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VP W WL A Y VLSO

Graphene la mdt don 16p phang cla cac nguyén tir cacbon dwoc nén chit trong mot
cdu trac tinh thé dang td ong. N6 c6 thé dwoc hinh dung nhu mot lwéi méng céd kich
thwéc nguyén tlr dugc tao bdi ca cnguyén tlr cacbon va cac lién két clia chang. c6 quy
md nguyén tlr duwgc lam tlr cac nguyén tir carbon va trai phiéu cta ho. Tén goi nay dén
tv graphite + ene; Chinh graphit bao gébm nhiéu tdm graphene chéng vé6i nhau.

Chiéu dai lién két carbon-carbon trong graphene la khoang 0,142 nm. Graphene la yéu
t6 cau tric co ban ctia moét sé dang thu hinh cacbon bao goém ca than chi, cac 6ng nano
carbon va fullerenes.

Sy moé ta

M6t cach don gian dinh nghia phi k§ thuat da dwoc dua ra trong mot binh luan gan day
végraphene:

Graphene la mot don 16p ph&ng ctia cac nguyén tir carbon dwoc nén chit vao mot luoi
t6 ong hai chiéu (2D), va la mét thanh t6 cdu tao co ban doi véi nguyén liéu graphitic
cling nhw cac dang thu hinh nhiéu chiéu khac. N6 c6 thé dugc goi l1én thanh 0D
fullerenes, cudn lai thanh 6ng nano 1D hoac xép chéng Ién nhau thanh 3D than chi.

Trwéc doé, graphene cling dugc dinh nghia trong linh vuc hdéa hoc nhu sau:
Mot I6p carbon duy nhét cla cdu tric graphitic c6 thé dwoc coi nhw la thanh vién cubi
cung cua loat Naphthalen, Anthracen, coronene, vv va graphene th @i han vi vay nén
dwoc st dung dé chi cac I6p carbon c& nhan & cac hop chat chi nhuan. St dung I6p
graphene han " cling dwoc xem xét cho cac thuat nglr chung ctia nguyén tl&r cacbon.

[2]

Cac yéu IUPAC cbng nghé qubc gia: "trwéc day, mé td, nhuv cac I6p than chi, I6p
carbon, hoac to carbon da dwoc s dung cho cac graphene han ... né khong phai la
chinh xac dé sir dung cho mét I6p duy nhat mét nhiém ky, bao gom céac graphite han,
trong do6 sé bao ham mot cau trdc ba chiéu cta graphene han nén chi dwoc st dung khi
cac phan &rng, quan hé két cau hoac céac tai san khac cla cac lop riéng biét dwoc thao
luan.. " V& van dé nay, graphene da duwoc goi la mot alternant vé han (chi c6 vong
carbon sau thanh vién) polycyclic aromatic hydrocarbon (PAH). Cac phan t & Ién nhat
cla loai nay bao gém 222 nguyén ttr va c6 10 vong benzen trén. [3] Né da chirng minh



Théc méc xin dua Ién dién dan tai: www.myyagy.com/mientay

khé khan dé téng hop cac phan tlr tham chi hoi 16n hon, va ho van con "mot gidc mo
ctia nhiéu nha hoéa hoc hiru co va polyme" [4]. Hon nita , ab Initio tinh toan cho théay
mot tdm graphene la nhiét dong khong on dinh déi voi cac cau truc khac fullerene néu
kich thwéc cda né la it hon khoang 20 nm ("graphene la cau triic 6n dinh cho dén khi it
nhat khoang 6.000 nguyén ti" va tré thanh mot trong nhirng 6n dinh nhat (nhu trong
graphite ) chi cho kich thuéc nguyén t& I6n hon 24.000 carbon) [5].

Ngoai ra, mét dinh nghia cta "co |ap hodc mién phi dirng graphene" gan day da dwoc
dé xudat: "graphene la mot may bay nguyén tlr duy nhat cta than chi, trong do, va diéu
nay la can thiét-1a du phan 1ap tir méi tredng cla no sé dwoc coi [a mién phi-ding" [6.
] Pinh nghia nay la hep hon so véi cac dinh nghia nhv & trén va dé cap dén tach,
chuyén giao va dinh chi monolayers graphene. cac hinh thc khac clia graphene, nhuw
graphene trong trén cac kim loai khac nhau, cling c6 thé tré thanh mién phi-ding néu
chuyén dén, vi du nhw, SiO2 hodc bi dinh chi. Mot vi du méi cta graphene cd lap la
graphene trén SIC sau khi thu ddng ctia né vai hydro. [7]

Pho bién va san Xuat

Trong van hoc, dac biét la ctia cong dong khoa hoc bé mat, graphene cling da dugc goi
chung la don 16p graphite. Cong déng nay da manh mé nghién clu graphene epitaxy
trén cac bé mat khac nhau (hon 300 bai bao trv¢c nam 2004). Trong mét sé trwdng
hop, cac I16p graphene la cung véi cac bé mat yéu da (do Van der Waals lwc lwgng) dé
gilr lai hai chiéu cau trdc ban nhac dién ttr ctia graphene c6 lap, [17] [18] nhu cling xay
ra [8] véi manh graphene exfoliated v&i Doi silicon dioxide. Mot vi du vé yéu cung
epitaxy graphene la moét trong nhirng trong trén silicon carbide (xem du6i day).

Graphene la ban chat la mot may bay nguyén t& bi c6 lap cla than chi. Vi vay, tir quan
diém nay, graphene da duwgc biét dén ké tir khi phat minh ra tinh thé hoc tia X.
Graphene may bay tré nén tét hon tach ra hop chat graphite xen. Nam 2004 nha vat ly
tir Dai hoc Manchester va Vién Céng nghé vi dién tr, Chernogolovka, Nga, tim thdy mot
cach dé co 1ap cac may bay ca nhan bang cach st dung graphene Scotch bing va ho
cling do tinh chat dién t&r cla cac manh thu dwoc va cho thdy chat lvong tuyét voi cla
ho. [8] Nam 2005 Manchester cung mdt nhom cung véi cac nha nghién ctru tr Bai hoc
Columbia (xem chuong Lich sir dw6i day) da chirng minh rang quasiparticles trong
graphene dwoc massless fermions Dirac. Nhi*ng phat hién nay da dan dén sw bung nd
clia Ell suat trong graphene.

KE tr d6, hang tram nha nghién cru da di vao khu vic va, ty nhién, ho thyc hién viéc
tim ki€m rong rai cho cac gidy to cé lién quan trwéc do. Viéc xem xét van hoc dau tién
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duoc duwa ra bdi nhitng nguwoi tién phong Manchester minh [1]. Ho trich dan mét sé
gidy t& trong do6 graphene hoac si€u moéng I6p epitaxially graphitic dwoc tréng trén chat
nén khac nhau. Ngoai ra, ho chi ra & mét sb tién 2.004 bao cao trong dé cé xen cac
hop chat chi da dwgc nghién ciru trong mot kinh hién vi dién tlr truyén qua. Trong
trwdng hop thi hai, cac nha nghién ctru quan sat déi khi rat méng manh graphitic (“vai
I6p graphene" va I&p tham chi cé thé ca nhan). M6t nghién ctu chi tiét dau vao 16p
graphene vai ngay tré& lai vao nam 1962 [9]. Nhirng hinh &nh dau tién cua TEM vai I6p
graphene da duoc xuat ban béi G. Ruess va F. Vogt nam 1948 [10]. Tuy nhién, DC
Brodie da dwgc nhan thic cla cac co clu cao lamellar chia oxit graphite nhiét gidm
trong nam 1859. N6 dwoc nghién ctu cu thé bai V. Kohlschitter va P. Haenni nam
1918, nguoi clng dd md tAd propertites gidy oxit graphite [11].

