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ABSTRACT

In this study, electronic and optical properties of the penta-graphene
quantum dots with different sizes or doping by boron (B), nitrogen (N),
boron — nitrogen (BN) at various positions are systematically
investigated by using the density functional theory in combination with
the non-equilibrium Green’s function formalism. Specifically, band
structure, density of states, and absorption spectra of all samples are
studied in detail. The result shows that electronic and optical properties
of the penta-graphene quantum dots not only depend on quantum dot
sizes but also dopants. The diversity of electronic and optical properties
of the studied samples demonstrates the penta-graphene quantum dots
as an excellent candidate for developing electro-optic device.

TOM TAT

Trong nghién ciru ndy, ddc tinh dién tir va tinh chat quang cia cham
luwong tir penta-graphene vdi kich thudce khdc khau hodc duoc pha tap
boron (B), nitrogen (N) va dong pha tap boron - nitrogen (BN) tai cdc
Vi tri khdc nhau dwot khdo sat mét cdch c6 hé thong bang cdch sir dung
Iy thuyét phiém ham mdt d¢ va ham Green khéng can bang. Cu thé, cdu
triie viing, mdt do trang thai, phé hap thu cua tat ca mdau diege nghién
Citu mét cdch chi tiét. Két qud cho thdy ddc tinh dién tir va tinh chat
quang cua cham leong tir penta-graphene khong nhimg phy thuge vao
kich thidc ma con phy thude vao loai nguyén té va vi tri pha tap. Sy da
dang Vé ddc tinh dién tik va tinh chdt quang Ciia cdc mdau nghién ciru cho
thdy Cham lwong twr penta-graphene la mot ung vién sang gida cho sw
phat trién cac thiét bi quang dién tit.

1. PAT VAN DE

trong. Nam 2004, viéc ché tao graphene tir don 16p
graphite dugc thuc hién thanh cong boi Novoselov

Ngay nay, vat liéu cdu trac nano 13 mét trong
nhitng vat liéu chinh dugc st dung trong thiét ké
cam bién dién hoa va sinh hoc (Schedin et al., 2007;
Myung et al., 2012). Viéc phat trién cac vat liéu cdu
trac nano voi muc tiéu giam kich thude va tang hiéu
suét linh kién luén 13 van dé duoc quan tam. Trong
s6 nhitng dang vat liéu da dwoc phat trién, carbon va
cac dang thu hinh cta ching dong mét vai tro quan
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va Geim (Novoselov, 2004; Novosolov et al., 2005).
Hai nha khoa hoc lam viéc tai dai hoc Manchester
véi giai thuong Nobel Vat 1y cho cong trinh trén.
Cong trinh nay di md ra mot budc phat trién maoi
cho nganh khoa hoc vat liéu va nhiéu hoat dong
nghién ctru ddi vai vat lidu nay van dang duoc tiép
tuc mot cach manh mé trén thé gidi cho dén thoi
diém hién tai. Mac du c¢6 nhiéu tng dung khac nhau,
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graphene 1a mot dang vat lidu hai chiéu khong c6 do
rong ving cam (Abdelati et al., 2021). Vi vay, dé c6
thé ing dung trong céc thiét bi quang dién tir, viéc
nghién ctru graphene dugc maé rong cho cac dang
céu triic khac nhau dé tim kiém nhiing dic tinh dién
tir va quang hoc mai. Cu thé, cac nghién ciru vé cau
trac va tinh chat duoc thyc hién trén vat liéu
graphene hai chiéu co sai hong (khuyét), thay d6i su
toi hoa bién, dugc pha tap, ... (Banhart et al., 2011;
Weerasinghe et al., 2018; Kaykilarli et al., 2020).
Céu trac graphene mot chiéu ciing thu hat dugc
nhiéu sy quan tim véi cac nghién ctru twong (g véi
vt liéu graphen hai chiéu (Kang et al., 2019; Narin
et al., 2019; Rui et al., 2021). Gan day, cac nghién
ctru 1y thuyét cho thiy cham luong tir graphene c6
thé dwoc ung dung rong rai trong linh vyc quang
dién tir va dién hoa (Hosseini et al., 2015; Kermani
etal., 2017; Mehrzad-Samarin et al., 2017; Salehnia
et al., 2017; Sohal et al., 2021). Nhu mdt céu tric
khong chiéu, chim luong tir graphene bén vé mat
héa hoc va s& hitu hiéu ¢ng giam cam lwong tir. Su
thay d6i do rong ving cam trong cham luong tur
graphene ¢ thé duoc thyc hién khi thay doi kich
thuoc, toi hoa bién, ... (Sohal et al., 2021). Bac tinh
nay mé rong nhiing tmg dung cia cham luong tir
graphene trong cac linh lién quang dién tr. Thém
vao do6, viéc ché tao thanh cong chim luong tur
graphene trong thuc nghiém bing nhiéu phwong
phap va vat liéu nén khac nhau di tao dong lrc phat
trién cho vat liéu chdm luong tir tuong tw graphene
(Sohal et al., 2021).

