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ANH HUONG CUA PINH HUONG PE
LEN SU HINH THANH CAC MANG GeMn

Lé Thi Giang', Lwong Thi Kim Phuong
Truong Dai hoc Hong Pirc, Thanh Héa

TOM TAT

Trong bai bao nay, k¥ thuat nhidu xa dién tir phan xa ning lugng cao (Reflection High- Energy
Electron Diffraction - RHEED) va ky thuat phan tich cdu triic bang hinh hién vi dién tir truyén qua
d6 phan giai cao (High Resolution Transmission Electronic Microscopy - HRTEM) két hop véi
két qua tinh toan tong ning lugng bang 1y thuyét ham mat do duoc sir dung dé phan tich anh
huong cua dinh huéng dé 1én qua trinh hinh thanh cac mang GeMn trén dé Ge(001) va Ge(111).
Céc mau dugc ché tao bang phuong phap epitaxy chum phén tir (Molecular Beam Epitaxy — MBE)
o cung dleu kién hinh thanh cu tric cot nano ¢ mau ché tao trén dé Ge(001) la nhiét do Ts =
130°C va nong dd Mn ~ 6% va d¢ day ~ 80nm. Mang Geg g4 Mg g trén dé Ge(001) cb cAu tric
dang ¢t nano nam doc theo hudng [001], do cac nguyén tir Mn trong trudng hop nay c6 xu huéng
chuyén doi 1én bé mit thong qua cac vi tri xen k& trong mang. Mang Geggs Mg o6 trén dé Ge(111)
¢6 céu truc gdm timg nhom céc soc giau Mn nam doc theo hudng [110] xen gitta ma tran GeMn
pha lodng do cac nguyén tir Mn trén bé mt c6 xu huéng khuéch tan vao trong mang thong qua cac
vi tri xen k&. Nguon gdc vat 1y cua sy chuyén doi theo hai hudng khac nhau cua nguyén tir Mn
trong hai truong hop nay 1a do sy tai cdu tric bé mat ctia hai dinh hudng khac nhau, din dén so dd
nang luong tai cac vi tri quan trong trong hai mang tinh thé 1a khac nhau.
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THE EFECTS OF SUBSTRATE ORIENTATION
ON THE GeMn FILM FORMATION
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ABSTRACT

In this paper, Reflection High- Energy Electron Diffraction (RHEED), High Resolution
Transmission Electronic Microscopy - HRTEM) along with the first-principles total energy
calculations within density functional theory were used to ananlysis the effects of substrate
orientation on the formation of GeMn films grown on Ge(001) and Ge(111) substrates. The
samples were grown by mean of Molecular Beam Epitaxy (MBE) at T = 130°C, Mn concentration
~ 6% and the thickness of ~ 80nm to ensure the formation of GeMn nanocolumns on the Ge(001)
substrate. Due to the Mn atoms tend to float upward toward the new interstitial sites, Geg s MnNg o6
film grown on Ge(001) substrate exhibits the nanocolumn structure along the growth direction. In
contrast, for the Geg g4 Mng o6 film grown on Ge(111) substrate, Mn adatoms can easily diffuse into
deeper layers through the interstitial sites with relatively low energy barriers and resulted in the
formation of Mn-rich streaks along a preferred direction [110]. The physical origin for the
contrasting behavior of Mn along the two different orientations is tied to the different surface
reconstructions.
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1. Mé dau