Do la bay gio cling duoc biét rang cac manh nho cla tdm graphene dwoc san xuét
(cung Vv6i s6 luong cac manh v& khac) bat civ khi ndo graphite 1a abraded, chang han
nhuv khi v& mét dong véi mot bat chi [12]. C6 rat it quan tdam dén duv lwgng nay
graphitic trwéc nam 2004 / 05, va do dd, su phat hién cua graphene la thwong quy cho
Andre Geim va dong nghiép [13] nguwoi da gidi thiéu graphene trong thé hién ngay nay,
mac du né co thé duoc 1ap luan rang diéu nay la chinh xac nhuw attributing s phat hién
clia M dé Columbus.

Trong nam 2008 graphene dwoc san xudt béi exfoliation la mot trong nhirng vat liéu
dat tién nhéat trén Trai dat, véi mot mau co thé dwoc dit & mat cat ngang ciia mot soi
téc clha con nguoi chi phi nhiéu hon $ 1,000 vao thang 4 nam 2008 (khoang $
100,000,000 / cm 2). [12] Vi sau do, thu tuc exfoliation dwoc thu nho Ién, va bay gio
cac cong ty ban graphene bang tdn. [14] Mat khéc, gia cta graphene epitaxy trén
silicon carbide bi chi phdi béi gia chat nén, dé la khoang $ 100/cm2 nhuv nam 2009.
graphene Ngay ca ré hon da dwgc san xudt bang chuyén khoan tir niken bdi cac nha
nghién ctru Han Quéc, [15] voéi kich thwéc wafer 1én dén 30 "bao cao. [16]

Vé phuong phap

Sw ¢ lap cua graphene da dan dén sw bung nd nghién cteu hién hanh. Trwdc day, Viét-
drng may bay nguyén tlr thwong duoc “coi la khong ton tai" [8], vi ho la nhiét dong
khéng 6n dinh trén quy mé nm [5], va néu khéng dugc ho tre, c6 mot xu huéng dé di
chuyén va khoa [4]. H6m nay, tin rang thwc chét vi roughening trén quy mé 1 nm co
thé la quan trong d6i voi sy 6n dinh cla cac tinh thé hoan toan 2D. [20].

Nam 2004, cac nha nghién cru nguwoi Anh thu dwoc graphene béi exfoliation co hoc cla
than chi. Ho str dung bang keo Scotch dé lién tuc chia thanh nhirng miéng graphite tinh
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thé ngay cang mong hon. Cac bang véi manh quang hoc thuéc minh bach da dwoc hoa
tan trong acetone va, sau mot vai buéc nira, nhitng manh bao gédm monolayers duoc
sedimented trén mot wafer Si. may bay ca nhan nguyén t sau do bi san ban trong mot
kinh hién vi quang hoc. MOt nam sau, cac nha nghién cu don gian hoa cac ky thuat va
bat dau st dung lang dong kho, tranh giai doan khi graphene tha néi trong chét long.
Twong doi l6n tinh thé (dau tién, chi c6 mot vai micron trong kich thwéc nhwng, cudi
cling, 16n hon 1 mm va cé thé nhin thdy bang mot méat thwong) duoc thu duoc bang kY
thuat nay. N6 thwong duoc goi la mot bang scotch hoac ban vé phwong phap. Tén tho
hai xudt hién béi vi l&ng dong kho twong tw nhw ban vé& véi mot manh graphite. [19]
Chia kho6a cho sy thanh cong c6 1€ la viéc st dung théng lvong cao hinh &nh céng nhan
chia graphene trén chéat nén duoc lua chon thich hop, cung cdp mét twong phan nhé
nhuwng dang chd y quang. Béi véi moét vi du vé nhirng gi graphene trong giong nhu,
Xxem anh cla no du Gi day.

Khéng chi graphene ma con mién phi-ditng may bay nguyén t& cha nitrua bo, mica,
dichalcogenides va oxit phirc tap da thu dwoc bang cach st dung phuong phap vé. [21]
Khdéng giébng nhu graphene, cac 2D vat liéu khac cho dén nay da thu hat sy chi y dang
ngac nhién chat.

Epitaxy tang trw 6ng trén silicon carbide

Tuy nhién phwong phap khac la silicon carbide néng v ¢i nhiét do cao (> 1100 ° C) dé
lam gidm n6 dé graphene [22] Qua trinh nay. Tao ra mot kich ¢ mau ma phu thudc
vao kich thudc ctaa SIC chat nén duoc st dung. BO mat clia cacbua silic dwoc sir dung
dé tao graphene, céac silicon-chdm dt hodc carbon-cham dt, rat anh huwdng dén do
day, tinh di dbng va mat dd tau san bay cha graphene nay.

Nhiéu tai san graphene quan trong da dugc xac dinh trong graphene dwgc san xuat béi
phuong phap nay. Vi du, ban nhac dién tr, cau trac (cai goi la cau trdc hinh nén Dirac)
da duogc hinh dung dau tién trong tai liéu nay. [23] [24] [25] ch6ng yéu la ndi dia hoa,
guan sat thay trong tai liéu nay va khéng cé trong graphene exfoliated san xuét boi
phuong phap theo déi but chi [26]. VO cung I1&6n, mobilities nhiét dé doc lap da duwoc
guan sat trong graphene epitaxy SIC. Ho ti€ép can nhirng nguwoi trong graphene
exfoliated dat trén oxit silic nhuwng van thap hon nhiéu so mobilities trong graphene bi
dinh chi s&n xuét theo phwong phap vé. P6 la thoi gian gan day chi ra rang ngay ca khi
khéng duwoc chuyén giao tang vat graphene trén SIC tai san cla massless fermions
Dirac nhv hiéu @ng Hall luvgng t&r bat thwong [27] [28] [29] [30] [31].

Cac van der Waals yéu luc lvgng cung cép cac lién két cia ngan xép graphene da I6p
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thwong khdong anh hudng dén tinh chat dién tlr ctia cac I6p graphene ca nhan trong
cum. B4 la, trong khi cac thudc tinh dién tlr cia mot s6 graphenes multilayered epitaxy
trung cta mot Iép graphene don, [32] trong cac trwvong hop khac cac tai sdn dang bi
anh huwéng [23] [24] khi ching dwoc cho cac |6p graphene trong than chi s6 lwgng I16n.
Hiéu rng dwoc vé mat ly thuyét cling hiéu ré va cé lién quan dén tinh doi xtrng cla I&p
xen twong tac. [32]

Epitaxy graphene trén silicon carbide c6 thé duoc theo khudn mau bang cach st dung
phuwong phap vi dién tlr tiéu chuan. Khd nang tich hop trén thiét bi dién tr Ion
graphene epitaxy SIC lan dau tién duwoc dé xuat trong nam 2004 [33] cua cac nha
nghién clru tai Vién Cong nghé Georgia, chi mot vai thang sau khi phat hién ra
graphene c6 lap thuc hién cac phwong phéap vé. (A bang sang ché cho thiét bi dién tir
dwa trén graphene da duwoc ap dung cho nam 2003 va phat hanh trong nam 2006). K é
tir do, nhirng ti€én bd quan trong da dwoc thuc hién. Trong nam 2008, nha nghién ctu
tai MIT Lincoln Lab d& san xudt hang trdm béng ban dan trén mot chip duy nhéat [34]
va trong nam 2009, bong ban dan tan s rat cao da dwoc san xudt tai phong thi
nghiém Nghién cru Hughes vé graphene don I6p trén cacbua silic. [35]

