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exterous manipulation of light

beams underpins the two defini-

tive technologies of our times of in-
formation age: telecommunication and the
Internet. Information is processed and
transferred through carefully controlled
light as information carriers. In an analogy,
manipulation of electron beams is expected
to form the foundation for quantum infor-
mation processing and quantum comput-
ing in the future."? Light rays in geometri-
cal optics are analogous to classical
trajectories of electrons, whereas electron
de Broglie waves can interfere. The close re-
lationship between optics and electronics
has been made possible due to the ballistic
transport properties of high-mobility elec-
trons in two-dimensional electron gas
(2DEG) created in semiconductor hetero-
structures, and many optical behaviors such
as focusing, collimation, and interference
have been achieved in 2DEG devices.> ¢

There are two main approaches for ma-

nipulating electron’s propagation: one by
applying an external field, typically an elec-
tric or magnetic field, to alter the flowing
path of electrons; the other by utilizing the
specially designed structures to guide the
electron’s propagation, which is widely
used in photonic crystals for manipulating
light. Recently, graphene has been pro-
posed as a new candidate for manipulating
electron beams, based on the “external
field” approach.”~® Cheianov et al. showed
the electron focusing effect through a p—n
junction formed by applying opposite gate
voltages on two sides of graphene.” Garcia-
Pomar et al. proposed an n-p-n graphene
transistor to realize the valley electron
beam splitting or collimation.® Park et al.
demonstrated electron beam supercollima-
tion in graphene superlattices created by an
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ABSTRACT We demonstrate theoretically a new mechanism for the energy-selective manipulation of electron

beam by nanostructured heterodimensional graphene junctions (HDGJs). Beam splitting, collimation, and beam-

guide can all be realized by designing HDGJs of different dimensionality, size and orientation. Importantly, these

different functions can be combined together by predesigned patterning of multiple HDGJ units in one graphene

sheet, making it feasible for large-scale integration of quantum devices. Based on transport simulations, we

further suggest an method to map out the electron beam propagation path through HDGJs by scanning probe

microscopy.
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external periodic potential,” which induces
anisotropic group velocities of low-energy
charge carriers.'®"

Here, we demonstrate a new method
for manipulating electron beam in
graphene by the “structural design” ap-
proach. We show that by creating nano-
structured HDGJs, electron beam can be
manipulated and controlled without apply-
ing external field. Beam splitting, collima-
tion, and beam-guide can all be achieved
by designing HDGJs of different dimension-
ality, size, and orientation. Because HDGJs
can be potentially made by nanopatterning
techniques'? compatible with the existing
electronics technology, our approach
makes it feasible for large-scale graphene-
based quantum device integration. Based
on transport simulations, we further sug-
gest an method to map out the electron
beam propagation path through HDGJs by
scanning probe microscopy (SPM), similar
to what has been done in 2DEG.>"3

RESULTS AND DISCUSSION

The basic concept of a HDGJ device is
illustrated in Figure 1a for the case of elec-
tron beam splitting. It consists of a HDGJ
made of 1D graphene nanoribbon (GNR)
and 2D graphene sheet with zigzag

graphene transport - electron beam

*Address correspondence to
fliu@eng.utah.edu.

Received for review January 27, 2010
and accepted March 26, 2010.

Published online April 2, 2010.
10.1021/nn1001722

© 2010 American Chemical Society

 TAN I
VOL. 4 = NO.4 = 2459-2465 = 2010 A@i%{\)

2459



ARTICLE

2460

SPM tip

T
'!‘.:&1..