Trong thoi gian gin ddy, cac nha khoa hoc vét
liéu da danh rat nhiéu nd lyc cho viéc ché tao
ra cac ban dan pha loang tir c6 nhiét do Curie
(Tc) cao, boi kha nang tich hop cua ching
vao céac thiét bi dién tir spin. Trong s6 do,
GeMn 1a mot Gmg ctr vién tiém nang do c6 sy
twong thich véi cong nghé silicon hién tai.
Tuy nhién, vi€c st dung vét liéu nay dang bi
han ché boi chung co nhiét do T kha thép,
thuong dudi nhiét d6 phong. Ké tir sau cong
bd cua Park va céc cong su vé tinh sat tir
trong hé Ge;,Mn, (T¢c =~ 25+ 116 K va phu
thudc tuyén tinh vao ndng dé6 Mn pha tap) [1],
rit nhidu cac nghién ctru chuyén sau trén hé
GeMn da duogc thuc hién béi mot s nhom
nghién ctru [2-10]. Hau hét cic nghién ciru
tap trung vao sy phu thudc cia T¢ trong hé
ban dan pha lodng tr GeMn (GeMn DMS -
Diluted Magnetic Semiconductor) vao cac
tham s ché tao vat liéu. Trong s6 rt nhiéu
céc tham s6 ché tao ¢6 thé anh huong dén qua
trinh tang trudéng cia cac mang GeMn, thi
nhiét do ché tao, néng dd Mn pha tap va
huéng tinh thé cua dé 1a ba tham sé quan
trong nhit.

C6 hai loai dé don tinh thé Ge thuong ding
dé ché tao vat liéu mang mong 1a Ge(001) va
Ge(111). Trong do6, do hudng [111] cac mat
phing mang sip sép day hon nén thuong
duoc dung dé ché tao cac mang lién kim loai
MnsGe; dung trong cac van spin, con Ge(001)
dugc dung dé ché tao cac mang mong ban din
pha loang tir Ge;,Mn,. Vé néng d6 pha tap
Mn, thong qua cac nghién ctru trudce, hién nay
cac nha khoa hoc vat liéu tin rﬁng cac pha thu
cip (chang han nhu MnsGe; va Mn;;Geg) sé
hinh thanh mot khi ndng d6 Mn vuot qua gidi
han hoa tan trong mang Ge (~ 9%) [11]. V&
anh huong cda nhiét do ché tao, dé vuot qua
han ché vé kha ning hoa tan nhiét dong thip
cua Mn trong mang Ge, cac nha khoa hoc
thuc hién ché tao cac mang moéng GeMn &
nhiét d6 du thép nhim dua hé ra khoi trang
thai can bang nhiét dong. Theo nhiing nghién
clru trude, ba vung nhiét do ché tao da dugc
xac dinh: Véi nhiét do trén 180°C, cac dam

hoic cac két tia lién kim loai MnsGe; thuong
dugc hinh thanh [7, 8, 12]; Véi nhiét 46 dudi
80°C, cdc dam giau Mn duogc hinh thanh [9 -
11]; Trong vung nhiét d6 trung gian tr 110
dén 150°C va nong d6 Mn khoang 4% dén 7
%, mot s6 nhom nghién ctru da ché tao dugc
mang c6 cau trac gdm cac cot nano gidu Mn
sap xép doc theo chibu ting trudng ciia mang
[13 - 16]. Bdi véi cac tng dung dién tir spin,
su Xuét hién pha cdt nano GeMn dac biét thu
vi béi nhiét do Tc clia nd 1én t6i 400K va van
thé hién tinh ban dan. Tuy nhién, co ché hinh
thanh cac cot nano GeMn hién van dang con
nhiéu diéu can tranh lugn. D& c6 thé dua ra
duge mot mo hinh chinh xac vé co ché hinh
thanh cac cot nano GeMn thi cén phai nghién
ctru mot cach chi tiét va hé théng vé su anh
hudng cia cac tham sd ché tao 1én qua trinh
tang trudng, cdu triic va tinh chat ciia chiing.
Trong khi da c6 rat nhiéu két qua dugc cong
bd vé anh hudng cua ndng do pha tap Mn va
nhiét d6 ché tao 1én sy hinh thanh cac mang
GeMn, thi hau nhu chua c6 nghién ciru thuc
nghiém nao vé anh hudng cua hudng dé.
Thém vao dé, cong bd trude diy cua chung
t6i cho rang céu trac cua cac cot nano la
khong ddng nhét va néng do6 Mn trong cot
ting dan vé phia bé mit [15 - 17]. Pé lam
sang to hon vé van dé& nay, nghién ciru sau
day cia chiung t6i tap trung vao anh huodng
clia huéng tinh thé cta dé 1én sy hinh thanh
cic mang GeMn trén dé Ge(001) va Ge(111).
Chuing t6i lya chon ché tao cac miu & nhiét
d6 Ts = 130°C va nong d6 Mn ~ 6% dé dam
béo chic chin viéc hinh thanh ciu tric cot
nano & mau ché tao trén dé Ge(001), tir d6 so
sanh v6i mau ché tao trén dé Ge(111) ¢ cung
diéu kién.

