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ABSTRACT

In this paper, the electronic properties of defective Sawtooth Penta-
Graphene Nanoribbons (DSSPGNRs) were investigated by calculating
the binding energy, band structure, and density of states from first
principles method. The types of defects considered here are monovacancy
at either 4-coordinated C1 site or 3-coordinated C2 site and 2C double
vacancy. The results showed that DSSPGNR has a significantly reduced
band gap compared to the original sample. In which, the band gap of
double DSSPGNR is more reducer than the one of single DSSPGNR.
These findings are expected to provide important guidelines for the
practical applications of penta-graphene.

TOM TAT

Trong bai bdo ndy, tinh chdt dién tir ciia cdc ddy penta-graphene dang
rang cuwa (SSPGNR) sai hong dang khuyet (DSSPGNRS) duoc nghién
cieu bang cdach tinh nang lwong lién két, cu tric vung dién tur va mdt do
trang thai boi phwong phap nguyén Iy ban dau. Ba kiéu khuyét dwoc khdo
sat trong nghién ciru ndy la khuyét don nguyén tir C1, C2 va khuyét dong
thoi hai nguyén tir C2. Két qua nghién ciru cho thay DSSPGNR c6 do rong
viing cam giam déang ké so véi mau khong khuyét. Trong do, DSSPGNRs
khuyét dong thoi hai nguyen tir C2 6 do rong ving cam giam nhiéu hon
so voi DSSPGNRs khuyét don nguyén tir. Ket qua nghién cuu nay cung
cdp théng tin quan trong cho viéc phat trién iing dung penta-graphene
trong linh viee vi dién tu.

1. GIOI THIEU

2008; Hirata et al., 2004; Neto et al., 2009). Sy lai

Trong s cac vat liéu hai chiéu, Graphene va cac
vt liéu tya Graphene d3 nhanh chong thu hit sy cht
¥ cua cong dong cac nha khoa hoc vat liéu do tinh
chat vat 1y thay ddi dang ké cua chung so véi cau
trac khéi. Chung c6 nhiéu tiém ning cho céac tng
dung trong cac thiét bi dién tir thé hé méi boi vi tinh
chat van chuyén dién tir doc dédo nhu: d6 linh dong
hat tai cao, dan nhiét tot va cac hiéu tmg Hall lugng
tor di thuwong (Berger et al., 2004; Bolotin et al.,
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hoa sp? cua lién két Carbon va ving cdm dién tir
bang 0 cuia graphene lam né khong hiéu qua dbi voi
hip phu khi va tng dung phat trién transistor,
Sensors.

Gan day, Penta-Graphene (PG), mot cAu triic cac
nguyén tir C don 16p Xep hinh ngii gidc di dwoc dé
Xuit. Céu trac PG 1a t6 hop cua cac nguyén tr C1
(lai hoéa sp®) va cac nguyén tr C2 (lai hoa spy)
(Zhang et al., 2015). Cac nghién ctu tién doan
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Graphene 1a mot ban dan c6 ving cdm gian tiép véi
d6 rong ving cdm 12 3.25 eV (Wang et al., 2016; Yu
& Zhang 2015; Zhang et al., 2015 ). Bén canh do,
Graphene c6 h¢ sb Poisson 4m bAt thuong, do bén
si€u cao va kha nang chiu dugc nhiét cao téi 1000
K, vuot troi Graphene. Nhiing dac tinh vuot troi nay
1am cho né tro thanh mot ¥ng cir vién tiém nang cho
nhiéu ing dung diy hira hen. Nhiéu nghién ciu
duogc thyc hién dé cai thién cac tinh chét vat 1y cia
PG thong qua céc phuong phép chirc nang hoa khac
nhau. Céc nghién ciru Iy thuyét cho thy PG c6 do
dan nhiét gia ting dang ké sau khi hydro hoa, cao
hon nhiéu so véi PG thuan. Nguyén tir Hydro hap
phu trén tim PG dugc du doan sé tao ra tir tinh va
¢6 thé didu chinh hiéu qua céc tinh chét dién tir cua
PG nhu viéc diéu chinh PG tir mot chét ban dan
thanh mot chat ban kim. Ngoai ra, trong c4u triic ciia
PG c6 chira ca lién két Carbon sp? va sp® vi vay PG
khong co ciu tric phang 1y tuong, ma nd c6 cau tric
vénh, cho thdy PG c6 nhiéu vi tri s& hitu kha ning
hap phu khi (Zhang et al., 2015). Nhirng dic tinh nay
khién cho PG tr& thanh tng cir vién tiém ning dé
ung dung trong linh vyc vi dién tir.