Injector

Detector

Figure 1. (a) Schematics of a 1D—2D HDGJ for electron beam splitting and SPM mapping of electron propagation paths. See de-
tailed discussion of Figure 2 in the text. (b) Equal-energy contours of graphene band, which is hexagon at E = =t (dashed line).
1D—2D HDGIJs with zigzag (c) and armchair interface (d). Six blue arrows show the directions of anisotropic group velocity in eq
2, the thick red arrows show preferred electron propagation directions. The blue and red equal-energy contours denote the isos-
urface around two nonequivalent valleys, and the thin arrows denote the electron propagation directions in different valleys. For
the zigzag interface, the injected beam splits into two beams, one from each valley of different directions. For the armchair inter-
face, the injected beam splits into three beams. The center forward beam has contributions from both valleys, and the two side

beams come from one valley (blue valley on the left).

interface (i.e., the 2D graphene sheet has a zigzag edge
along the interface). As an electron beam is injected
into the 1D GNR, it splits into two beams at 60° angle
in the 2D graphene sheet upon passing through the
1D—2D junction. The electron beam splitting (or com-
plete electron propagation path in general) is mapped
out by measuring the conductance of the HDGJs be-
tween the injector and detector while scanning the
graphene at the same time using a SPM.

Let us first discuss the physical origin of the energy-
dependent anisotropic propagation of charge carriers
in graphene. Graphene, a single layer of carbon atoms
in a honeycomb structure, has recently become an ac-
tive research area in nanoscience, not only because of
its peculiar low-energy massless Dirac fermion band
structure,’'> but also because it holds promise for
novel electronics applications.’®”'® Using the nearest-
neighbor (NN), tight-binding (TB) model, its dispersion
relation can be written as'®

E, =

it\/ 1+ 4cos(§akx)cos(%aky) +4 cosz(%ak){)
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a = 142 Ais the carbon—carbon bond length, t = 2.66
eV is the NN hopping parameter. The equal-energy con-
tours of electron bands for |E (kk,)| = |E- (k.k,)| are plot-
ted in Figure 1b. One notices that, at low and high ener-
gies, the contours are circular, indicating isotropic
electron energies in the k-space. In contrast, the contour
becomes a hexagon at £ = =*t, indicating highly anisotro-
pic electron energies. This in turn suggests that the elec-
tron group velocity, normal to the equal-energy contour,
is highly anisotropic at E = =t, having six preferred direc-
tions, as shown by the blue arrows in Figure 1c or d. At E
= t, the group velocity can be calculated as®

1 :l:\/3—at(1, 0) cos(éak )
— _ h 27
VTRV T Bar(1 B
E=t _ LENTAL] v
R (z,j: > )sm(\/gakx)
)
At E = —t, the group velocity has the same expression

as eq 2 in the reverse directions, but they are filled
states in the undoped graphene, which are not to be
used. This anisotropic group velocity is the intrinsic
property of graphene, independent of the calculation
method (see Figure S2 in Supporting Information).
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Figure 2. Zigzag 1D—2D HDGJ for electron beam splitting. The color coding shows
the conductance map vs the tip position. The shaded region is the injector and de-

ley. It is such a difference in two
valleys that gives rise to the beam
collimation effect.

To observe the effects of
HDGIJs for electron beam splitting
and collimation, we have mapped
out the electron beam propaga-
tion paths through the HDGJs by
simulating the conductance when
graphene is scanned by SPM?'22
(see Supporting Information for
the detailed description of the
method). When the SPM tip scans
over graphene, it creates a deple-
tion region that backscatters elec-
trons due to a locally increased on-
site energy. This scattering effect
is stronger when the tip scans over

0366, I N 0.47C, areas of high electron density (i.e.,

high electron flow) and negligible
over areas of low electron flow.

tector electrode, G, = 2e?/h is the unit of conductance. (a) E = 1.0 eV, (b) E = 2.659 Consequently, the mapped-out

eV, (c) E=5.0eV, (d) E= 2.659 eV.