Epitaxy tang truw &ng vé kim loai chat

Phuong phap nay str dung cac cau trdc nguyén tir clia kim loai chat nén dé hat giéng
su tang trwédng cla graphene (epitaxy tang trwdng). Graphene trong trén rutheni khéng
thuong nang sudt mot mau théng nhat véi do day cua cac 16p graphene, va lién két
gitta cac I6p graphene day va bé mat cé thé &nh hudng dén cac dac tinh cla céac lop
carbon [36] Graphene. Trong trén iridi mat khac la rat yéu ngoai quan, théng nhat
trong d6 day, va cé thé duoc thuc hién co trat ty cao. Gidng nhu trén nhiéu loai bé mat
khac, graphene trén iridi hoi rippled. Do th (r tv tam xa cla cac thé hé clia minigaps gon
séng trong co cdu dién tir-band (Dirac hinh nén) trd thanh c6 thé nhin thay [37. Tam]
chat lvong cao cua graphene vai I6p vuot qua 1 cm 2 (0,2 sq in) trong khu vuc da duogc
tdng hop thong qua lang dong hoi hoa chét niken trén phim moéng. Nhitng tdm da duoc
thanh cong chuyén giao cho chat nén khac nhau, thé hién tinh kha thi cho nhiéu (rng
dung dién tir [16] [27] Mot cai ti€én cla kY thuat nay da dugc tim thay trong la déng noi
ma su tang trudng ty dong dirng lai sau khi mot Iép graphene duy nhét, va tu y
graphene phim I&n. c6 thé duoc tao ra. [16

Hidrazin gi &m

Cac nha nghién ctru da phat trién mot phwong phap dat gidy oxide graphene trong mot
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gidi phap cuta hidrazin tinh khiét (mot hop chat hoa hoc cua nito va hidrd), lam giam
cac giay oxide graphene vao |&p graphene don

Mot cong bd gan day da mo ta mot quy trinh dé san xuat s lwgng gram graphene, bai
viéc gidm ethanol bang kim loai natri, tiép theo la nhiét phan cta san phdm ethoxide,
va rira bang nuwoc dé loai bo mudi natri. [40]

Sodium gidm ethanol

TW cac ong nano

phuong phéap thuc nghiém dé san xuéat bang graphene dwoc bao céo bao gbm cét 6ng
nano mé& [41] Trong phuong phap nhv mot trong cac 6ng nano carbon da vach duoc
cit md ra giai phap bang cach hanh dong cla permanganat kali va axit sulfuric.. [42]
Trong mot phuwong phap dugc nanoribbons graphene san xuét huyét twong khac cla
cac 6ng nano nhdng mot phan trong mét bd phim polymer

Tai s an
[Stra] cau trac nguyén to

Cac cau tric nguyén tir cta graphene don I6p bi c6 lap, da duoc nghién ciru béi kinh
hién vi dién tlr truyén qua (TEM) trén tdm graphene lo Itrng gitra thanh ctia mot lwoi
kim loai [20] md hinh nhiéu xa dién tr. Cho thdy cac mang tinh thé luc giac mong doi
cGa graphene. Binh chi graphene ciing cho thdy "loang" ctia tim bang phang, véi bién
dé khoang mot nanomet. Nhitng gon séng c6 thé duwoc thuc chat dé graphene la két
qua cla su bat 6n cla cac tinh thé hai chiéu, [1] [44] [45] hodc cd thé dwoc bén ngoai,
c6 ngudn goc tir bui ban khdp noi nhin thdy trong tdt ca cac hinh anh TEM cla
graphene. Nguyén tir c6 dé phan giai thwc khéng gian hinh anh cua c6 lap graphene
don 16p, trén chat nén silicon dioxide da thu dwoc [46] [47] bang cach quét kinh hién vi
duong ham. Graphene dwoc ché bién bang cach st dung k§ thuat in thach ban duoc
bao pht bdi dv lwong photoresist, phai dwoc lam sach dé cé dwoc nguyén tir c6 do
phan giai hinh anh. [46] nhv vay du lvong cé thé la adsorbates " quan sat trong hinh
anh TEM, va c6 thé giai thich loang cUa graphene treo. Loang cla graphene trén bé
mat silicon dioxide dwoc xac dinh béi dang cuia graphene vao silicon dioxide co ban, va
khong co hiéu lwe mot noi tai. [46]

Graphene tdm & dang ran (mat do> 1 g/cm3) thuong thé hién bang chirng trong nhiéu
xa cho 0,34 nm cua graphite (002) khéng gi¢i han. Biéu nay dung ngay ca cta mot sb
carbon don vach c&u tric nano [48]. Tuy nhién, chi voi unlayered graphene (hk0) nhan
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da dwoc tim thay trong I6i cia hanh graphite presolar. [49] kinh hién vi dién t& truyén
dong nghién ctru cho thdy faceting lic khuyét tat trong graphene phang to, [50] va dé
nghi mot vai tro c6 thé co trong nay graphene-unlayered cho két tinh dudi gai hai chiéu
tir tan chay.

Tai san dién to

GNR céu tric ban nhac zig-zag cho loai. Tightbinding tinh toan cho th&y, ngoan ngoéo
loali ludn ludn la Kim lo al.

GNR ban nhac cau truc cho canh tay-ghé loai. Tightbinding tinh toan cho théay loai ghé
banh c6 thé dwgc ban dan hoic kim loai tuy thudc vao chiéu rong (chirality). Graphene
la kha khac nhau tir vat liéu thong thuong nhéat ba chiéu. Noi tai graphene la mot ban
kim loai hodc ban dan zero-khoang cach. Hiéu biét vé cau trac dién tlr cta graphene la
diém khdi dau cho viéc tim kiEm cau tric ban nhac cla than chi. P6 la sém nhan ra
rang ma&i quan hé Ek |a tuyén tinh cho ndng lvgng thap gan sau goc cla ving hai chiéu
Brillouin luc giac, dan dén khéng hiéu qua cho cac electron va 16. [51] [52] Do tuyén
tinh nay (hoac " hinh nén ") phan tan ndng lvong lién quan tai thap, cac electron va 16
gan sau diém nay, hai trong s6 d6 la inequivalent, hoat dong giéng nhu cac hat twong
doi tinh md td bdi cac phuwong trinh Dirac cho spin 1 / 2 hat. [53] [54] Do dé, cac
electron va 16 dwoc goi 1a fermions Dirac, va sau goc cla vung Brillouin dwoc goi la cac
diém Dirac. [53] Phuong trinh mé ta quan hé Ek la; noi van téc Fermi VF ~ 106 m / s.
[54]