Nhim muc dich giam kich thuac linh kién, tam
PG duoc cét thanh cac ciu triic gia mot chiéu dugc
goi la Penta-Graphene nanoribbon (PGNR). PGNR
co4loai: ZZ, AA, ZA, SS. Trong d6, SS 1a loai dang
ch y nhat khong chi bai vi né 1a ban dan ma con vi
n6 1a cau trac bén nhat trong bon loai PGNR. Sy hap
phu cac phan tir khi CO, CO,, NHj3 trén bé mat cau
tric nay duogc nghién cuu, xac dinh dugc dac tinh
hip phu cua ching (Nguyén Thanh Tién va ctv.,
2020). Nghién ctru tinh chat van chuyén dién tir cua
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SSPGNR pha tap thay thé (Si, P, N) da duoc thuc
hién, két qua cho thy cu trac ving niang lugng va
dic trung I-V cia N:SSPGNR thay ddi dang ké so
véi mau nguyén so (Tien et al., 2019). Tuy nhién, ta
biét rang, cac cau triic thap chiéu n6i chung dé bi sai
hong khuyét khi tong hop chung (Banhart et al.,
2011; Han et al., 2021). Vi thé, viéc nghién ctru dac
tinh dién tir cac céu trac khuyét 1a rt can thiét, co
thém thong tin vé c4u triic thuc. Trong nghién ciu
nay, dwa trén co sé 1y thuyét phiém ham mat do, su
tdn tai va dic tinh dién ti cua cac SSPGNR sai hong
khuyét dwoc nghién ciru.

2. PHUONG PHAP

Sy 6n dinh cAu truc va dic tinh dién tt cua cac
mau SSPGNR khuyét duoc danh gia bang phuong
phap nguyén 1y ban dau dya trén Iy thuyét phiém
ham mat d6 DFT (Kohn & Sham, 1965). Mau
nghién ciru ¢6 do rong thay doi tir nim dén tam
chudi dwgc cit theo bién ring cwa. Cac mau
SSPGNR Vi cac vi tri khuyét khac nhau duoc tdi
wu bang cach sir dung tinh toan DFT trong phép tinh
gan ding gradient tong quat (GGA) cua Perdew-
Burke-Ernzerhof (PBE) (Perdew et al., 1996) trong
g6i phan mém Castep dé tim duoc cac ciu trac on
dinh. Sé k-point trong ving Brillouin dugc chon 1a
1x1x5 lan lugt theo ba phwong x, x, z véi nang luong
cutoff 1a 680 eV va nhiét d6 dong hoc cua hé dién
tir 14 300 K. Trong qué trinh t6i wu, tiéu chi hoi ty vé
lye va ing suat tbi da co gia tri 1an lugt 12 0,05 eV/A
va 0,1 Gpa.

3. KET QUA VA THAO LUAN
3.1. Sw én dinh ciu triic

c2

2C

Hinh 1. Hinh bén trai : M6 hinh SSPGNR khéng khuyét; Hinh bén phai: M6 hinh SSPGNR véi Vi tri
Cuiia nguyén tir c6 kha nang bi khuyét: C1, C2 va hai nguyén tir C2 (2C)
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Dau tién, cAu hinh én dinh nhit dugc tim trong khuyét khéNdI (duqc trinh bay trong Hinh 1). Hai cau
cac trudng hop khuyét kha di trén SSPGNR giamgt ~ fric kha df dau tién cia SSPGNR 1a khuyet mot
chidu. Dé tim dugc cac vi tri khuyét kha di, cacmau ~ nguyén tir Carbon C1 va C2. Cau tric kha di thir ba

SSPGNR dugc khdo sét véi do rong day thay doi tir 12 khuy€t hai nguyén tir C2. Cdc cau tric khuyet kha
A di sau t61 vu dugc mo ta trong Hinh 2 (d6 rong 5, 6
day) va Hinh 3 (d6 rong 7, 8 day).