2. Thuc nghiém

Céc mang moéng GeMn duoc tong hop theo
phuong phép epitaxy chum phan tir ¢ nhiét do
thip bang cach ddng thoi ling dong Ge va Mn
trén dé don tinh thé Ge(001) va Ge(111). Cac
chim phan tir Ge va Mn duge bdc bay tir cac
ngudn rin dung trong cic 6ng Knudsen tiéu
chuén. Ky thuat MBE dugc thyc hién trong
mdi truong chan khong siéu cao (ap sudt thdp
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hon 107 Torr). Cac mang dugc moc 1én tir dé
don tinh thé véi toc do rat thap (~ 0.2 As™),
do vay s€ c6 do tinh khiét va hoan hao cao, co
cAu trac tinh thé gan véi ciu trac cua 16p dé.
Sau khi giai hap nhiét 16p oxit trén bé mat dé,
chung t6i cho tang truong mot 16p dém Ge
v6i d6 day ¢& 30 nm & nhiét do 250 °C. Tiép
theo 1a dén 80nm mang Gegg4Mng g dugc ché
tao & nhiét do 130°C véi ca hai loai dé
Ge(001) va Ge(111).

K¥ thuat nhiéu xa dién tur phan xa nang lugng
cao (Reflection High- Energy Electron
Diffraction - RHEED) dugc str dung dé theo
ddi qué trinh hinh thanh mang thong qua phd
nhidu xa dién tir duoc ghi tryc tiép. Kinh hién vi
dién tir truyén qua (Transmission Electronic
Microscopy - TEM) hoat dong & ché do 300
KeV va c6 do phan giai 1,7 A dugc sir dung dé
khao sat cau tric clia cdc mang.

3. Két qua va thao ludn

K¥ thuat RHEED rat nhay voi nhing thay dbi
cua hinh thai va d ram ciia bé mit, nd c6 thé
xéc dinh chinh x4c kiéu ting trudng trong qua
trinh phat trién ctia mang (ching han tir 2D
sang 3D). Do vay, hinh d4nh quan sat trén
RHEED (Hinh 1) 1a mét cong cu thyc sy httu
hiéu dé khao sat qua trinh hinh thanh cac
mang GeMn trong ca hai truong hop dé
Ge(001) va Ge(111).

e
L

I [ l
txt 8p 1

Hinh 1. Hinh anh nhiéu xa RHEED doc theo
huémg [110] va [100] ciia bé mat dé
Ge(001)trude khi lang dong mang (a),( b) va sau
khi ling dong ~ 80nm mang Geg 9sMng g6 (C), (d)

