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A bst r a ct
   B ott o m- u p  s y nt h esi z e d  gr a p h e n e  n a n ori b b o ns  

( G N Rs)  e x hi bit  pr o mi si n g  el e ctr o ni c  pr o p erti es  f or  

p ost- sili c o n tr a nsi st or t e c h n ol o gi es. H o w e v er, s e v er al 

c h all e n g es  r e m ai n,  s u c h  as  t h e  s y nt h esi s  of  l o n g  

l e n gt h G N Rs, t h eir r ati o n al pl a c e m e nt a n d ali g n m e nt 

o n di el e ctri c  s urf a c e ,  a n d  a c hi e vi n g  l o w  G N R -

c o nt a cts a n d  u nif or m  hi g h -κ g at e di el e ctri c s. T hi s 

i n vit e d  t al k  pr es e nt s  r e c e nt  pr o gr ess  i n  i nt e gr ati n g  

G N Rs  i nt o  fi el d -eff e ct  tr a nsist or s  ( F E Ts)  a n d  

di s c uss es  t h e s y nt h esi s a n d i nt e gr ati o n i m pr o v e m e nts

t h at m a y e n a bl e t h e f a bri c ati o n of G N R d e vi c es wit h

t h e p erf or m a n c e n e e d e d f or t h e p ost-sili c o n er a .   

K e y w or ds: Tr a nsist or s  a n d gr a p h e n e n a n ori b b o ns 

I nt r o d u cti o n
   R e c e nt a d v a n c es i n o n -s urf a c e or g a ni c s y nt h esi s 

h a v e  l e d  t o  t h e  d e v el o p m e nt  of  r ati o n al  b ott o m -u p 

G N R gr o wt h wit h at o mi c pr e ci si o n [ 1]. T hi s at o mi c 

pr e ci si o n  l e a ds  t o  v er s atil e  el e ctr o ni c  pr o p erti es  

t ail or e d  b y  t h e  wi dt hs  a n d  e d g e  t o p ol o gi es,  w hi c h  

m a k e  G N Rs  pr o misi n g  c a n di d at es  f or  f u t ur e 

tr a nsist or  t e c h n ol o gi es  a n d  q u a nt u m  i nf or m ati o n  

pr o c essi n g  [ 2].  H o w e v er,  a  r a n g e  of  f u n d a m e nt al  

s y nt h esi s,  i nt e gr ati o n,  a n d  d e vi c e  e n gi n e eri n g

c h all e n g es h a v e i m p e d e d t h e f a bri c ati o n of d e vi c es 

wit h  t h e  e x p e ct e d  p erf or m a n c e [ 3]. H er e, r e c e nt 

pr o gr ess i n  i nt e gr ati n g G N Rs  i nt o  d e vi c es  is  

pr es e nt e d. G N R F E Ts  wit h  a  ni n e -at o m  wi d e  

ar m c h air  G N Rs ( 9-A G N Rs) e x hi bit  hi g h  o n -st at e 

c urr e nt  ( IO N ) a n d  e x c ell e nt o n/ off  c urr e nt  r ati o

(IO N /IO F F ) [ 4, 5]. T h e i m p a ct of G N R l e n gt h,  c h a n n el 

l e n gt h ( L )  a n d  c h a n n el wi dt h  ( W ) o n  t h e  IO N a n d 

IO N /IO F F ar e  st u di e d. At o mi c l a y er d e p ositi o n ( A L D) 

of u nif or m hi g h -κ t o p g at e ( T G) di el e ctri c l a y er at o p

G N Rs  h as  b e e n  d e m o nstr at e d  [ 5].  Fi n all y,  a  n o v el  

hi g hl y  s c al a bl e  m et h o d  [ 6]  f or  tr a nsf er-fr e e 

f a bri c ati o n of G N R F E Ts h as b e e n d e v el o p e d . 

R es ults a n d Dis c ussi o n
   T h e fir st st e p i n t h e f a bri c ati o n of 9 -A G N R F E Ts

e nt ails  t h e b ott o m -u p s y nt h esis of t h e G N Rs o n t h e 

s urf a c e of a A u( 1 1 1)/ mi c a s u bstr at e fr o m t h e i o di n e

(I)- or br o mi n e ( Br)-b as e d  pr e c ur s or . [ 7] F or 

si m pli cit y, b y  d e p e n di n g  o n  t h e  pr e c ur s or  us e d  f or  

t h eir gr o wt h, t h e G N Rs ar e d e n ot e d b y  9-A G N R (I) 

or 9- A G N R ( Br). As s h o w n i n Fi g . 1 a , th e r e a cti o n 

pr o c e e ds vi a t w o st e ps ( T 1 = 2 0 0 ° C a n d T 2 = 4 0 0 ° C),

i n v ol vi n g p ol y m eri z ati o n  a n d c y cl o d e h y dr o g e n ati o n 