5 dén 8 day, trén mdi mau da tim thay c6 3 cau tric

Hinh 2. Céc cAu hinh bj khuyét kha di ciia cac SSPGNR ¢6 d rong 5 va 6 dy: (a), (d) cAu hinh
khuyet nguyén tir C1 (SS5_C1 va SS6_C1), (b), (¢) cau hinh khuyét nguyén tir C2 (SS5_C2 va SS6_C2)
va (c), (f) céu hinh khuyét ca hai nguyén tir C2 (SS5_2C va SS6_2C) trén SSPGNR

0% % %%
aPa 03?39,
0%% %%
o'."u'.
0%V N g%y
aPafa?a?y
o'o'ofc'o

Hinh 3. Cic ciu hinh bj khuyét kha di ciia cic SSPGNR c¢6 dd rong 7 va 8 ddy: (a), (d) céu hinh
khuyét nguyén tir C1 (SS7_C1 va SS8_C1), (b), (¢) céu hinh khuyét nguyén tir C2 (SS7_C2 va SS8_C2)
va (¢), (f) cAu hinh khuyét ci hai nguyén tir C2 (SS7_2C va SS8_2C) trén SSPGNR

Céc miu duoc toi wu trén co s¢ on dinh nang ~ SSPGNR bi khuyét dugc tinh toan. Néang lugng
luong tong cua hé (ndng lugng hé thap nhat). Be Eping duoc tinh dua trén céng thirc sau:
danh gia cau triic 6n dinh nhat trong tat ca cac truong E — NoE-— NoE
hop nghién clru, ning luong lién két Ep;,, cua E,.  — _total c=c H™H
bind — N
ct+ Ny
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trong d6 Eyppqr, Ec va Ey lan lugt 13 tong ning
luong cua hé, nang lugng cia nguyén tur Carbon,
nang lugng cua nguyén t&r Hydro ¢6 1ap. Nc va Ny
lan lugt 1a s6 nguyén tr Carbon va Hydro trong hé.
Ning lugng lién két cang nho thi cau hinh khuyét
tuong mg dwoc xem la cang 6n dinh. Két qua tinh
nang lugng lién két dwoc trinh bay trong Bang 1. Két
qua tinh toan cho thdy cic mau khuyét SS8 c6 ning
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luong lién két thip nhat. Gia tri ning lwong lién két
cia mau khuyét SS8 giam dan theo thur ty:
Epina(SS8_C1) = -7,374 eV > Epna(SS7_2C) = -
7,381 eV> Eping(SS7_C2) = -7,421 eV. Tuy nhién,
néu xét ciing loai nguyén tir khuyét thi mau SS7_C1
6n dinh hon cac mau khuyét C1 con lai vi mau nay
dbi xtng hon va rong hon.

Bang 1. Ning lwong lién két (Ebing) Clia cic DSSPGNRs

Mau Vitri SS5 SS6 SS7 SS8 PG
C1 C1 (s0d) 7102 7189 7383 7374 76,964
c2 C2 (sp?) 7123 7207 7295 7421 7,033
2C C2+C2 7157 7,246 7,363 7,381

3.2. Cic thong so hinh hoc cia ciu triic

Hinh 4. Mé hinh minh hoa d9 dai cac lién két cia SSPGNR quanh vi tri khuyét

Sau khi tdi wu, cac thong sé hinh hoc dugc xéac
dinh. Hinh 4 ky hiéu céc vi tri lién két Xung quanh
nguyén tir khuyét. Bang 2, Bang 3, Bang 4 va Bang
5 trinh bay cac thong s hinh hoc 14 cac d6 dai lién
két cua cac DSSPGNR sau khi téi wu cdu tric. Co
thé thiy rang, do dai lién két gitra cac nguyén tu

xung quanh nguyén tr khuyét co su thay déi dang
ké. Trong d6, cac mau bi khuyét tai vi tri C1 6 lién
két bi kéo dai nhiéu nhit va mau 2C c6 lién két it
thay ddi nhat. Pay ciing 14 nguyén nhén chinh khién
nang luong lién két trong cac mau C1 1a 16n nhat,
trir mau SS7_C1.