Hinh la va 1b biéu dién hinh anh nhiéu xa
RHEED ctia mau doc theo huéng [110] va
[100] duoc quan trude khi ling dong ~ 80nm
mang Geges Mnggs trén dé Ge(001) . Su tai
chu trac bé mat dang (2x1) dugc thé hién boi
hinh anh chtra cac vach 1x1 va % rat rd rang,
chung to bé mit miu rat sach va min. Piéu
nay ciling dugc khéng dinh bo1 sy hién dién
ctia cac duong Kikuchi cuong do cao, chong
Ién cac vach 1x1 va tham chi ca vach % &
hinh 1a lam tdng cuc bd cudng dd cua chung.
Diéu kién bé mit nhu vay hoan toan thdéa man
cho viéc tang trudng epitaxy mot 16p mang
GeMn tiép theo. Két qua chup nhidu xa
RHEED cta mau sau khi két thiic viéc ling
dong 80 nm mang Geg gy Mngos duogc thé hién
trén hinh lc va 1d. Hinh anh cho thdy, cac
vach 1x1 vAn con ton tai & ca hai hinh nhung
thém vao d6 1a mot sd cic dém sang nim
ngay trén cic vach. Trong phan tich RHEED
thi cac vach thé hién kiéu ting truéng 2D con
cac ddm sang thé hién kiéu ting truong 3D.
Piéu nay thé hién sy hinh thanh mot pha méi
nhung c6 cu tric tuong ty cau tric clia mang
nén Ge. Theo tai liéu [18], hinh anh nhidu xa
RHEED nhu trén chinh 1a diu hiéu nhan biét
su hinh thanh cac cot nano GeMn. Cac dém
3D la déng gép cia cac cdt nano giau Mn
dugc hinh thanh trong ma tran GeMn pha
loang. Nhu vdy, qua phan tich hinh anh thu
duge tir nhiéu xa RHEED chung t6 16p mang
Gegos Mnggs €O cAu tric dang cdt nano. Tuy
nhién, dé khing dinh didu nay chung toi da
tién hanh chup TEM cic mau dé nghién ctru
cAu tric ciia chiing.

O hinh chup TEM trén, phin d4m mau hon 1a
cac vung giau Mn, con vung nhat mau hon
chinh 1a ma tran dugc pha loang. Hinh anh
TEM tbng quat 2a cho ta thdy cac cot nano
GeMn nam doc theo chiéu ting truong cla
mang, ¢6 kich thudge tir 5 — 8 nm. Ching ta c6
thé thay trong hinh TEM d6 phan giai cao cho
viing gan giao dién cia mang va dé (Hinh 2b),
hau hét cac cot nano déu vudng goc voi mit
giao dién, doc theo hudng [001] 1a hudng
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tang truong cuia mang; cac cot nano phat trién
mot céch epitaxy va lién két hoan hao véi
mang pha loang xung quanh. Khéng quan st
thdy c6 16i mang hay dam MnsGe; nao. Nhu
vay két qua chup TEM la hoan toan phu hop
v6i hinh anh nhi€u xa RHEED va mot 1an nita
kh'flng dinh su hinh thanh cac c¢6t nano GeMn
trong mang.

3 .

paGeiool} . =

2

Hlnh 2. Anh TEM tong qudt (a) va anh dg phan
gidi cao HR — TEM (b) chup doc theo cﬁleu tang
truong cua mang Geo_94 Mng s dicoc ché tao o 130
°C, chiéu day ~80 nm
Str dung phuong phép 1y thuyét ham mat do
(DFT) tinh toan tong ning lugng mé rong, W.
Zhu va cac cong su da xay dung dugc so dd
vé nhiing vi tri mang quan trong va hang rao
khuéch tan cho nguyén tir Mn trong qua trinh
tang truéng cua mang doc theo hudng
Ge(001) [19]. Theo tinh toan nay thi trong
mdi trudng tai cau trac bé mit dang 2x1 cua
Ge(001), Mn c6 xu hudng chiém giit nhiing
vi tri xen k€ Iy trong mang. Cac nguyén tit Mn
tir pha hoi hodc tir cac 16p bén dudi co thé dé
dang khuéch tan vé phia cac vi tri I trén bé
mat . Do vdy, viéc pha tap Mn vao Ge(001)
bang phwong phap MBE & nhiét do thip s&
dan dén két qua 1a mat d6 Mn cao 6 cac vi tri
xen k&. Khi ling dong 16p GeMn mi thi cac
nguyén tir Mn bi 1ap phia dudi s€& co6 xu
huéng ndi 1én trén vé phia vi tri lo. Hién
tugng nay dugc goi 1a “hoat tinh bé mat” cua

Mn trong mang Ge(001).