( C D H). I n  Fi g.  1 b,  t h e  S T M i m a gi n g  r e v e al s  t h at

9 G N Rs (I) ar e u nif or m , str ai g ht, a n d d e ns el y p a c k e d.

T h e G N Rs ar e w et tr a nsf err e d o nt o a pr e -p att er n e d 

Si O 2 / Si c hi p c o nt ai ni n g l o c al b a c k g at e ( B G) d e vi c es 

wit h W g at e m et al c a p p e d wit h 5. 5 n m Hf O 2 A L D 

di el e ctri c l a y er ( e q ui v al e nt o xi d e t hi c k n ess, E O T = 

∼ 1. 8 n m, di el e ctri c c a p a cit a n c e, C o x = ∼ 1 9. 0 μ F/ c m 2 ). 

R a m a n s p e ctr os c o p y m e as ur e m e nt s ar e t a k e n o n 9-

A G N R s b ef or e a n d aft er tr a nsf er , s h o w n i n Fi g. 1 c. 

T h e pr es e n c e of t h e c h ar a ct eri s ti c  R B L M,  C-H,  D, 

a n d  G m o d es c o nfir m s t h e  s u c c essf ul  gr o wt h  a n d  

tr a nsf er of t h e G N Rs . Aft er tr a nsf er, t h e G N Rs ar e 

c o nt a ct e d wit h 1 2 n m t hi c k P d el e ctr o d es , wit h 2 0 –

6 5  n m  g a ps  d efi ni n g  L a n d  3 0 – 2 0 0  n m  el e ctr o d e 

wi dt hs d efi ni n g W , b y el e ctr o n b e a m lit h o gr a p h y ( S e e 

[ 8] f or t h e d et ails of tr a nsf er a n d d e vi c e f a bri c ati o n). 

Fi g.  1 d a n d  1 e  s h o ws  c r oss-s e cti o n al  di a gr a m a n d

S E M i m a g e  of a B G 9 -A G N R F E T , r es p e cti v el y.   

   T y pi c al  tr a ns p ort  c h ar a ct eristi cs  of  a  9 -

A G N R F E T m e as ur e d at  r o o m  t e m p er at ur e  u n d er

hi g h v a c u u m ( < 1 0 - 5 t orr) ar e s h o w n i n Fi g . 2 a a n d 2 b. 

T h e tr a nsf er c h ar a ct eri sti c ( dr ai n c urr e nt  (ID ) v s. g at e 

v olt a g e ( V G S ) e x hi bit s a p -t y p e F E T b e h a vi or wit h a 

hi g h IO N of ~ 1 μ A at a fi x e d dr ai n v olt a g e ( V D S ) of - 1 

V, a n d a n e x c ell e nt IO N /IO F F of 1 0 5 , s h o w n i n Fi g. 2 a.

T h e s u p er -li n e arit y of t h e o ut p ut c h ar a ct eri sti cs (ID  v s. 

V D S ) i n di c at es t u n n eli n g tr a ns p ort t hr o u g h of a fi nit e

S c h ott k y  b arri er ( S B) at  t h e  G N R -P d i nt erf a c e, 

s h o w n i n Fi g. 2 b. T h e IO N of  9-A G N R F E T is at l e ast 

1 0 ti m es hi g h er  t h a n  t h e  b est  r e p ort e d  v al u es  f or

s e v e n  at o m  wi d e  A G N R  ( 7 -A G N R ) F E Ts  [ 6, 9].  

T h e or eti c all y pr e di ct e d b a n d g a ps of fr e est a n di n g 9 -

A G N R  a n d  7 -A G N R  ar e  2. 2 9 e V a n d 3. 7 9 e  V,  

r es p e cti v el y [ 1 0]. T h e s m all er b a n d g a p of 9-A G N R

r e d u c es t h e S B h ei g ht, l e a di n g t o t h e hi g h er IO N [ 4]. 

As s h o w n i n Fi g. 2 c, t h e IO N  of 9-A G N R  (I)-F E Ts i s 

al s o m u c h hi g h er t h a n t h at of 9-A G N R ( Br )-F E Ts  [ 4]. 

T hi s c o ul d  b e  e x pl ai n e d  b y  t h e  l ar g er  n u m b er  of  

G N Rs bri d gi n g t h e s o ur c e -dr ai n ( S D) g a p t h a n ks t o 

t h e m u c h l o n g er l e n gt hs of t h e G N Rs gr o w n fr o m t h e 

I- b as e d pr e c urs or [ 7]. 