Béng 2. Cac d dai lién két ciia SS5 khong khuyét va khuyét

SS5 SS5 C1  SS5 C2  SS5 2C SS5 SS5 C1  SS5 C2  SS5 2C
dl 1,337 1,343 1,448 1,436 di5 1,541 1,431 1,433
d2 1,539 1,561 1,392 1,358 die 1,337 1,337 1,358 1,358
d3 1,541 1,619 1,425 1,398 di7 1,539 1,579 1,564 1,565
d4 1,337 1,455 1,378 1,529 dig8 1554 1,521 1,492 1,381
d5 1,539 1,529 1,536 1,526 d19 1,547 1,502
dé 1,541 1,446 1,557 1,340 d20 1,553 1,381 1,464
d7z 1,553 1,514 1,480 1,464 d21 1,547 1,587 1,632 1,548
ds 1,552 1,588 2,598 d22 1,553 1,514 1,537 1,564
d9 1,552 1,446 1,381 d23 1,539 1,440 1,435 1,398
d10 1,552 1,502 1,552 1,631 d24 1,548 1,529 1,357 1,358
d11 1,553 1,521 1,567 1,535 d25 1,338 1,455 1,398 1,436
d12 1,541 1,580 1,507 d26 1,539 1,619 1,530 1,372
d13 1,337 1,337 d27 1,548 1,561 1,526 1,537
di4 1,539 d28 1,338 1,343 1,340 1,555
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Bing 3. Cac d dai lién két ciia SS6 khong khuyét va khuyét

SS6 SS6 C1  SS6 C2  SS6 _2C SS6  SS6 C1  SS6 C2  SS6 2C

d1l 1,337 1,340 1,368 1,387 di5 1541 ... 1,431 1,438
d2 1,539 1,562 1,465 1,359 d16 1,337 1,340 1,352 1,354
d3 1,541 1,654 1,497 1,448 dl7 1539 1,573 1,543 1,542
d4 1,337 1,453 1,363 1,376 d18 1554 1,509 1,512 1,454
d5 1,539 1,535 1,548 1,540 d19 1547 1,446
dé 1,541 1,446 1,571 1,564 d20 1,553 .. 1,379 1,394
d7 1,553 1,509 1,525 1,373 d21 1547 1,581 1,603 1,601
d8 1,552 1,547 1,617 d22 1,553 1,507 1,533 1,531
d9 1,552 1,470 1,482 d23 1539 1441 1,459 1,444
d10 1,552 1,502 1,545 1,549 d24 1548 1,499 1,370 1,367
d11 1,553 1,526 1,571 1,567 d25 1,338 1,477 1,395 1,410

di2 1541 1,606 1,579 d26 1,539 1,640 1,522 1,542
di3 1,337 1,343 d27 1,548 1,662 1,575 1,593
di4 1539 .. d28 1,338 1,344 1,341 1,343
Béng 4. Cac d dai lién két ciia SS7 khong khuyét va khuyét

SS7 SS7 C1 SS7 C2 SS7 2C SS7 SS7 C1 SS7 C2 SS7 2C

dl 1,539 1,469 1,552 1,545 di5 1540 ..

d2 1,548 1,398 1,571 1,558 dié 1,337 1,356

d3 1,337 1,234 1,364 1,375 dil7 1539 1,727 1,551
d4 1,539 1,482 1,504 1,454 dl8 1551 1,564 1,534 1,531
d5 1,547 1,524 1,526 1,371 d19 1546 1,599 1,597 1,600
dé 1,337 1,332 1,372 1,398 d20 1551 ... 1,382 1,387
d7 1,551 1,552 1,564 1,559 d21 1546 2,890
d8 1546 2,890 1,507 1,515 d22 1551 1,552 1,522 1,469
d9 1,551 1,469 1,469 d23 1,337 1,332 1,339 1,341
d10 1,546 1,599 1,548 d24 1547 1525 1,573 1,587
d11 1,551 1,563 1,539 1,386 d25 1,539 1,482 1,521 1,530
d12 1,540 1,729 1,552 1,549 d26 1,337 1,234 1,391 1,398
d13 1,337 1,356 1,354 1,351 d27 1547 1,397 1,373 1,371