a) Trwoe téi wu  PGQD-5
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¢

b) Sau téi wu

PGQD-12
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Nam 2015, vat liéu penta-graphene, mot dang
thi hinh méi nhét caa carbon dwgc tim thdy véi mot
s6 tinh chat dién, nhiét va quang doc ddo da va dang
thu hut duoc nhiéu sy quan tim (Shunhong et al.,
2015). Khac voi graphene, penta-graphene c6 do
rong vung cam khoang 3,25 eV va chua ca hai loai
lai hoa sp? va sp®. Cac nghién clru trong va ngoai
nuéc V& cau tric va tinh chat cua vat lidu penta
graphene duoc thuc hién cho ciu trac hai chiéu va
mat chiéu bang cach thay doi do rong chudi, pha tap,
sai hong, thay d6i t6i hoa bién, ... cho thiy sy da
dang trong dic tinh dién tir va tinh chat van chuyén
cuia cdu tric nay (Shahrokhi, 2017; Tien et al., 2019;
Dos Santos et al., 2020; Tien et al., 2020). Hién nay,
chc cau triic penta thé hé tiép theo nhu penta-CN,
(pCNy), penta-CB; (pCBy), penta-SiC, (pSiCy),
penta-SiN> (pSiN2) dang dugc cac nhém nghién ciru
Iy thuyét khao sat dic tinh dién tu, tap trung vao cau
trac hai chiéu va mét chiéu (Liu et al., 2016; Kumar
et al., 2021) va sy thanh cong trong viéc tong hop
vat liéu penta PdSe, (Kuklin et al., 2020) da ma ra
nhitng hudng phat trién méi cho nhom vat lidu
penta. Trong nghién cttu nay, dac tinh dién tr va tinh
chét quang cua cham luong tir penta-graphene duoc
thay doi kich thudc va pha tap B, N hoic dong pha
tap BN duoc khao sat. Két qua thu duoc cho thay do
rong ving cim caa chim lwong tir penta-graphene
thay dbi theo kich thuéc. Thém vao do, sy da dang
vé tinh dién tir va tinh chat quang cia chdm luong
tr penta-graphene phu thudc vao nguyén té va vi tri
tap da duoc thu nhan.

PGQD-21

PGQD-36

Hinh 1. Céu tric ciia cac cham lwong tir penta-graphene véi kich thuéc thay ddi

(Hinh cdu mau xdm va mau tim \an heot twong ing Véi cdc nguyén tir carbon lai héa sp® va sp?. Hinh cau mau tring

firong 1ng V&i nguyén té hydro.)
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2. THIET LAP MO HINH VA TiNH TOAN cac ngl}yén to nhém III: nitrogen (N), boron (B)