Trong truong hop cua chiing t6i, do kha nang
hoa tan thip cia Mn trong mang Ge nén ngay
tu nhitg 16p nguyén tir dau tién duoc ling
dong trén bé miat dé, cac nguyén tor Mn s&
chuyén doi tao nén nhitng ‘mam’ giau Mn
ban dau. Tiép tuc ling dong dong thoi Ge va
Mn, nhitng ‘mam’ nay phét trién theo dang
hinh try nham giam ning lugng bé mat. Thém
vao do6, nho hi€u ung hoat tinh bé mit cia
nguyén tir Mn trong qua trinh lang dong mang
GeMn trén dé Ge(001) nhu trinh bay & trén, cac
nguyén tir Mn s& chuyén doi vé phia bé mit
mang thong qua cac vi tri xen k€. Va nhu vay,
két qua 1a cac cot nano giau Mn dugc hinh
thanh doc theo chiéu ting trudng ctia mang.

Dé nghién ciru anh huong cia hudéng dé va
kiém tra hiéu ung ‘hoat tinh bé mat’ cua
nguyén t¢ Mn doc theo hudéng [001] ctua Ge,
chung t6i d tiép tyuc tién hanh tong hop mang
Geg s Mng g6 trén dé Ge(l 1 1)

3D Spots [1-10]

Hinh 3. Hinh anh nhiéu xa RHEED doc theo
huong [1-;0] va [11-2] ciia bé mat de Ge(111)
trwedc khi lang dong mang (a),( b) va sau khi lang
dong ~ 80 nm mang Geg g4Mng s (C), (d).
Hinh 3a va 3b biéu dién anh chup nhiéu xa
RHEED doc theo hudéng [1-10] va [11-2] cta
bé mit Ge(111) truéc khi ling dong mang
GeMn thé hién day du cac vach 1x1 va Y% rat
rd nét. Pay 1a anh nhiéu xa thé hién bé mat rat
sach, min va su tai ciu tric bé mat dang
c(4x8). Cac duong Kikuchi cudong dd cao
cling xuit hién & ca hai hinh khang dinh lan
nita mot bé miat hoan hao cho sy ling dong

16p GeMn 1én bé mit.

Sau khi ling dong 80 nm mang Geges Mng g
lén bé mit caa Ge(111), hinh anh nhidu xa
RHEED ¢ hinh 3c va 3d chi xut hién cac
d6m sang thé hién sy ting truong 3D cia
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mang. Chimg té bé mit mang lic nay rat tho
rap va khong dong nhat. Tuy nhién, cic dém
3D van nﬁm trén vi tri cua cac vach chinh nén
mic di cau trac cua mang la da tinh thé nhung
phan 16n van giita duoc cau tric mang nén
Ge(111). Tir hinh anh RHEED c¢6 thé du doan
mang Geg.es Mg g6 trong trudng hop nay van co
cdu trac kim cuong cia Ge nhung bén trong s&
¢6 nhitng vi tri cac ddm gidu Mn phat trién.
Hinh 4a biéu thi anh TEM cta 80 nm mang
Geg.gs Mng e duoc léll'lg dong trén dé Ge(l 1 1)
& nhiét do 130 °C (cung diéu kién hinh thanh
ot nano trén dé Ge(001)). Két qua chi ra rang
khong c6 sy hinh thanh cac cét nano GeMn
trong mang. C6 su tach pha do néng d6 Mn
cao trong mang Ge xudt hién cac ving giau
Mn tap hop thanh céac soc khong theo hudng
tdng trudng ctia mang ma theo hudng [110].
Hinh 4b chup khu vuc quanh giao dién cua
mang va dé cho thy co cac soc giau Mn cé
kich thuéc ¢& 1 nm va tap hop thanh ting
nhom, ching dugc ngan cach boi mang pha
lodng xung quanh. Cau tric nay gan tuong tu
nhu hinh anh chup TEM cua mang Gegg,
Mngos c6 do day 24nm trong tai li¢u 20 va
hoan toan phu hop voi phén tich tir két qua
chup nhidu xa RHEED. Két qua trén ching to
rang sy hinh thanh cac hat gidng giau Mn trén
dé Ge(111) khac véi trén dé Ge(001) va sy
chuyén doi nguyén tir Mn khong xay ra theo
hudng [111] ciia tinh thé.