Van tai dién tor

Do phi s& hitu hai chiéu, n6 fractionalization (noi phu trach rd rang cltia pseudoparticles
ca nhan trong cac hé théng thap chiéu it hon mot lwgng t&r duy nhat [63]) dugc cho la
xay ra trong graphene. Vi vay, c6 thé la mot vat liéu phu hop cho viéc xay dwng may
tinh lwvong tr st dung mach anyonic. [64] [65

két qua thtr nghiém tir cac phép do van tai cho thay graphene c6 mot dong dién tlr cao
dang ké & nhiét do phong, v6i gia tri bdo cdo vuot qua 15.000 cm2V-1-1. [1] Ngoai ra,
cac ddi xirng cla cac dan thwc nghiém do chi ra rang mobilities cho 16 va dién ti nén
dugc gan nhu nhau. [52] di dong la gan nhu doc lap véi nhiét do tir 10 K va 100 K,
[55] [56] [57] c6 nghia la co ché tan xa chiém wu thé la khiém khuyét tan xa. Tan xa
b&i cac phonon &m thanh cda nhirng noi graphene gi¢i han ndi tai trén di dong nhiét do
phong dén 200.000 cm2V-1-1 lic v&i mat do tau san bay cta 1.012 cm-2. [57] [58] Céac
dién tré suat tvong rng clia tdm graphene sé€ la 10-6 Q - cm, it hon so v6i dién tré suat
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clia bac, cac chat dién tré suat thap nhat dwoc biét dén & nhiét dé phong [59] Tuy
nhién., cho graphene trén chat nén silicon dioxide, tan xa dién t&r cia phonon guang
hoc cia bé mat la mot hiéu &ng I16n hon & nhiét d6 phong hon la tan xa béi phonon
rieng clha graphene, va gi6i han di dong dén 40.000 cm 2 V-1-1. [57]

thi nghiém tham do gan day da anh hwédng clha dopants héa hoc trén tau san bay di
dong trong graphene. [60] [61] Schedin et al. graphene pha tap véi cac loai khac nhau
khi (mo6t s6 acceptors, mot s6 nha tai trg), va thay tinh trang ban dau ctia mét cau tric
undoped graphene c6 thé dwoc phuc hdi bang cach nhe nhang lam néng graphene
trong chan khong. Ho bao céo rang ngay ca ddi véi nong do hoa chat dopant vwrot qué
1.012 cm-2 khéng c6 thay déi quan sat duoc trong cac dong tau san bay [61] Chen., Et
al. doped graphene v¢i kali trong chan khéng siéu cao & nhiét do thdp. Ho thay rang
cac ion kali hoat dong nhu du kién cho cac tap chat bi tinh phi trong graphene, [62] va
c6 thé lam gidm tinh di dong 20 lan. [60] Viéc gidm tinh di dong c6 thé dao nguwoc vé
SUGi am cac graphene dé loai bd cac kali.

Mac di mat do tau san bay khong gan cac diém Dirac, tang vat graphene mot dan toi
thi€u vé trinh tw 4e2 / h. Ngudn géc cla diéu nay dan t6i thiéu van con chwa rd rang.
Tuy nhién, loang cla tdm graphene hoac ion héa cac tap chat trong chat nén SiO2 c6
thé dan dén viing nwéc dia phrong cha hang cho phép dan. [52] M6t s6 ly thuyét goi y
rang cac dan tdi thiéu nén duoc 4e2 / mth, tuy nhién, hau hét cac phép do dwoc cla 4e2
Iénh / h hoac [hon 1] va phu thubc vao nong dé tap chat [60.]

Tinh chat guang hoc

biéu nay da dwoc khdng dinh bang thuc nghiém, nhung do khéng chinh xac, du dé cai
thien vé ky thuat khac dé xac dinh cau tric tinh khong doi. [68]

Gan day no6 da duoc chirng minh rang bandgap cla graphene cé thé duoc diéu chinh 0-
0,25 eV (khoang 5 micron bwdc séng) bang cach ap dung dién ap dén mot bong ban
dan 16p kép dual-cdng truong co hiéu lwc graphene (FET) & nhiét do phong. [69].
Nhirng phan (ng quang hoc clia nanoribbons graphene ciing dugc thé hién dwoc du
dwong vao ché d0 terahertz  bdi mot  tv  truong  ap  dung

Anh ctia graphene trong anh sang truy&n qua dwong. Tinh thé nay day mot nguyén tir
c6 thé dwgc nhin thdy bang mat thwong bdi vi n6 hép thu khoang 2,3% clia anh sang
trang, ma la m lan constant.Graphene m¥y céu tric cta tai san duy nhat san xuét dién ti
mot dd m& duc bat ngd cao cho mot don Iép nguyén tlr, véi mot startlingly don gian
gia tri: n6 hép thu ma = 2,3% cla anh sang trang, trong do o la hang sd cu truc tinh
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té. [66] Biéu nay la "mot hé qua cua cau trdc bat thuong dién tir nang lugng thap cia
graphene don I6p co tinh nang dién ti va 16 hinh noén ban nhac hop nhau tai Dirac diém
... [ma] la chat lwvgng khac nhau tir phd bién hon bac hai ban nhac Ién ". [67] Can ct
vao-Slonczewski Weiss-McClure (SWMcC) ban nhac mé hinh ctda than chi, khoang céach
gira cac nguyén tu, gia tri va tan sd hopping hdy bd khi dd dan quang hoc dwoc tinh
bang cach st dung cac phuong trinh Fresnel trong gi¢i han thin-film.

Hap thu béo hoa

D6 1a tiép tuc khang dinh rang d6 hadp thu duy nhat c6 thé tré thanh bdo hoa khi cwéng
do dau vao quang hoc la & trén mot gia tri ngwdng. Hanh vi nay duvoc goi la quang hoc
phi tuyén hap thu bao hoa va gia tri ngwdng duoc goi la bao hoa tréi chdy. Graphene
c6 thé duoc bdo hoa dé dang theo kich thich manh hon hién thi cho khu virc can hdng
ngoai, do su hap thu quang ph6 va cac 16 héng zero. Diéu nay cé lién quan cho ché do
khéa cutia laser sgi, noi fullband khoa ché dé da dwoc thuwc hién bang cach hép thu bao
hoa dua trén graphene. Do tai san dac biét nay, graphene cé (rng dung réng rai & cuc
nhanh photonic

Spin van tai

Graphene duoc cho la mot vat liéu ly twédng cho DBién tlr hoc spin do twong tac spin-quy
dao nho va suw vang mat cla nhirtng khoanh khic gan hat nhan tir trong carbon. Dién
spin-hién tiém va phat hién trong thoi gian gan day da chirng minh graphene da duwoc
lén dén nhiét do phong [73] [74] [75] chiéu dai gan két Spin trén 1 micron & nhiét do
phong da dwoc quan sat., [73] va kiém soat clia spin phan cwc hién tai véi mot clra
khau dién da dwoc quan sat & nhiét do thap. [74

Hiéu rng Hall lwvong tlr bat thuong

Céc hiéu rng lvong t&r Hall la c6 lién quan cho céc tiéu chuan do lwvong chinh xac sb
lwvgng dién, va vao nam 1985 Klaus von Klitzing nh an giai Nobel cho kham phéa cua né.
Hiéu tng quan tam sw phu thudc cla mot dan ngang trén mot tlr trudng, ma 1a vudng
géc vei mot soc hién hanh mang. Thong thvong hién tugng nay, cac quantization cla
dan Hall cai goi 1a oxy tai bdi s6 nguyén ciia s6 lwong co ban e2 / h (trong dé e la dién
tich ti€u hoc va h 1a hang s6 Planck) co thé dugc quan sat thdy chi co & rat sach Si
hodc GaAs chét ran, va & nhiét do rat thdp khoang 3 K, va tlr trwdng rét cao.