, ) ] hogc dong pha tap nitrogen, boron (NB) tai vi tri

Tur cau tric penta-graphene 2D, cham luong tu carbon lai hoa sp® va sp?véi ky hiéu tuong tmg nhu
penta-graphene (PGQDs) véi bon kich thude khac Hinh 2, 14n luot 1a: N1, N2, B1, B2, N1B2 va N2B1.
nhau (PGQD-5, PGQD-12, PGQQ—21 va PGQD- Séu cau tric trén duoc t6i uu véi cung diéu Kién nhu

36) duoc tao thanh. Tiep theo, céc cau tric nay dugC  cAy tric PGQD-5. T4t ca cac cau triic khdo sat dugc
ti uu qua phan mém CASTEP bang phuong phdp  thy dong hoa bién bing hydro. D& tranh tuong tac
DFT su dung gan dung gradient tong quat cua giita cac “anh” cua cu trac, ving chan khong 15 A
Perdew Burker Ernzerhof (PBE) véi diéu kién: k- dugc ap vao theo ba phuong x, y, z cua cic mau
point 1x1x3 va cutoff energy 600 eV. Trong cau truc nghién ctu.

da t6i vu, cu trac PGQD-5 duoc pha tap lan luot
a) Trwére téi wu

N1 N1B2 N2B1

( 3 o ) :t ;{ ;t ¢ OX
b) Sau téi wu
(\} 4 { )
C ( C
¢ ¢ X O 7 XK

Hinh 2. Ciu tric ciia cac miu PGQD-5 dwoc pha tap N, B va dong pha tap BN

o

(Hinh cau mau xdm va mau tim \an heot twong UNg Vdi cdc nguyén tr carbon lai héa sp® va sp? Hinh cau mau tring,
mau xanh dwong va mau da lan lwot la nguyén t6 hydro, nitrogen va boron.)

Tinh chét quang cua vat liéu duoc x4c dinh thong 2K
qua ham phte dién moi (Singh et al., 2016): a== (4)
3(“’) =& (a)) +igy (a)) 1) v6i ¢ 1a van tdc anh sang trong chan khong.
3. KET QUA VA THAO LUAN
gl(a))l &y (a)) \ Y \ P , . Q, . :
VGi la phan thyc va phan 4o cua 3.1. Pic tinh dién tir

ham dién moi.

Dé khao sat sy bén viing cua cac ciu tric, ning

Su l%én hé gitra ham dién moéi va ham dap ung
duoc thé hién qua phuong trinh: . . .
dinh theo c6ng thuc sau (Yuan et al., 2017):

clo)=1+ ylw), 2
( ) Z( ) @ E _ (Ewp —NcEc —NyEy —Ny Ey)
N B~
trong phuong trinh @ 1 tan so photon 4nh sang Ng + Ny + Ny ©)
t6i. Ham 7 (@)duoc xéc dinh bsi hé thic Kubo-
Greenwood (Monshi et al., 2018). Tu viéc xac dinh
ham dién mdi, ching ta c6 thé xac dinh hé so tat dan,
tr do xac dinh hé s6 hap thu cua vat liéu qua cac lwgng ctia cac nguyén tr C, H va X (B, N); N, Ny
phuong trinh sau:

,,512 + 55 g Két qua tinh sb cho thiy ning lwong lién két cua
N, 3 PGQD-5, PGQD-12, PGQD-21 va PGQD-36 lan

luong lién két Eg ctia cac miu nghién ctru duge x4c

V6i Eyy 12 ning luong tong cho mdi cham

luong tir dang xét; Ec , E, vaEy lan luot 1 ning

vaNy lan lugt 1a s6 nguyén tr C, H va X tuong tng.