The above analysis provides an interesting mecha-
nism for designing HDGJs to manipulate electron beam
propagation. Consider a 1D—2D junction formed be-
tween a 1D GNR and a 2D graphene sheet: there are
two limiting cases for the orientation of the junction in-
terface, that is, the zigzag and armchair interface, as
shown respectively in Figure 1c and d. Suppose an elec-
tron beam with E =~ t is injected into a 1D ribbon pass-
ing through the junction into a 2D sheet, the zigzag
junction will function as a beam divider, splitting the in-
cident beam into two beams at an angle of 60° along
the directions of the largest group velocities, and each
beam originates from different valley’s contribution, as
shown in Figure 1c. The armchair junction will function
as a beam collimator, collimating the incident beam
along one direction, the incident direction, as shown
in Figure 1d. At first, one might think the armchair junc-
tion will split the incident beam into three beams of
equal intensity, one along the direction of the incident
beam (red arrow in Figure 1d) and the other two at an
angle 60° away from the incident direction (hollow red
arrows in Figure 1d). But as pointed out by Garcia-
Pomar® et al., the electron beam propagates through
two valleys differently in such symmetry. In one valley,
the beam is strongly collimated, propagating along the
incident direction; while in the other valley, it splits,
propagating equally along three directions, as shown
in Figure 1d. Consequently, after passing through the
armchair junction, the center beam has a much higher
intensity than the two side beams, because the center
beam has contributions from two valleys (contribution
from one valley is three times larger), while the side
beam has only one-third the contribution from one val-
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conductance distribution is oppo-

site of the original electron flow
distribution, that is, the original maximum electron
flow path shows up as a minimum in our simulated tip-
induced conductance.

Figure 2 shows the numerical results of conduc-
tance map versus the tip position in the zigzag 1D—2D
HDGIJs, demonstrating the electron beam splitting ef-
fect. The electron flow through the HDGJs shows strong
energy dependence. At £ = 1.0 eV (Figure 2a), elec-
trons have no preferred path in the 2D graphene sheet
after passing through the zigzag junction; their conduc-
tance exhibits a general drop “everywhere”, as shown
by a “uniform” distribution. This is consistent with the
analysis of Figure 1b, as the electrons at this energy
have an isotropic group velocity without any preferred
propagating directions. When energy is increased to
2.659 eV (Figure 2b), the conductance map is drasti-
cally different. The incident electron beam splits and
flows predominantly along two paths at an angle of
having the largest localized conductance drop. This is
again consistent with the analysis of Figure 1c, show-
ing the largest group velocity anisotropies at £ = 2.66
eV and the beam splitting effect of a zigzag junction.
Further increasing energy to £ = 5.0 eV (Figure 2¢), the
group velocity become isotropic again and the beam
splitting effect ceases having a conductance map simi-
lar to the low-energy case of Figure 2a. In addition, we
examined the dependence of the 1D—2D HDGJ beam-
splitting effect on 1D injector ribbon width at E = 2.659
eV (Figure 2d). The wider injector ribbon results in wider
electron propagation paths in 2D sheet. This is be-
cause the wider ribbon provides more energy chan-
nels for electrons to be injected into the graphene.
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Figure 3. Armchair 1D—2D HDG!J for electron beam collimation. (a) E = 1.0 eV,
(b) E =2.659 eV, (c) E = 5.0 eV. (d), (e) and (f) E = 2.659 eV with three local nar-

row detectors.

Figure 3 shows the conductance map versus the tip
position in the armchair 1D—2D HDGJs, demonstrat-
ing the energy-dependent electron beam collimation
effect. Consistent with the analysis of Figure 1d, after
passing through the armchair junction, electrons show
mainly one path along the incident direction at all ener-
gies (Figure 3a—c). However, at low (E = 1.0 eV, Figure
3a) and high (E = 5.0 eV, Figure 3c) energies when elec-

(a)

(2
Figure 4. 1D—1D HDGJ for electron waveguide. (a and b) E = 2.659 eV for

armchair edge ribbon. (c) E = 2.659 eV for zigzag edge ribbon, the conduc-
tance is calculated between the right detector and center injector.
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tron group velocities are relatively
isotropic, the electron path is some-
what spread out showing rather
weak collimation effect. In contrast,
at £ = 2.659 eV (Figure 3b) when
electron group velocity is highly
anisotropic, electron path is highly
collimated without spatial spread-
ing or diffraction. As discussed
above, the collimation effect of the
armchair HDGJ is related to the dif-
ferent electron propagation in the
two valleys and there exist two
other much weaker electron paths
away from the central beam (see
Figure 1d). To reveal this phenom-
enon directly, we placed three local
narrow detectors separately on each
of the three beam pathways, as
shown in Figure 3d—f. Our simula-
tions show that all three beams can
now be observed. However, the in-
tensity of the collimated central
beam (Figure 3f) is about 1 order of
magnitude higher than the two split

0.72¢, I M o546, side beams (Figure 3d and e), consis-

tent with our analysis.