Khéng gibng nhu cac kim loai binh thuong, cac khang theo chiéu doc cia cho thay
graphene cwc dai hon la cuc ti€u cho cac gia tri tach roi clia Landau dién yéu t6 trong
do clia Haas Shubnikov-de dao ddng, trong dé thé hién mot sw thay d6i pha cua m,
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duoc goi la giai doan Berry cla. [52] [55 ] giai doan cla Berry phat sinh do kh6i lvgng
khéng van chuyén ¢ hiéu qua gan cac diém Dirac [77] hoc. cla sv phu thudc nhiét do
clla Haas Shubnikov-de dao déng trong graphene tiét 16 rang cac tau san bay c6 mot
khéi lwvgng cyclotron khac khong, mac du ho khéng c6 hiéu qua doan thé tlr quan hé Ek
[55.]

Graphene nguoc lai, bén canh viéc co déng cao va dan t6i thi€u, va do dac thd nhét
dinh gid twong d6i dugc dé cap du6i day, cho thay hanh vi dac biét tha vi chi trong su
hién dién cla mot tir trwdng va chi déi voi cac quantization-dan: no sé& hién thi mot
Hiéu rng Hall lwvong t&r bat thwong voéi trinh ty cac buéc dich chuyén cha 1/ 2 d6i véi
cac day tiéu chuén, va véi mot yéu t6 thém 4. Nhu vay, trong graphene dan Hall 13,
trong dé n la s6 nguyén noi trén "Landau cap" chi sd, va thung ling gap dbi va gap doi
cho degeneracies spin cla 4 yéu t6. [1] Hon nira, trong graphene nhitng di thuwdng
dang ké tham chi cé thé dwogc do & nhiét do phong, tirc la & khoang 20 ° C. [55] hanh
vi bat thwong nay la két qua truc ti€p cla cdp clru massless Dirac electron trong
graphene. Trong mot tr trvong, quang pho clia chiing cé mrc Landau véi nang lvong
mot cach chinh x&c tai diém Dirac. cdp nay la mét hé qua clha dinh ly chi sd Atiyah-
Singer. va la mot nlra day trong graphene trung lap, [53] dan dén viéc "1 / 2" trong
dan Hall. [76] 16p kép graphene ciing cho thdy lwvong tlr Hall c6 hiéu lwc, nhung véi
trinh ty tiéu chuan, tic la voi nghia la chi véi mot cha hai di thuwong. That tha vi, lién
guan dén sy bat thuong th¢ hai, cao nguyén dau tién tai N = 0 khdong c6 mat, chi ra
rang graphene & lai I6p kép kim loai tai diém trung 1ap. [1]

Nanostripes: Spin canh dong phan cuc

Nanostripes cla graphene (trong "“zig-zag" dinh hwéng), & nhiét dé thap, cho thay phan
cuc spin canh dong kim loai, trong dé cling cho thay (rng dung trong Iinh vuc méi cla
Pién t&r hoc spin. (Trong chiéc ghé banh "™ dinh hwéng, cac canh hoat dong giéng nhuw
chat ban dan. [78])

Graphene oxide
Thém thong tin: Graphite Oxide
[Stra] Hoéa chat stra doi
[Stra] tinh chat nhiét

Toan hidré héa cuta ca hai bén két qua tam graphene trong graphane, nhung m 6t phan
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hidré hoa dan dén hydrogenated graphene [82]

Hoa tan cac manh v& cua graphene c6 thé dwgc chuan bi trong phong thi nghiém [81]
thong qua céc stra dbi hda hoc cla than chi. Trwéc tién, graphite microcrystalline du oc
Xt ly bdng mot hon hop manh mé co tinh axit ctia axit sulfuric va acid nitric. Mot loat
cac budc lién quan dén qua trinh oxy hoa va két qua exfoliation trong tam graphene
nho v&i nhom carboxyl & canh ho. Pay la nhirng chuyén doi thanh cac nhém clorua axit
bang cach x& ly voi clorua thionyl; tiép theo, ching dwoc chuyén déi thanh cac amit
graphene twong (ng thong qua diéu tri bang octadecylamine. Cac vat chat (Iop
graphene day tron la 5,3 angstrom) hoa tan trong tetrahyd rofuran, tetraclométan, va
dichloroethane.

B&i gidi ngan bi 6xi héa va ché bién than chi héa hoc trong nwéc, va st dung cac ky
thuat lam gidy, cac manh don I6p tao thanh mot tdm duy nhat va trai phiéu rat manh
mé&. Nhirng tdm, dugc goi la graphene oxide gidy c6 modt module do dd bén kéo cla 32
GPa. [79] Céac tai san héa chat dac thu cia oxit graphite c6 lién quan dén cac nhém
chirc nang thudc tdm graphene. Ho tham chi dang ké c6 thé thay dai 16 trinh clia phan
wng trung hop va cac qua trinh héa hoc twong tu. [80]

[Stra] Tinh chat co hoc

Nhiét d6 phong gan nhiét dan ctia graphene vira do dwoc gitta (4,84 + 0,44) x 103 dé
(5,30 £ 0,48) x 103 Wm-1K-1. Cac phép do, thuc hién bdi mot lién hé khdng quang
hoc ky thuat, dugc vwot qua nhitng do cho cac 6ng nano carbon hay kim cwong. N6 c6
thé duoc hién thi bang cach st dung phap luat Wiedemann-Franz, ma dan nhiét 1a
phonon-thdéng tri [83] Tuy nhién., B&i véi mot dai graphene gated, moét sw thién vi clra
khau duoc 4p dung gay ra mot sy thay do6i nang lwong Fermi Ién hon nhiéu so kBT cé
thé gay ra sw dong gbp dién tlr tdng cuwong va thong tri trén sy dong gop phonon &
nhiét do6 thdp. D6 dan nhiét dan dao cua graphene la d&ng huwéng. [84]

Tiém nang dan dién cao nay c6 thé duoc xem bang cach xem xét than chi, mét phién
ban 3D cla graphene c6 mat phang co s& dan nhiét ciia hon mdt mK 1000 / W (so
sanh voi kim cwong). Trong than chi, cac c-truc (trong s6 may bay) dan nhiét trén mot
yéu t6 clla ~ 100 nhd hon do céac luc lvgng lién két yéu gilta cac may bay cling nhu co
s& mang tinh thé khoang cach Ién hon. [85] Ngoai ra, dd dan nhiét cta tén Itra dan dao
graphene cé duwoc hién thi dé cung cap cho cac gi¢i han dwdi clia conductances nhiét
dan dao, mo6i don vi c6 chu vi, chidu dai cha 6ng nano carbon. [86]

Mac du ban chéat 2-D clia né, graphene c6 3 ché dd phonon am thanh. Hai ché dé trong
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mat phang (LA, TA) c6 mdt quan hé tuyén tinh phan tan, trong khi ra khéi ché dd may
bay (ZA) c6 mot quan hé phan tan bac hai. Do do6, phu thudc vao nhiét T2 dan déng
gbp clia cac phuong thirc tuyén tinh cha yéu la & nhiét do thap ctia T1.5 dong gép cla
ché do ra khoi may bay [86] M6t s6 ban nhac graphene phonon hién thi cac thong so
tiéu cuc Grineisen.. [87] O nhiét dd thap (noi ma ché dd quang hoc tich cwc nhat véi
cac thong s6 Grineisen van khéng bi kich thich) sw déng gop cla cac tham sé
Griineisen tiéu cuwc sé dwoc chi ph6i va mé rong hé sé nhiét (dé la ty Ié thuan véi cac
thong s6 Griineisen) tiéu cuc. Cac thong s thap nhat tiéu cuc Grineisen twong &rng voi
am thanh ngang thap nhat ZA ché dd. Phonon tan s6 cho cac phuwong thirc nhu tang
vOi tham s6 mang tinh thé trong may bay ké tir khi cac nguyén tlr trong I6p khi kéo dai
sé it tw do di chuyén theo hwéng z. Diéu nay tvong tw hanh vi ctia modt chudi hién dang
duoc kéo dai sé c6 rung dong cua bién dé nhd hon va tan sé cao hon. Hién tugng nay,
dat tén la "mang c6 hiéu luc", da dwoc duw bao bdi Lifshitz vao nam 1952. [88]

