo sé trinh bay chi tiét vé 1y thuyét ham dién moi phuc vu cho viéc khéo
sat bai toan. Hang s6 dién moi tan s6 cao clia ban dan hop chat ba thanh phan dang
A.B;_,C dugc xac dinh bdi biéu thitc [1]

€xx = T€xo0,AC + (1 - ZE) €50,BC) (1)

trong d6 €. ac VA €5 e 12 hing s6 dién moi tan sb cao ctia hai ban dan thanh phan
AC va BC. Dué6i tac dung ctia séng dién tit bén ngoai dao dong vdi tan s6 goc w,

ham dién mai ctia ban dan A,B;_,C gay ra bdi cic ion mang tinh thé c6 dang [4]

0 2 0 2 0 2 0 2
(WLO AC) - (WTO AC) (WLO BC) - (WTO BC)
. — ) ) 1 _ ’ )
fion () = oo b T6on nc W%O,AC —w? —il'acw =) eepe W%O,BC —w? —il'pew ’

(2)

v6i Iy 1a hing s6 tét dan ctia dao dong phonon trong ban dan ¢ (i = AC, BC); w)o;

va Wi, tuong tng la tan s6 TO-phonon va LO-phonon clia ban dan thuan i; wro
va wro, 1a cac tan s6 TO-phonon va LO-phonon ciia ban dan ¢ ing v6i ham lugng
x; clla n6 trong thanh phan ctia ban dan hgp chat. D6i v6i ban dan IngAly_,As, cac
gid tri wro, va wroy (i = InAs, AlAs) ¢ nhigt do 300 K duge xac dinh bdi céc bidu
thic [7]

WrOo,InAs = 229 — 22x + 91‘27 (3)
Wro.AlAs = 361.5 — 241 — 9.52%, (4)
WLo.mAs = 229 + 22z — 1327, (5)

WLO,AlAs = 403 — 55x — 20$2. (6)
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Doéng gop clia cac hat tai ty do vao ham dién moi thong qua biéu thitc sau [8]

) = o+ i (o) "

trong d6 7, = I'e/w, 1a he s6 tat dan cia dao dong plasmon, T, 1a hdng s6 chan va

|47 N, e2
Wp = mre. (8)

véi m*, e va N, tuong ting 1a khoéi luong hiéu dung, do 16n dién tich va nong do cua

wp la tan so plasma

dién ti. Nhu vay, ham dién moi ctia ban dan hop chat dang A,B;_,C bao gom su
déng gép clia mang tinh thé va hat tai tu do 1a mot ham ciia tan sé séng dien tir
truyen qua c6 dang

Etot (W) = €0 + €ion (W) + €5c (W) . 9)

D6i v6i cac vat lieu ban dan c6 ving dan dang phi parabol, khéi Iugng hiéu dung
ctia dién tit duge st dung 1a khéi lugng hieu dung quang, xac dinh bdi biéu thitc [9]

(10)

i} i} { 10kpT Fg/ﬂ—l
m m l-— =

opt — 3Eg 'F1/2

trong do kp 1a hing s6 Boltzmann; E; la nang luong ving cam & nhiet do T m*
1a khoi lugng hieu dung ctia hat téi tai ddy ving dan; F3s va Fi e 1a cac tich phan
Fermi bac 3/2 va bac 1/2. Chiét suat phtic n (w) = n (w) + ik lien he¢ v6i ham dién
moi phiic €, (W) = € (w) + i€z (w) thong qua phuong trinh 7?2 (w) = €1 (W) va he
phuong trinh [10]

n? (W) = K% (w) = €1 (w)

: (11)
2n (w) k (W) = € (w)

trong do6 x (w) duge goi la he s6 suy gidm

w - 2 . 9
= — — 6. 12
(@) = Zy/ 17 (@) — sin (12
Do 16n ctia chiét suit phitc dude xac dinh béi biéu thic
7 ()] = [€ (W) + €& (W) (13)