luot 1a -5,879 eV, -6,481 eV, -6,831 eV va -7,216
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eV. DBéi véi cac mau PGQD-5 duoc pha tap B, N
hoic dong pha tap BN, gia tri nay lan lugt nhu sau -
5.93 eV, -599 eV, -6,5 eV, -6,59 eV, -6,90 eV va -
7,20 eV twong mg cac mau N1, N2, B1, B2, N1B2
va N2BI. Tir cc gié tri trén, co thé thay rd, khi kich
thuéc cua cham luong tir ting thi ning lugng lién
két giam va PGQD-36 1a ciu triic 6n dinh nhat vé
mat nhiét dong hoc vai nang luong lién két xap xi -
7,20 eV. Bdi Vi cac cham luong tir duoc pha tap B
va N, nang luong lién két & cac mau pha tap tai hai
vi tri tuong tmg carbon c6 lai hoa sp? va sp® c6 su
khac biét khong dang ké. Cac mau cham lugng tur
ddng pha tap N1B2 va N2B1 thé hién su 6n dinh hon
SO V6i cac mau pha tap don.

Tdp 58, S6 1A (2022): 95-105

Bang 1 cung cap thong s6 vé do dai lién két trung
binh cua tirng loai lién két trong mau. Cu thé, d6 dai
trung binh cua ting loai lién két dwoc x4c dinh bang
trung binh cong cua tat ca cac lién két d6 trong mau.
Do dai lién két trung binh giita hai carbon ¢6 lai hoa
sp?, gifta hai carbon c6 lai héa sp?, giita carbon c6
lai hoa sp? va sp’, gitta carbon ¢ lai hoa sp? va hydro
& bién, gitra carbon ¢6 lai héa sp® va hydro & bién
trude va sau toi wu duge ky hiéu lan lugt 1a sp- sp?,
sp- spd, sp?- spq, sp2-bién va sp*-bién. Co thé nhan
thdy, do dai lién két trung binh cua sp? sp® va sp?-
bién c6 sy thay d6i dang ké so véi cac do dai trung
binh con lai khi kich thuéc cham luong tir thay doi.

Bang 1. P dai lién két trung binh ciia cic chadm lwong tir penta-graphene cé kich thwéc thay ddi (tinh

bang don vi A)
. Mau PGQD-5 PGQD-12 PGQD-21 PGQD-36
Lién két
Trudrc tdi wu
Sp2-sp2 1,350 1,346 1,346 1,346
Sp2-sp3 1,556 1,548 1,547 1,541
Sp3-sp3 1,539 1,552 1,552 1,542
sp2-bién 1,140 1,140 1,140 1,140
sp3-bién 1,140 1,140 1,140 1,140
Sau tbi vu
sp2-sp2 1,339 1,342 1,345 1,346
sp2-sp3 1,511 1,503 1,527 1,500
sp3-sp3 1,555 1,569 1,566 1,583
sp2-bién 1,091 1,092 1,092 1,091
sp3-bién 1,102 1,102 1,103 1,103
Béng 2. P§ dai lién két trung binh ciia cac miu PGQD-5 dwgc pha tap N, B hoiic ddong pha tap BN (tinh
bang don vi A)
Mau
Lién ket N1 N2 Bl B2 N1B2 N2B1
Trude tdi wu
sp2-sp2 1,346 1,346 1,346 1,346 1,346 1,346
sp2-sp3 1,539 1,539 1,539 1,539 1,539 1,539
sp3-sp3 1,543 1,543 1,543 1,543 1,543 1,543
sp2-bién 1,558 1,558 1,558 1,558 1,558 1,558
sp3-bién 1,553 1,553 1,553 1,553 1,553 1,553
Sau tbi wu
sp2-sp2 1,390 1,378 1,527 1,457 1,302 1,390
sp2-sp3 1,479 1,514 1,5285 1,555 1,4695 1,479
sp3-sp3 1,547 1,575 1,547 1,527 1,677 1,548
sp2-bién 1,053 1,098 1,150 1,147 1,060 1,053
sp3-bién 1,102 1,160 1,109 1,081 1,142 1,103
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Hinh 3. Ciu tric ving ciia cac cham lwgng tir penta-graphene véi kich thwéc thay doi
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Hinh 4. Céu tric ving cia cic mdu PGQD-5 dwoc pha tap N, B va dong pha tap BN