Tinh dén nam 2009, graphene duong nhw la mot trong nhirng vat liéu manh nhat tirng
duoc thir nghiém. Do dac da chi ra rang graphene c6 mét stec manh pha v& 200 lan so
vGi thép [89]. Tuy nhién, qua trinh tach né twr than chi, noi ma né xuat hién tw nhién,
sé doi hdi mot s6 phat trién cong nghé trwdc khi nd dwoc kinh té, di dé duwoc str dung
trong cac qua trinh céng nghiép, [90] mac du diéu nay cé thé duoc thay dbi soém. [91]

Str dung mot kinh hién vi lvc nguyén tir (AFM), mia xuan hang sé cla tdm graphene bi
dinh chi da dwoc do. tdm Graphene, dwoc td chirc véi nhau béi luc van der Waals, da bi
dinh chi hon silicon dioxide sau rang, noi mot AFM tip dwgc tham do dé kiém tra tinh
chat co hoc clia n6. mua xuan cuta noé lién tuc dwoc trong khodng 1-5 N / m va cua
Young module dwgc 0,5 TPA, ma khac v6i clia cac chi s6 lugng Ién. Nhitng gia tri nay
cao lam graphene rat manh mé va cirng nhéc. Cac tinh chat ndi tai c6 thé dan dén cach
str dung graphene cho NEMS (ng dung nhu cdm bién ap Iwc va cong huwéng. [92]
Graphene lam cho mot bé cam bién tuyét voi do cu trac 2D cua né. Thuc té la toan bd
khoéi lvgng cta né duoc ti€p xuc véi xung quanh cla nd lam cho né rat hiéu qua dé
phat hién cac phan tlr hdp thu. Phan tlr phat hién la gian ti€ép: la mot phan t& khi
adsorbs voi bé mat cla graphene, vi tri ctia kinh nghiém hap thu mét sy thay doéi dién
tré cla dia phuong. Trong khi hiéu (rng nay xay ra trong cac vat liéu khac, graphene la
cao do cta nd dan dién cao (ngay ca khi cac tau san bay it c6 mat) va tiéng 6n thap ma
lam cho thay déi nay trong khang chién bi phat hién. [61]

[Stra] Graphene nanoribbons

[Stra] Cac don phéan to phat hién khi



Théc méc xin dua Ién dién dan tai: www.myyagy.com/mientay

[Stra] Tiém nang rng dung

Graphene nanoribbons (GNRs) chl yéu la 16p duy nhéat cha graphene dwoc cat theo
hinh cu thé dé cho né mot s6 thudc tinh dién. Tuy thudc vao cach cac canh un-ngoai
quan duoc cdu hinh, ho cé thé dwoc trong mot cdu hinh ngodn ngoéo hoac ghé banh.
Cac tinh toan dwa trén dy doan rang gia tri rang budc chit ch& GNRs ngoan ngoéo ludn
kim loai trong khi gh& c6 thé la kim loai hodc ban dan, tay thudc vao chiéu rong cda ho.
Tuy nhién, mat do tinh toan ly thuyét gan day cho thay chic nang nanoribbons ghé
banh dwoc ban dan vai mot ti 1é nang lvong voi khoang cach nghich dao clia dé rong
GNR [93] That vay., Két qua thyc nghiém cho thay nang lvgng lam tang khoa&ng céach
vGi giam chiéu rong GNR [94] Tuy nhién., vao thang 2 nam 2008, khdéng c6 k ét qua thir
nghiém da do khoang cach nang lwvgng clia GNR va xac dinh céu tric canh chinh xac.
Ngoan ngoéo nanoribbons cling ban dan va hién tai spin phan cuc canh. co cdu 2D cua
ho, dan dién va nhiét cao, va tiéng 6n thap cling lam cho GNRs la mot giai phap dong
cho lién két n6i mach tich hop. Mot s6 nghién clru cling dang dwoc thwc hién dé tao ra
cac chdm lwong tr bang cach thay d6i dé rong cha GNRs tai cac diém chon theo
confinement, ribbon v ong tlr tao ra. [95]

[Stra] Graphene bong ban d an

MOt thuc t€ cla tat ca cac nguyén vat liéu, cac khu vuc cla graphene cé thé bién dong
nhiét lvong t&r va di doi twong doi. Mac du bién dé bién dong nay duoc bao boc trong
cau trac 3D (ngay ca trong gi¢i han kich thuwéc vé han), dinh ly Mermin-Wagner cho
thay, bién do bién dong dai buéc song sé phat trién logarithmically véi quy mo ctia mot
cau trac 2D, va do do6 sé duwoc khdng bi chan trong cac cau trac cé kich thwéc vo han.
Pia phuong bién dang dan hdi va cang théng la negligibly bi anh hwéng béi sy phan ky
nay tam xa trong thuyén twong d6i. Nguoi ta tin rang mét co cdu 2D du lén, trong
truong hop khong 4p dung phuong cing thang, sé uén cong va hadp thu xung lwc dé
tao thanh mot cau tric 3D dao déng. Cac nha nghién ctru da quan sat nhirng gon séng
trong 16p bi dinh chi ctia graphene, [20] va n6 da duoc dé xuét rang cac gon séng gay
ra bédi sy dao dong nhiét trong vat liéu. Nhuv mot hé qua clha nhitng bién dang déng
lwc, d6 la gay tranh céi liéu graphene thuwc su la mot co cau 2D. [1] [44] [45]

Dai méit v6i thuwe té 1a cac bong ban dan graphene hién nay cho thay rdt nghéo trén-off
ty 18, cac nha nghién ctru dang cd géng tim cach dé cai thién. Trong ndm 2008 cac nha
nghién cru ctia AMICA va Pai hoc Manchester da chirng t& mot hiéu ¢ng chuyén déi
ma&i trong Iinh vuc thiét bi graphene, cé hiéu lwc. Diéu nay c6 hiéu lwc chuyén doi la
dwa trén mot stra doi hda hoc thuan nghich ctia Iép graphene va cung cap cho mot ty Ié
on-off cla sau don dat hang I6n hon do I16n. Cac thiét bi chuyén mach cé kha nang dao
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chieu c6 thé duwgc 4&p dung cho nhirng ky niém nonvolatile. [99]