Gia st ta chiéu mot song hong ngoai c6 tan s6 géc w léen bé mit 16p ban dan c6 do
day d dudi mot goc t6i 0, khi d6 he s6 truyén qua ciia 16p ban dan 1a ti s6 cuong
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do dién truong ciia séng truyen qua F, doi véi song t6i ;. Khi dién truong song t6i

phan cuc loai s ta co [4]

2
Trs () = % _ {cos (kd) — i (“22::2) sin (f-@d)] 1 (14)
Déi véi trusng hop dién truong phan cuc loai p thi hé sd truyén qua c6 dang
E [ K2+ |72 k2 )’
Try (w) = 'E; = [cos (kd) — i (W) sin(/id)] : (15)
trong do6 k la vec-tg séng ctia song t6i
k(w)= “ cosd. (16)

c
Hé s6 truyén qua ctia 16p ban dan khi dién truong khong phan cie 1a trung binh

cong cac hé sd truyen qua déi véi hai truong hgp phan cire nhu trén

T () = 5 [Tri (@) + Trw ()] (17)

Tu phuong trinh (9), bd qua cac s6 hang tdt dan ctia dao dong phonon va plasmon

va cho vé trai bang 0, ta tim dugc phuong trinh

IEM7A0.M + (1 — .I‘) Eoo,BC-N

2 2 4 2 2
W — |Wro.Ac T WroBC } w"+ [WTO,ACWTO,BC

€0
2 2
) ) s T€oacWiope-M + (1 —1) o Bowroac-N]
+ (WTO,AC + WTO,BC) wy w

€0

2 2 2
— Wro acWro,BcWp = 0, (18)

trong dé ta dé dét M - (w%O,AC)2 — (w%O,AC)2 Vé) N - (w%O,BC)Q — (W%O,BC)2‘
Nghiém ctia phuong trinh (18) 14 mot ham cho phép xac dinh tan s6 clia cdc mode

két cip w, ctia phonon quang doc va plasmon theo cac tham s6 clia vat lieu.

3 KET QUA VA THAO LUAN

Ching toi ap dung 1y thuyét da trinh bay & phan 2 dé khao sat su két cip cia
phonon quang doc va plasmon trong ban dan IngssAlysAs. Cac tham sb cia vat
licu st dung trong tinh toan dugce liet ké trong bang 1. Khoéi Iugng hiéu dung cua
dién tit duge xéc dinh tit phuong trinh (10).
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Bang 1. Cac tham s0 cta vat liéu 0 300 K dugc sit dung trong tinh toan.

Ki hiéu Y nghia InAs AlAs | Inos2AlossAs
£, Hang s8 dién méi tan s& cao 12.3 8.17 10.32