Anh huéng ctia nguyén t6 tap va vi tri tap 1én cau
trac vung cua PGQD-5 dugc trinh bay trong Hinh 4.
Chung ta c6 the quan sat dugC sy khac biét ro rét vé
d6 rong ving cam cling nhu s trang thai quanh mirc
Fermi. Cuy thé, & hai mau PGQD-5 duoc pha tap N
(N1, N2), d6 rong ving cim khi pha tap & vi tri
carbon sp? I6n hon khi pha tap 6 vi tri carbon. Tuy
nhién, & hal mau pha tap B (B1 va B2), d6 rong vung
c4m lai gan nhu twong dong. Viée dong pha tap N
va B, 1am cho d¢ rong ving cam Xap Xi gié trj trung
binh cong cia do rong ving cam khi pha tap don.
Diéu nay duogc du doan do nguyén t6 B thugc nhom
111 trong khi nguyén t6 N lai thuéc nhém V. Do do,
khi ddng pha tap v&i luong nguyén tir twong tmg vao
PGQDs s& thu dugc gia tri khe ning lwong nhu két
qua khao sat. Ngoai ra, dd thi mat do trang thai tong
va mat d9 trang thai ri€ng ctia cac mau & Hinh 5 va
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Hinh 6 ciing gop phan 1y giai hinh anh ciu triic ving.
Do thi Hinh 6 cho thay khi thay ddi vi tri pha tap, su
dong gop cua N va B khac nhau dan dén sy khac biét
trong Cau tric vung & cac mau N1, N2, Bl va B2.

Déi véi cau triic cua hai mau ddng pha tap N1B2 va
N2B1, sy dong gop cia B vao cac muc trang thai
quanh muc Fermi luén vuot troi hon so véi su dong
g6p cua N.

Nhu vay, két qua khao sat cho théy kich thudc,
loai nguyén t6 pha tap va vi tri tap déu c6 anh huong
dén cau tric ving cua PGPQs. Nhiing anh huong
nay duoc 1am 6 thém & cac do thi mat do trang thai
téng va mat do trang thai riéng. Viéc thay ddi dac
tinh dién tir nay duoc du doan s€ anh hudng 1én tinh
chét van chuyén va tinh chit quang cua vat lidu.
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Hinh 6. Mat d trang thai tong (DOS) va mat dj trang thai riéng (PDOS) cua cac miu PGQD-5 dwgc
phatap N (a, b), B (¢, d) va dong pha tap BN (g, f)

3.2. Phé hap thu

Phd hap thy cua cac chdm lugng tir penta-
graphene c6 kich thudc thay doi duge mé ta trong
Hinh 7. Két qua tinh s6 cho thdy tit ca cac cham
lwong tir dugc khao sat dinh hap thu manh nam trong
khoang 12,5 eV. T4t ca cac cham luong ti trén cling
xuét hién dinh hap thy khai phat tuong tng véi ning
lwong xap xi 5 eV. Tuy nhién, dinh hap thy khoi phat
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nay lai khéng xuét hién trén cing mot phuong. Cu
thé, @ mau PGQD-5, dinh hap thu khoi phat chi quan
sat dugc theo phuong Oy; & mau PGQD-12, dinh
hap thu khai phat lai xuét hién trén hai phuong Oy
va Oz; trong khi véi hai mau PGQD-21 va PGQD-
36, dinh hap thu nay lai quan sat duoc trén ca ba
phuong Ox, Oy 1an Oz. Piéu nay ciing cho thiy cac
mau khao sat ¢6 tinh di hudng khi quan sat phd hap
thu.
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Hinh 7. Phé hap thu ciia cac chdm lwgng tir penta-graphene cé kich thwéc thay déi