Do dién t&r chat lvgng cao, graphene ciing da thu hdat sy quan tam cua ky thuat vién
nguoi nhin thdy ching nhu 1a mét cach xay dung bong ban dan dan dao. Graphene
cudc trién [Am mot phan &ng rd rét dé vuong géc voi dién treong bén ngoai, cho phép
mot trong xay dwng FETs (transistor hiéu &ng trwong). Trong bai bdo nam 2004 cuda ho,
[8] nhdm Manchester da chirng minh FETs véi ty & "kha khiém t6n on-off" cia ~ 30 &
nhiét dd phong. Trong nam 2006, cac nha nghién ctru cong nghé Georgia théng bao
rang ho da xay dwng thanh céng mot FET phang tat ca graphene-véi clra phu. [96] céc
thiét bi ctia ho cho thdy nhirng thay doi cla 2% & nhiét do dong lanh. Cac top-gated
FET dau tién (on-off ty 16 <2) da dwgc chirng minh béi cac nha nghién cru ctia AMICA
va RWTH Aachen University trong nam 2007 [97] Graphene nanoribbons. C6 th € chirng
minh thudng cé kha nang thay thé silicon nhw mot chat ban dan trong céng nghé hién
dai. [98] Nam 2009 nha nghién cu tai Politecnico di Milano chrng minh bén loai khac
nhau cla céng logic, méi sang tac cla mot béng ban dan graphene duy nhét. [100]
Trong cung nam dé, Vién Céng nghé Massachusetts ciia cac nha nghién cru xay dung
mot chip graphene thr nghiém dwoc biét dén nhv mot tan s6 nhan. N6 cé kha nang
thwc thi mot tin hiéu glri dén dién clla moét tan s6 nhat dinh va san xuat mot tin hiéu
dau ra dé la mét bdi sb clia tan s6 dé. [101] Mac du cac chip graphene mé ra mot loat
cac rng dung méi, str dung thuc té cta ho bi han ché b&i mot rat nhé dién ap thu duoc
(thdng thwong, bién do cha tin hiéu dau ra la khoang 40 lan it hon so véi tin hiéu dau
vao). Hon nira, khong cé nhirng mach da dwoc chirng minh dé hoat dong & tan sé cao
hon 25 kHz.

Trong thang 2 nam 2010, nha nghién c(ru tai IBM thong béao rang ho da co6 thé tao ra
bong ban dan graphene véi mot ngay va ty |é tét cia 100 gigahertz, vuot xa mic gia
ctia nhitng nod lyc trwde do, va vrot qué tée do cla silicon. Cac bong ban dan graphene
thuc hién tai IBM da duoc thuc hién bang cach st dung con sinh tdn silicon-ché tao
thiét bi, c6 nghia la cho cac bong ban dan graphene la 1an dau tién mét van con hinh
dung duwgc, mac du huyén 4o, thay thé ~cho silicon. [102]

[Stra] mach tich hop
[Stra] Transparent tién hanh cac dién cuc
Dién tich I&n, lién tuc, minh bach, va tién hanh danh gia cao b6 phim vai 16p graphene
da duoc san xuét bang cach lang dong hoi héa hoc va st dung nhw & cwc duwong dé ap

dung trong céac thiét bi quang dién. M6t cai thién dang ké strc manh chuyén déi hiéu
gud (PCE) Ién dén 1,71% da dwoc chirng minh, duoc 55,2% s6 PCE clla mot thiét bi
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diéu khién dva trén indi-oxide-tin. [111]

Graphene cao cda dién dan va minh bach quang cao lam cho n6 mét t&ng cir vién cho
cac dién cuc trong subt ti€n hanh, can thiét cho cac &rng dung nhv man hinh cadm ng,
man hinh tinh thé 16ng, cac té bao quang dién hitu co va hitu co didt phat sang. Pac
biét, strc manh co khi clia graphene va tinh linh hoat thuan lgi so v6i oxit thiéc indi, ma
la gion, va phim graphene cé thé dwoc gl tir cac gidi phap trén dién rong. [109] [110]

Mot I6p graphene hép thu 2,3% ciia anh sang trang [112] Piéu nay s& hitu da duoc st
dung dé xac dinh dd dan ctia minh bach két hgp khang chién td va minh bach.. Tham
s6 nay duoc dung dé so sanh vat liéu khac nhau ma khong coé viéc str dung hai tham so

doc lap. [113]
[Stra] Graphene biodevices
[Stra] Ultracapacitors

Do dién tich bé mat cuc ky cao ty Ié khéi lwong clia graphene, mét trong nhitng tiém
ndng rng dung trong cac tdm dan cua ultracapacitors. Nguw i ta tin rang graphene c6
thé dwoc dung dé san xuat ultracapacitors véi méat do lwu trir Ién hon nang lwvong hon
SO VOi hién tai dang co san. [114]

[Stra] Tai liéu tham khéo cho cac dac trung vat liéu electroconductive va minh bach

héa hoc ciia modifiable Graphene, dién tich bé mat Ién, d6 day va clu trdc nguyén ti
phan tir-gatable 1am cho tdm graphene khang thé-functionalized (rng vién xuét séc dé
phat hién dong vat c6 vl va vi sinh vat va cac thiét bi chan doan. [115]

[Stra] Pseudo-ly thuy ét twong doi
[Stra] Chong vi khu an

Hoc vién Khoa hoc Trung Quéc da tim thay tdm oxide graphene cé hiéu qua cao trong
diét cac vi khuan nhv Escherichia coli. Biéu nay c¢6 nghta graphene cé thé cé ich trong
cac (rng dung nhw cac san pham vé sinh hoac dong géi ma sé gilp gitr cho thwc pham
twoi lau hon. [117]

Céc tinh chat dién clha graphene c6 thé duoc md ta bang mot mod hinh chit ché, rang
budc théng thudng, trong md hinh nay, nang lwvong cla cac electron véi k wavenumber
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la [51] [53]
[Lich str] va tho nghiém phat hién

Cac (rng dung sinh hoc day tham vong nhat ctia graphene la nhanh choéng, trinh tw DNA
khong tén kém dién ttr. Gia ca phai ching va nhanh chéng sap xép bd gen la réng rai
coi la bién gid¢i 16n ti€p theo cho khoa hoc va cudi cung sé cach mang ca nhan hoa
thudc men va diéu tri y t€ tuy chinh, cho phép bac s dé xac dinh tinh nhay cam di
truyén dén mot may cha clia cac bénh va tri liéu may cho bd gen clia moét ca nhan. Hoi
nhap cua graphene (d6 day 0,34 nm) Iép nhu nanoelectrodes thanh mot [116]
nanopore c6 thé giai quyét mot trong nhitng van dé nit cé chai cua trinh tw nanopore
dua trén phan tor DNA don.

véi hang x6m gan nhét hopping y0 ning lvong = 2,8 eV va hang sd mang tinh thé mot
= 2,46 A. Dan va ban nhac héa tri, twong (rng, twong tng véi cac dau hiéu khac nhau
trong quan hé phan tan & trén, ho cham nhau trong sau diém, cac "K-gia tri". Tuy
nhién, chi hai trong s cac sau diém la doc lap, trong khi phan con lai la twong dwong
cla doi xirng. Trong vung lan can cta diém K-nang lwgng phu thudc tuyén tinh trén
wavenumber, tvong ty nhu mot hat twong déi tinh. K& tlr khi mot té bao ti€u hoc cla
mang tinh thé c6 mot co s& clia hai nguyén ttr, ham séng tham chi cé cau trdc 2-spinor
hiéu qud. Két qua la, & nang lwvong thap, tham chi bé qua cac spin ding, cac dién t co
thé duoc mo ta bdi mot phwong trinh ma la chinh thirc tvong dwong véi phwong trinh
Dirac massless. Hon nira, trong treong hop trinh bay nay mé ta gid dwoc gi¢i han
twong d6i han chiral, nghia 14, dé phan con lai bién mat MO dai chdng, dan dén tinh
nang tha Vi bo sung: [53]

cac phan ttr I6n hon graphene hodc to (d€ ho c6 thé duoc coi la ding su that co lap 2D
tinh thé) khéng co6 thé phat trién ngay ca vé nguyén tac. Mot bai viét trong Vat ly Hom
nay d oc:

Pay VF ~ 106 la van téc Fermi trong graphene ma thay thé van téc anh sang trong ly
thuyét Dirac; la vector cla cac ma tran Pauli, la ham séng hai thanh phan cla céac dién
ter, va E la nang lw ong cla ho. [78]

Céac graphene nhiém ky dau tién xuat hién vao nam 1987 [118] d€é mo t& tdm duy nhat
clia than chi la moét trong nhitng thanh phan cta cac hgp chat nhuan graphite (GICs);
khai niém moét GIC la mot mubi két tinh cla intercalant va graphene. Thuat ngi* nay
cling duogc st dung trong cac mo ta dau cua 6ng nano carbon, [119] ciing nhuv cho
graphene epitaxy, [120] va polycyclic aromatic  hydrocarbons. [121]
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Pia don cla |6p graphite trwvdc day (bat dau tir nhitng nam 1970) tréng epitaxially trén
dau trang cla cac vat liéu khac. [122] biéu nay "epitaxy graphene" bao gom mdt mang
tinh thé luc giac don nguyén tlr day ctia nguyén tlr cacbon sp2-ngoai quan, nhu la dirng
Viét graphene. Tuy nhién, cé phi chuyén nhwong dang ké tlr bé mat dén graphene
epitaxy, va, trong mot sé truong hop, lai tao, gitra cac quy dao d cua cac nguyén tl
chat nén va orbital  cla graphene, trong dé dang ké lam thay d6i cau tric dién tir cla
graphene epitaxy.

"Lwc lvong co ban dién ra dudng nhu khéng thé vuwot qua cac rao can trong cach tao
[2D tinh thé] ... mai sinh 2D tinh thé c6 ging dé giam thiéu nang lwvgng bé mét cta ho
va chac chan morph thanh mét trong nhirng gidng phong phi ctia cac céu tric 3D 6n
dinh xay ra trong cac mudi Nhung c6 mot. cach xung quanh van dé. Twong tac véi cac
cdu trdc tinh thé 2D 3D 6n dinh trong tang trwdng Vi vay, ai ¢6 thé lam cho tinh thé 2D
kep gitra hodc dat trén dau trang cta nhitng chiéc may bay nguyén tr ctia mot tinh thé
s6 lvgng 16n.. DG6i voi do, graphene da ton tai trong than chi ... Mot c6 thé sau do hy
vong sé danh Iira thién nhién va trich xuat cac tinh thé don nguyén tlr day & nhiét do
da thdp ma ho van & trang thai ngudi theo quy dinh clia sy ting trudng ban dau 3D
cao hon nhi ét do. "[19]

Pia don cia Iop graphite cling da duoc quan sat béi kinh hién vi dién t& truyén dan
trong céc tai liéu s6 lwong I6n (xem Ph6 bién phan), trong bui than bén trong cu thé
thu dwoc bang cach exfoliation héa hoc [12] ciing d& c6 mot s6 nd luc dé lam cho bd
phim rdt moéng clia graphite bdi exfoliation co khi. (bat dau tir nam 1990 va tiép tuc cho
dén sau nam 2004) [12] nhung khéng cé gi méng hon 5-10 I6p dwgc sdn xuat trong
nhirng nam qua.

Ly thuyét cla graphene lan dau tién dugc kham pha béi Philip R Wallace vao nam 1947
nhw la mot diém khoi dau cho sy hi€éu biét cac dac tinh dién tlr phirc tap hon, 3D
graphite. Cac cap clru massless phuong trinh Dirac 1an dau tién dugc chi ra béi Gordon
W. Semenoff [53] va David P. DeVincenzo va Eugene J. Mele [124] Semenoff. Nh &n
manh sw xuat hién trong tlr trvong clia mot cidp Landau dién t& chinh xac tai diém
Dirac. cap nay la chiu trach nhiém vé hiéu s6 nguyén bat thuwdng Hall lvgng tir. [55]
[76] [77] Sau do, |6p graphene don ciing da duoc quan sat truc ti€p bang kinh hién vi
dién ti. [20]

M6t ti€én quan trong trong khoa hoc cla graphene la khi Andre Geim va Kostya
Novoselov tai Dai hoc Manchester quan ly dé trich xuat cac tinh thé don nguyén tir day
(graphene) tir graphite s6 lwgng Ién trong nam 2004. [8] Manchester Cac nha nghién
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clru da rat ra 16p graphene tlr than chi va chuyén giao ching vao silicon dioxide mang
trén mot tdm wafer silicon trong mot qua trinh dbéi khi dwoc goi micromechanical cat
khai hay, don gian, cac bang Scotch k¥ thuat. Cac silicon dioxide dién c6 Iap graphene,
va la yéu tuong tac v6i graphene, cung cap gan I6p graphene phi trung lap. Cac silicon
dioxide silicon bén dwéi c6 thé dugc st dung nhu mét clra khau trd lai " dién cuc dé
thay déi mat doé phi trong I6p graphene trén mot pham vi rong.

Ky thuat cat khai micromechanical dan truc tiép dén quan sat dau tién cla hiéu rng
Hall lwvong t& bat thwdng trong graphene, [55] [77] trong dé cung ¢ dp bang ching truc
ti€p cla giai doan céac ly thuyét dy doan cua pi Berry massless Dirac fermions trong
graphene. Cac hiéu tng lvgng tir Hall bat thwong trong graphene da dugc bao cao
cung moét khoang thoi gian ctia Geim va Novoselov va béi Philip Kim va Yuanbo Zhang.

Gan day hon, cac mau graphene chuén bi vao phim niken, va trén mat ca silic va
carbon mat cua silicon carbide, da cho thdy nhitrng bat thwong Hall lwgng tir tac dong
trwc ti€p trong cac phép do dién. [27] [28] [29] [30] [31] Graphitic | 6p trén mat carbon
cla silicon carbide hién thi mot phd Dirac r6 rang trong gidi quyét géc photoemission
thi nghiém, va cac bat thuong Hall lvgng ttr ¢ hiéu lwc la quan sat thay & cong huéng
cyclotron va thi nghiém dwong ham. [125] Mac du graphene trén nickel va silicon
carbide c6 ca hai ton tai trong cac phong thi nghiém trong nhiéu thap ky, né da dugc
graphene co hoc exfoliated trén silicon dioxide d& cung cdp cac bang chirng dau tién vé
bén chat Fermion Dirac cla electron trong graphene.

Geim da nhan dwoc nhiéu gidi thuéng cho cac nghién ckru tién phong cua 6ng vé
graphene, bao gém huy chwong Mott 2007 cho viéc kham pha ra "clia mot loai vat liéu
mé&i - mién phi-dirng hai chiéu tinh thé - trong graphene d&c biét", nhitng ndm 2008
EuroPhysics giai (cung v6i Novoselov) "dé phat hién va c6 1ap mét [6p Viét-dirng don
nguyén t&r cta carbon (graphene) va giai thich nhirng tai san dang ké dién ttr ctia ng",
va gidi thudng cho Korber 2009 "phat trién [ing] hai chiéu tinh thé dau tién dwoc lam
bang cac nguyén t& carbon". Trong nam 2008 va nam 2009, Reuters (ma c {ing chay
mot dich vu Web bibliometric Khoa hoc) tipped 6ng la mot trong nhirng nguoi chay phia
trwéc cho mét giadi thwdng Nobel Vat ly [123].