In addition to electron beam
splitting and collimation, it is also
desirable to direct electron beam
propagation directions and control beam size in quan-
tum information processing. Next, we demonstrate
such possibility by using HDGJ electron waveguide
made of 1D—1D junction between two GNRs of differ-
ent orientations and widths. We take advantage of the
60° beam splitting effect of zigzag junctions between a
narrow ribbon and a wide ribbon to realize the energy-
selective waveguide function, as shown in Figure 4.

When an electron beam of £ = 2.659

M 426G,  eVisinjected into the narrow ribbon,
it splits into two beams in the wide rib-

bon after passing through the zigzag
441G,  junction, similar to the case of 1D—2D
zigzag junctions (Figure 2). As the split

W 249G,  poams reach the wide ribbon bound-
aries (edges), they will be reflected
changing directions so that the wide

266G ibbon acts as a waveguide to direct

W 1186, the ballistic electron propagation.

Figure 4 shows the simulated elec-
tron beam propagation in several ex-
amples of electron waveguide made of

1.42G,

1D—1D junction of different ribbon ori-
entations and widths. In Figure 4a,b,
the two ribbons of different widths are
aligned in the same direction with arm-
chair edges. The injected electron
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beam from the narrow ribbon is split into two beams
propagating in the wide ribbon. When the two split
beams reach the wide ribbon edges, they are reflected
back with a 120° mirror reflection, assuming their en-
ergy and momentum are conserved in an elastic scat-
tering process with the boundary. The incoming and re-
flected beams cross over (overlap with) each other at
the edge and the middle of ribbon, so that a low con-
ductance region is observed. The oscillation period of
the two guided beams can be tuned by the width of the
wide ribbon (waveguide), while their beam width
(spread) can be controlled by the width of the narrow
ribbon (injector) comparing Figure 4a,b. We also simu-
lated the electron beam with energy away from 2.66 eV,
which showed no clear electron flowing path and
waveguide effect, confirming the energy selectivity of
the HDGJ waveguides. Figure 4c shows waveguide
made of two ribbons orientated at 90° to each other
with the wide ribbon having zigzag edges. In this case,
the waveguide changes the incident electron beam di-
rection by 90° propagating either along left and right,
depending on the placement of detectors. In Figure 4c,
the conductance is measured between the right detec-
tor and center injector. The flowing path of the left
and right electron beam is clearly distinguished in that
the right beam is characterized by a conductance drop,
while the left beam is characterized by a conductance
increase. This can be understood as the following. Be-
cause the conductance is measured between the right
detector and the center injector, when the SPM tip
scans over the right half of the waveguide, it creates a
depletion region that backscatters the right-flowing
electron beam so that its conductance decreases along
the path. In contrast, when the SPM tip scans over the
left half, it backscatters the left-flowing electron beam
so that the conductance of the right-flowing beam
(which is measured) increases because the total num-
ber of electrons is fixed (i.e., decreasing the left-flowing
electrons effectively increases the right-flowing elec-
trons). The situation reverses if we measure the conduc-
tance between the left detector and center injector.