Khi chdm luong tir PGQD-5 duoc pha tap B, N
hodc dong pha tap BN, ta vin quan sat dugc dinh
hip thu chinh trong khoang ning luong 12,5 eV
(Hinh 8). Tuy nhién, cc dinh hap thu khoi phat xuét
hién cac dinh phé thudc ving kha kién va su bat
déng huéng duoc thé hién trén ca ba phuong. Cu
thé, ddi voi cac mau PGQD 5 ¢6 nguyén t tap B ¢
vi tri carbon lai hoa sp? (B1), ta c¢6 thé quan sat dugc
dinh phé véi bude song khoang 580 nm theo phuong
Oy va Oz, trong khi d6 mau chtra B ¢ vi tri carbon

a) N1

Energy (eV)

lai hoa sp? (B2), phd hap thu vai budce song xap xi
380 nm xuét hién theo hai phuong tuong tmg (Hinh
9). Bdi véi hai mau dong pha tap N1B2 va N2BI,
céc dinh phd véi bude séng & ving tir ngoai gan
cling duoc quan sat thay trén hai phuong Oy va Oz.
Dbi véi cac cham lugng tir duoc pha tap N, dinh phd
khoi phat dugce ghi nhan ¢ ving tir ngoai, voi budc
song ngan nhat trong cac mau pha tap duoc khao sat,
dao dong trong khoang tir 230 nm dén 280 nm.

b) N2

Ox===-0y 0z

9

Energy (eV)

Hinh 8. Phé hap thu ciia cac chdm lwgng tir penta-graphene dwec pha tap N (a, b), B (c, d) va ddng
pha tap BN (e, f)
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Céc két qua thu dugc da thé hién su anh huéng
Cua nguyén t6 va vi tri tap dén tinh chét dién tir va
tinh chét quang cia chim luong tir penta-graphene.
Su thu hep céu trac ving khi pha tap lam cho su
chuyén doi tir ving hoa tri 1én viing dan caa dién tir
nhay hon, dan dén c6 thé 1am ting nhitng chuyén doi

a) N1

——Ox==-=+0y—0z

e) N1B2
1500
£ 1000 |
E L
3
~ 500 |-
U o
0 r n n P B A
01 2 3 4 5 6 7
Energy (eV)
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kha di, tir 6 tang s6 dinh phd quan sat dugc. Ngoai
ra, nhimg thay ddi trong tinh chat dién tir cua céac
mau PGQD chira tap N, B hoic NB ciing cho ta thu
duoc sy dich chuyén dinh phé vé ving kha kién tir
ving tir ngoai cia mau PGQD-5 thuan (Hinh 9).

b) N2

1500

—

‘TE 1000

500

Onnlnlnlnl-l-

01 2 3 4 5 6

7

Energy (eV)

Hinh 9. Vi tri dinh pho hap thy ciia cdc chm lwgng tir penta-graphene dwgc pha tap N (a, b), B (c, d)
va dong pha tap BN (e, f)

4. KET LUAN

Tém lai, trong nghién ctru nay, dic tinh dién tir
va tinh chit quang cia chim luong tir penta-
graphene véi kich thudc khac nhau, hoéc duoc pha
tap N, B ¢ hai vi tri carbon lai héa sp® va sp? hay
dong pha tap NB ¢ hai vi tri nay da dugc khao sat
chi tiét. Két qua cho thdy d¢ rong ving cam giam
khi kich thuéc mau ting. Dol Véi cac mau PGQD-5
pha tap, d6 rong ving cam luén giam so véi mau
thuan. Nhitng phan tich mat do trang thai va mat do
trang thai riéng da gop phan kién giai nhirng thay
dbi trong céu trac vung. Tur phé hap thy, viéc pha
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tap hoic ddng pha tap da lam xudt hién cac dinh phd
& ving kha kién véi budce song tr 380 nm dén 580
nm tiy thudc vao vi tri va nguyén t6 tap. Nhiing thay
dbi trong dac tinh dién tr va tinh chat quang cua
cham lugng tu penta-graphene khi thay do1 kich
thudc, nguyén t6 va vi tri tap c¢6 thé lam nén tang
cho nhimg nghién ciru tiép theo hoic dinh huéng
g dung PGQDs cho nhiing thiét bi quang dién ti.
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