E_(eV) Ning lugng ving cam 1.45

Orp (le) Tan s6 TO-phonon tmg véi x =0.52 220 346.5

@y (cm'l ) Tan 56 LO-phonon tmg véi x =0.52 236.9 369

@o(em™) | Tan s8 TO-phonon ctia ban din thuin 2196 | 362

@ (em’) | Tan s6 LO-phonon ctia ban dAn thuin 2414 | 402

I, (cm'l ) | Hing s6 tit dan clia dao déng phonon 8.67 4.44

Dau tién, ching toi khao sat &nh hudng clia goc t6i 0 va sy phan cic ctia dién truong
E cia song dien tit len su két ciip ctia phonon quang doc va plasmon thong qua phd
truyén qua ciia 16p ban dan. Ching t6i xét mau ban dan Ing s AlgsAs c6 do day
d =1 pm, nong do dien tt N, = 5.0 x 10'® ecm ™. Pho truyén qua ctia 16p ban dan
ing v6i cac goc téi khac nhau ciia chiim hong ngoai duge cho trong cac hinh 2a va
2b. Duong cham cham, duong ditt nét va duong lién nét tuong tng véi trudng hop
dién truong phan cuc loai s, phan cuc loai p va khong phan cue. Khi goc t6i 6 = 0°
(hinh 2a), chting t6i thay ring cd ba dd thi déu chi chita hai cyc tiéu tai hai vi trf c6
s6 song 220 em ™! va 346.5 cm ™!, tring vé6i cac tan s6 clia phonon quang ngang clia
hai ban dan InAs va AlAs nhu da chi ra trong bang 1. Khi goc t6i € = 45° (hinh 2b),
cd ba do thi vAn chi 6 hai cuc tiéu nhu tren hinh 2a. Tuy nhién, déi véi truong hop
dién truong phan cuc loai p (dudng dit nét) va dién truong khong phan cuc (dusng
lién nét), ching ta thay trén do thi con c6 them mot cyc tieu hep v6i bien do l6n
tai vi trf s6 séng 710 cm™!, xap xi tan s6 3.4 THz. Chung to6i cho rang, day la két
qua clia tuong tac két ciap phonon quang doc-plasmon trong mau ban dan dudi kich
thich clia séng dién tit bén ngoai, bdi vi gia tri nay 14 hoan toan trung khép véi tan
s6 wy duge xac dinh tit nghiém ctia phuong trinh (18) nhu duge chi ra trén hinh 5.
Mat khéc, dbi véi truong hop dien truong phan cuc loai s (dudng chadm cham) thi
cyc tiéu nay lai khong ton tai.

Tiép theo, ching toi nghién cttu dnh hudng clia cau tric vat lieu lén hanh vi cia
cac mode két cip w, clia phonon quang doc va plasmon. Dau tién, ching toi xem
xét sy phu thudc clia tan s6 cac mode két cap wy vao do day clia cdc mau ban
dan. Chung t6i nghién cttu bon mau c¢6 do day khac nhau véi cing nong do dien ti

N, = 5.0 x 10'® em™ va géc t6i clia séng dien tit § = 45°. Pho truyén qua ciia cac
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Hinh 2: Pho truyén qua ctia mau ban dan Ing soAlg48As (d = 1 um, N, = 5.0 x 10*® cm ™3,

[. = 75 cm™ 1) ting v6i cac goc t6i khac nhau ciia chim hong ngoai.

mau ban dan ¢6 do day khac nhau duge chi ra trén hinh 3a: mau d = 2 ym (duong
cham cham), mau d = 10 pm (dudng dit nét), mau d = 20 pm (duong chadm gach)
va mau d = 30 ym (duong lién nét).
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(a) d =2,10,20 va 30 pm. (b) d = 30 pm.

Hinh 3: Phd truyén qua ctia cic mau ban dan IngspAlgsgAs v6i cac do day khac nhau
trong truong hop = 45°, N, =5.0 x 108 em™3, va I’ = 75 cm ™ L.

Chiing toi thay rang do thi clia tat ca cac mau déu chita ba cic tiéu tai ba s6 séng
220 cm~!, 346.5 cm™! va 710 em~! nhu da dude chi ra trén hinh 2. Két quéi nay
ching t6 rang tan s6 ctia mode két cap w, khong phu thudc vao do day ciia mau
ban dan. Mat khéac, khi do day ctia mau cang 16n thi s6 cyc tiéu cang nhidu (nhu c6

thé thay trén do thi cia mau d = 30 pm, hinh 3a). Tuy nhién chiing t6i cho ring,
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ngoai trit cuc tiéu tai s6 séng 710 cm ™! thi cac cuc tiéu con lai khong phai 1a két qua
clia tuong tac két cap LO phonon-plasmon. Béi vi, nhu ta thay trén hinh 3b, cac
cyc tiéu nay van ton tai ngay ca khi dién truong phan cuc loai s va géc tdi 6 = 0°
(duong x) ho#ic dién truong phan cyc loai p va goc t6i € = 0 (duong y) gidng nhu
trong truong hgp dién truong phan cuc loai p va goc téi 6 = 45° (duong z) .