di4 1539 .. 1,424 1,427 d28 1,539 1,469 1,463 1,454
Bing 5. Cac d dai lién két ciia SS8 khong khuyét va khuyét
SS8 SS8 C1 SS8 C2  SS8 2C SS8  SS8 C1 SS8 C2  SS8 2C

dl 1,337 1,335 1,389 1,400 di5 1541 ... 1,544 1,428
d2 1,539 1,532 1,369 1,369 die 1,337 1,324 1,341 1,351
d3 1,541 1,550 1,459 1,456 di7 1539 1,595 1,537 1,552
d4 1,337 1,328 1,368 1,377 d18 1554 1,524 1,465 1,473
d5 1,539 1,527 1,544 1,546 d19 1547 1547 1,550

dé 1,541 1,535 1,543 d20 1553 .. 1,535 1,389
d7 1,553 1,538 1,380 1,389 d21 1547 1535 1,554 1,599
a8 1,552 1,540 d22 1553 1,539 1,549 1,536
d9 1,552 1,519 1,472 d23 1539 1,533 1,501 1,456
d10 1,552 1,546 1,551 1,518 d24 1548 1531 1,525 1,372
d11 1,553 1,525 1,550 1,564 d25 1,338 1,323 1,372 1,400

d12 1,541 1,596 d26 1,539 1,549 1,545 1,531
d13 1,337 1,324 d27 1,548 1,542 1,552 1,583
d1l4 1,539 1,551 d28 1,338 1,337 1,338 1,342
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3.3. Céu tric ving ning lwong (BS)

Dé danh gia sy anh huong cia cac vi tri khuyét
khac nhau 1én dic tinh dién tir cia SSPGNR, su thay

a)

ss5 ss5_C1 ss5_C2 SS5_2C

=
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dbi cua céu trac vang ning luong cia SSPGNR va
DSSPGNR can dugc xem xét. Hinh 5 mé ta ciu trac
ving niang luong cua cac mau: (a) SS5, (b) SS6, (c)
SS7 va (d) SS8 trudc va sau khi khuyét.

b)

3

SS6 sSs6_2C

SS6_C1

sSse_c2

2

Hinh 5. Céu tric ving ning lweng Ciia cic ciu tric SSPGNR khong khuyét va khuyét: (a) SS5, (b)
SS6, (¢) SS7 va (d) SS8. Pwong khong lién nét bieu dién mirc nang lwgng Fermi

Két qua cho thiy sau khi bi khuyét tat ca cac
mau déu co do rong vung c4m bi giam di déng ke
Trudéc khi bi khuyét, SSPGNR c6 do rong ving cim
vao khoang 2,2 eV dén 2,4 eV tiy vao do rong day
cua cau tric nhung sau khi bi khuyét do rong ving
cim da s6 mau giam xudng ¢& khoang 1 eV. Trong
d6, miu SS6 va SS7 bi khuyét tai vi tri 2C c6 do
rong ving cam giam nhiéu nhat. Mau SS5 bi khuyét
tai vi tri C2 c6 vung cdm giam nhiéu nhit. Tuy
nhién, véi mau do rong day W=3 khuyét tai vi tri C1
¢ do rong ving cam glam nhiéu hon (0,541 V).
Dleu nay tuong tw Vi két qua cua nghién ctru trudc
vé mau PG hai chiéu khuyét (DPG) (Lima et al.,
2021).

Theo két qua tinh tir Bang 6, cac mau khuyét Van
thugc vat liéu ban dan nhung c6 d6 rong ving cam
giam di. Mot ddc diém dang chi ¥, cac ving con cta
cac mau khuyét quanh mirc Fermi c6 dang thang,
didu nay thé hién hiéu ung giam cam dién tir dinh
x& quanh vi tri khuyét, dién tir co ning luong nay
thé hién dic tinh gia khong chiéu. Vay dic tinh dong
hoc dién tir trong khoang néng luong lan cén nang
lwong Fermi cua cac mau khuyét co tinh chét gia

khong chiéu. Piéu nay hira hen mot s tinh ché’g vit
ly médi cua mau khuyét so vai mau khong khuyet.