a)

Hinh 4. Anh TEM tong quat (a) va anh TEM chup

vung giao dién gitta mang va lop dém (b) cua 80

nm mang Geg ¢aMnq o6 ling dong trén dé Ge(111)
0130 °C

Theo tinh toan nang lugng cia W. Zhu va céc
cong su trong tai li€u 19 thi v6i méi truong
tai cau trac lai bé mit dang c(4x8) cua
Ge(111) nhu thé hién & trén hinh 3a, 3b, cac
nguyén tir Mn trén bé mat lai c6 xu huéng di
vao bén trong mang thong qua cac vi tri xen
k&. Nguyén nhan 14 do khi ling dong 16p gém
Ge va Mn 1én bé mit duge tai ciu tric nhu
trén Mn s& chiém giit cac vi tri tréng trong
mang do ¢ ning lugng lién két thap hon cac
vi tri khac. Trong khi d6, nang lugng lién két
cua vi tri xen k& ¢ lop ngay dudi bé mit lai
thip hon ning lugng lién két cia vi tri trong
trén bé mat. Thém vao do, hang rao khuéch
tan giita cac vi tri xen k& bén trong lai rat thip
(c& 0,29¢V). Chinh vi vdy, khi ling dong cac
nguyén tir Mn s& d& dang chuyén doi tir bé
mit vao sdu trong mang bang con duong
khuéch tan qua cac vi tri xen k&. Két qua 1a
trong mang khong hinh thanh céc cdt doc theo
hudéng tang truong cia mang ma cic nguyén
t¢ Mn tdp trung thanh cac soc theo huodng
[110] va tao ra mot s6 vi tri 18i trong mang
nhu qua sat thiy & hinh anh chup TEM trén.
Nguon gbc vat Iy dan t6i viéc chuyén doi theo
hai huéng khac nhau ciia nguyén to Mn khi
ling dong mang GeMn trén hai loai dé
Ge(001) va Ge(111) dugc cho 1a do d6 mé
tuong ddi ctia hai bé mit va stc cing tuong
ung duoc gay ra ¢ khu vuc bé mat do viéc tai
cAu trac bé mat khac nhau [19].

4. Két luan

Biang phuong phap thuc nghiém két hop voi
két qua tinh toan vé ciu trac niang luong cia
cac vi tri trong mang, ching t6i da dua ra
dugc nhimg anh huéng cua hai dinh hudng dé
Ge(001) va Ge(111) 1én sy hinh thanh ciu
tric clia cac mang GeMn. Do su ti cdu triic
bé mit khic nhau trén hai dinh hudng, dan
dén xu hudng dich chuyén ctia nguyén tir Mn
la khic nhau. Truong hop dé Ge(001), cac
nguyén tir Mn tir 16p bén dudi dich chuyén
1én bé mit doc theo chidu ting trudng cia
mang tao ra cic ¢t nano GeMn gidu Mn nim
doc theo hudng [001] va c6 nong d6 Mn ting
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dan tir giao dién dé - mang 1én bé mat mang.
Con trudng hop dé Ge(111), cac nguyén tir
Mn lai c6 xu huong dich chuyén tr bé mat
vao trong mang tao thanh tirng nhém cac soc
gidu Mn nam doc theo hudng [110]. Vé
hudng phat trién va thanh phan bén trong ciia
cac soc giau Mn can phai c6 thém nhing
nghién ctru chuyén sau hon. Chung toi sé tiép
tuc nghién ctru va dua ra cac két qua vé van
dé nay trong nhiing cong bo tiép theo.

5. Loi cam on

Nhoém nghién ctru xin chan thanh cam on GS.
TSKH Lé Thanh Vinh va nhém nghién ctu
vé vit liéu nano khong dong nhat trén nén Si
va Ge thudc Truong Pai hoc Aix- Marseille,
Cong hoa Phap vi su gitp 4o trong qua trinh
thuc hién nghién ctru nay.
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