Tiép theo ching t6i nghién cttu &nh hudng ctia nong do dién tii clia cac mau ban dan
len cdc mode két cap w, ( hinh 4). Ching toi xét cac mau A, B, C va D ¢6 cuing do
day d = 1 pm vé6i nong do dien tit 1lan lugt 14 N, = 2.5 x 108 ecm™3, 4.5 x 10*® cm 3,
7.0 x 10"® em™3 va 1.0 x 10! ecm ™2 va duge chiéu mot séng dien tir dudi goc t6i
0 = 45° Két qua thu dugce cho thay rang, vi trf clia cac cic tiéu ting v6i mode két
cap w4 phu thuoc rat nhay vao nong do dién ti clia mau, dich chuyén nhanh vé phia
s6 song cao (536 cm ™!, 680 cm™!, 807 cm™!, r6i 917 cm 1) khi gia tang nong do dien
tu.

wTO InAs wTO AlAs CE)+
- T - T T T T T T - - - . - - -

348.5

Bién d§ [dvbk]

200 400 600 800 1000

S6 séng [em™]

Hinh 4: Phé truyén qua ciia cdc mau ban dan IngseAlg4gAs c6 cac nong do dien tit khéac
nhau (A. N, = 2.5x10"® cm™3, B. 4.5x10'® em =3, C. 7.0x10'® cm ™3 va D. 1.0x 10 cm™3)
trong trudong hop d = 1 um, I'e = 75 cm ™!, § = 459,

Hinh 5 1a do thi biéu dién sy phu thudc clia tan s6 ctia mode két cap w, (dudng lién
nét) va tan sd plasma w, (duong dit nét) vao nong do cta dién tit N, tinh toan ti
cac phuong trinh (18) va (8), tuong ting. Cac cham tron mau den la cac gia tri w,
dugce trich xuat tit hinh 4. Ching ta c6 thé thiy ring cac chAm den nay nim hoan
toan trén duong lién nét, diéu do6 cho thay cidc mode két cap tim thay ti hai phuong
trinh (17) va (18) 1a hoan toan nhu nhau. Ngoai ra, cic két qué cting cho thay réng

tan s6 ctia mode két cip w, tiém can tan s6 plasma khi nong do dién tit gia tang.
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Hinh 5: Sy phu thuoc ctia tan s6 ctia mode két cap wy (duong lién nét) va tan s6 plasma

wp (dudng dit nét) vao nong do cia dien ti Ne.

4 KET LUAN

Trong cong trinh nay chiing t6i da nghién citu hién tuong két cip LO phonon-plasmon
trong ban dan IngsAlg4gAs thong qua viéc khéo sat ham dién moi ciia ban dan hgp
chat ba thanh phan. Ching t6i da khéo sat pho truyén qua clia cac mau ban dan
v6i cac tham s6 khac nhau. Cac két qua thu duge cho thay tuong tac két cap LO
phonon-plasmon chi x4y ra khi séng dién tit phan cuyc loai p dude chiéu xién goc
len bé mit ban dan. Cac két qua ciing chi ra rang tan sé clia mode két cip w, phu
thuoc rat nhay vao nong do ciia dién t1t va tiém can vé tan s6 plasma khi nong do

dién t gia tang.
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Title: A STUDY OF COUPLING PHENOMENON BETWEEN LONGITUDINAL OP-
TICAL PHONON AND PLASMON IN THIN InAlAs SEMICONDUCTOR LAYERS

Abstract: In this paper we study on coupling phenomenon of longitudinal optical phonon
and plasmon in thin In,;Al;_, As layers by the dielectric function theory. We investigate the
propagation of electromagnetic wave in semiconductor layers and then deduce the depen-
dence of the transmission coefficient of layers on wave frequency. We obtain two minima
of curves in the transmission spectrum at frequencies corresponding to transverse optical
phonon ones of InAs and AlAs semiconductors. More important, under suitable experi-
mental setup, we observe another minimum at frequency corresponding to the one of a
coupling mode between longitudinal optical phonon and plasmon. That minimum stays
in the TeraHertz band, and it is very sensitive to electron concentration but not to layer

thickness.

Keywords: A coupling phenomenon, longitudinal optical phonon, plasmon, InAlAs.