Bing 6. Pd rong ving cam (Eg) cia DSSPGNR

Maiu Vi tri khuyet Eq(eV)
Khong khuyét 2,369

PG C1 0,491
C2 1,094

Khong khuyét 2,401

C1 1,590

585 c2 1,053
2C 1,303

Khong khuyét 2,359

C1 1,592

556 c2 1,185
2C 1,154

Khong khuyét 2,325

C1 1,414

ST C2 1,098
2C 1,065

Khong khuyét 2,286

C1 0,541

558 C2 1116
2C 1,065
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3.4. Mat d9 trang thai (DOS) ciia DSSPGNR

Trong Hinh 6, mat do trang thai cua cac mau
DSSPGNR dugc tinh véi d6 rong day khac nhau: (a)
SS5, (b) SS6, (c) SS7 va (d) SS8. Nhin chung, cac
mau DSSPGNR van 1a cac chit ban dan nhung do
rong viing cim co thay doi theo xu huéng giam. R
rang sy ton tai cua sai hong khuyét anh huong dén
d6 rong ving cam la dang ké. Két qua tinh DOS phu
hop voi két qua tinh BS. Trong do, mau SS5 bi
khuyet tai vi tri C2 c6 ving cam giam nhleu nhét.
Cac miu SS6 va SS7 co d6 rong vang cidm giam

a)

300

—— 885
— sS85 _C1
——ss85_C2
—8S85_2C
200 | —
>
£,
17}
8 o}
e
| A
15 0.0
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c)
600 — 887
——ss7_c1
—— 887_C2
SS7_2C
400
B
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@
o
S 200
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manh nht khi miu bi khuyét ca hai nguyén tir
Carbon 2C va giam it nhét khi mau bi khuyet nguyén
tir C1. Pac biét, mau SS8 c6 do rong ving cam giam
nhiéu nhét khi bi khuyét nguyén tir C1 va it nhat khi
bi khuyét nguyén tir C2. P6 thi DOS thé hién cac
mau DSSPGNR c6 mat d¢ trang thai cao & mot s6
mirc nang lugng quanh mac Fermi. Cac muc ning
lwong nay c6 kha nang 1a cau ndi hitu hiéu khi
chuyén doi quang dién tir vai hiéu suat cao. Két qua
tinh nay ciing cho thdy miu DSSPGNR c6 dic tinh
dién tir phong phu hon DPG.

400
S SS6
—— S586_C1
300 B SSG c2
—— S586_2C
200
100 |-
o
1 1
1.5 0.0 1.5 3.0
E-E_(eV)
450
——SSs8
——888_C1
——S888_cz2
——888_2C
300 |-
150 -
o]
-1.5

E-E.(eV)

Hinh 6. DOS ciia cac mau DSSPGNR: a) réng 5 chudi, b) rong 6 chudi, ¢) rong 7 chudi va d) rong 8 chudi

4. KET LUAN

Tom lai, thong qua viéc danh gia sy 6n dinh cau
triic va ddc tinh dién tr cua ciu tric DSSPGNR véi
su thay d6i do rong day bang phuong phép nguyén
1y ban dau, dya trén 1y thuyét phiém ham mat do,
tinh trén may tinh hiéu ning cao. Két qua cho thay
rang nang lugng lién két ciia cac mau SS8 no6i chung
c6 gia tri thip nhat, chung to mau SS8 1a 6n dinh
nhét. Do dai lién két va goc lién két & tit ca cac mau
c6 su thay d01 dang ké xung quanh vi tri khuyét. Do
rong vung cam Cua cac mau DSSPGNR giam dang
ké so v&i cac mau SSPGNR cung do rong day. Pac
biét, xuat hién cac trang thai dién tir méi dang thing
trong viing cim lan can mic Fermi. Két qua nghién
clru nay dinh hudng quan trong cho viéc xac dinh
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tinh chat dién tir cua chu trac SSPGNR khong hoan
hao; tir @6, dinh hudng cho vjéc phat trién cac linh
kién quang dién tir dya trén cau truc nghién cuu.

LOI CAM TA

Nghién ctru nay dugc tai trg boi dé tai khoa hoc
va cong ngh¢ cap BY, ma so: B2020-TCT-14 va
huong dan sinh vién nghién cau khoa hoc trong
khuon kho dé tai ma s6 TSV2021-.
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