   Fi g. 2 d s h o ws t h e L d e p e n d e n c e of t h e IO N a n d 

IO N /IO F F f or t h e s a m e W . T h e IO N i n cr e as e s as t h e L i s 

d o w ns c al e d. T h e i n cr e as e d IO N wit h t h e d e cr e as e d L

c a n b e e x pl ai n e d b y t h e l ar g er n u m b er of c o n n e ct e d 

G N Rs a n d l o n g er c o nt a ct l e n gt h  (L c ) of t h e G N R -P d

2 0 2 2 I E E E El e ctr o n D e vi c es Te c h n ol o g y a n d M a n uf a ct uri n g C o nf er e n c e Pr o c e e di n gs of Te c h ni c al P a p ers
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interfaces. The ION/IOFF also increases with the 
decreased L. However, below L=40 nm, the ION/IOFF, 
and subthreshold swing (SS) (not shown) decreases 
exponentially, due to a fast degradation of the gate 
control over GNR channel. The dramatic degradation 
of the gate control at such L scale is not expected for 
an ideal GNR channel on a 5.5 nm thick HfO2 gate 
dielectric [11]. Degradation of the SS can be partially 
explained by possible GNR-GNR screening and
bundling effects that cause a weakened gate coupling 
efficiency and higher effective body thickness, 
respectively. The dependence of the ION with the W
for the same L is also studied. Fig. 2e shows the ION

distributions for the different W. While the median
values of the ION for different W still shows some 
dependence, it is difficult to accurately quantify the
relationship due to the large device-to-device 
variation. The variations are likely due to variations 
in the Lc of the GNR-Pd interface, the number of 
GNRs bridging the channel, the electrode edge 
roughness, and gate dielectric uniformity.
   A dual gate (DG) device with both TG and BG 
with high-κ dielectric should provide improved 
electrostatic control over GNR channel, leading to 
improved ION/IOFF and SS. To verify this, 1–1.25 nm 
Al2O3 was deposited as a conformal seeding layer at 
50 °C using TMA and H2O directly atop BG devices, 
followed by 2.5 nm HfO2 ALD using TDMAH and 
H2O at 200 °C. Fig. 2f shows the cumulative 
distribution of the SS for BG and DG 9-AGNR 
devices. While no improvement is observed in the 
ION, TG fabrication results in improved SS and low 
hysteresis owing to its superior electrostatic control.
   Finally, a new method for the transfer-free 
placement of GNRs on insulators has been 
demonstrated. This involves growing GNRs on a gold 
film deposited onto an insulating layer followed by 
gentle wet etching of the gold, which allows the 
nanoribbons to settle in place on the underlying 
insulating substrate, as shown in Fig. 3. The method 
can scale up well to 12 in. wafers, which is extremely 
difficult for previous transfer techniques. 

Conclusion
   In conclusion, BG and DG short-channel GNR 
FETs with excellent switching behavior and on-state 
performance have been demonstrated. The influence 
of GNR length, channel length and width, and TG
dielectric on the device performance revealed by this 
study elucidates the need to further increase GNR 

length, to develop methods for deterministic 
placement of GNR arrays, reduce GNR-GNR 
screening and bundling effects, and to improve the 
metal-GNR contact. Efforts in these directions are 
currently in progress.
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Fig. 1: (a) Reaction path for the growth of 9-AGNRs. (b) STM of 9-AGNRs (I) on Au(111)/mica (c) Raman spectra 

of 9-AGNRs (I) on Au(111)/mica and device (collected with 785 nm wavelength laser excitation). Cross-sectional 

diagram (d) and SEM image (e) of BG 9-AGNRFET. 

Fig. 2: (a) ID–VGS characteristic of 9-AGNRFET in linear scale (left axis) and in logarithmic scale (right axis). (b) 

ID–VDS characteristic of the same device with varying VGS. (c) Cumulative distribution function (CDF) of the ION

for the FETs with the 9-AGNRs (Br) (>50 devices) and 9-AGNRs (I) (>100 devices). (d) The median ION of the 9-

AGNRFETs with W = 200 nm and different L (>30 devices for each L). (e) The median ION of the 9-AGNRFETs 

with L = 40 nm with different W (>30 devices for each W). The blue line corresponds to the median current, while 

the box bounds 25 and 75 percentiles with whiskers at 1 and 99 percentiles. (f) CDF of the SS before and after TG 

fabrication.

Fig. 3: Schematic illustration of the transfer-free synthesis of GNRs on an insulating target substrate. 
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