In Figures 2 and 3, the 2D infinite graphene Green'’s
fucntion is used in the simulation (see simulation
method in Supporting Information), so we do not need
to consider the edge effect in the 2D part of the junc-
tion. However, for the 1D—1D junction, both parts of
the junction are 1D, so their edges may change under
a different environment, the on-site energy and local
hopping parameter can be varied depending on the
edge structure, such as H saturation. To check this ef-
fect, we also considered the possible edge effects by
modifying the TB parameters at the edges. The hydro-
genated edges can be effectively modeled by incorpo-
rating a different edge hopping parameter, and the re-
sulting band structures of edge-modified graphene
nanoribbon show very good agreement with the DFT
results.> Our simulations show that the hydrogenated

www.acsnano.org
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Figure 5. HDGJ integrated valleytronic device. E = 2.659 eV, and the arrows
and equal-energy contours have the same meaning as those in Figure 1c.

edge has little effect on the electron flowing path com-
paring with the bare-edge results in our device (see Fig-
ure S3a in Supporting Information). Figures 2 and 4
show the beam splitting effect for different ribbon
widths. We also simulated the effect with even wider
ribbon of ~3.6 nm, which clearly shows the beam split-
ting effect. However, due to the computational limita-
tion, we cannot simulate ribbon width up to what can
be accessed in the real experiment (~10 nm), but we
believe our proposed device can be scaled up to func-
tion at experimentally accessible size.

One exciting potential of HDGJs to be used as elec-
tron beam manipulators is the possibility of patterning
several HDGJs in one structural setting to realize novel
device functionalities, such as the HDGJ valleytronic de-
vice (identifying the valley index of the splitting elec-
tron beams). In graphene, the two valleys are equiva-
lent, so there is no intervalley scattering. However,
when we consider the group velocity, which is perpen-
dicular to the energy isosurface, the two valleys become
nonequivalent. As shown in Figure 1b, the isosurface
around the two valleys are triangular at £ = t, so the di-
rections of the group velocity are not the same in the
two valleys. Consequently, the two valleys will have dif-
ferent contribution to the split beams, allowing us to
identify the valley index of the split beams from their di-
rection and intensity.

Figure 5 shows one example design of HDGJ val-
leytronic device. First, one incident beam splits into
two beams at the 1D—1D zigzag junction, each valley
contributes to only one of the splitting beams, but they
are indistinguishable at this stage due to the same in-
tensity. Next, these two beam branches are guided to
flow separately along two narrow waveguides and then
pass through another 1D—1D zigzag junction. At first
sight, we should observe four splitting beams, two in
each branch. However, the incident beams are not per-
pendicular to the zigzag interface so that the two split-
ting beams in each branch become nonequivalent at
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this stage and only one could be seen clearly, as shown
in Figure 5. The high intensity beam comes from differ-
ent valleys in each branch, one flow toward left and
the other toward right, so that we could identify their
valley indices in this process.

Our studies show that it is possible to manipulate
the electron beam propagation in heterodimensional
graphene junctions. We now discuss some operational
limits of our proposed device. The energy of anisotropic
group velocity in graphene is around the hopping en-
ergy (t), so manipulating electron beam propagation re-
quires high-energy electrons. Experimentally, this can
be achieved by optical excitation?* or Schottky barrier
injection of high-energy carriers.?® Also, the lifetime of
these electrons in graphene is experimentally measured
as 0.07—0.12 ps,?* consistent with the theoretical esti-
mation of ~0.05—0.1 ps® in the range of ~2.5 eV, de-
pending on carrier density. It sets up a limit on the size
of the device to be ~50—100 nm long or electrons
would decay to lower energy levels if traveling beyond
this distance. Recent experiments? 2 have in fact dem-
onstrated making the HDGJs in this size range, which
is really exciting.

CONCLUSIONS

In summary, our studies have demonstrated that
electron beam splitting, collimation, and beam-guide
can all be realized by HDGJs. The degree of electron
beam spread and propagation direction can be con-
trolled by designing HDGJs of different dimensionality,
size, and orientation. One important advantage of our
proposed HDGJ electron beam manipulator is that indi-
vidual functions of beam splitting, collimation, and
guiding can be integrated together by patterning dif-
ferent HDGJs in one structural setting, affording oppor-
tunities for the realization of novel device functional-
ities. It potentially paves the way for large-scale all-
graphene device integration for quantum information
processing and computing.
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