Physics of the Solid State, 2023, Vol. 65, No. 3

13,18

Organic macromolecule on graphene with structural defects:
Estimations of charge transfer and adhesion energy
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The previously proposed model of dengling bonds of an organic macromolecule (MM) adsorbed on an ideal
single-layer graphene (SLG) is generalized to the presence of structural defects in SLG: inclusions of two-layer or
amorphous graphene. Analytical estimates of the charge transition between MM and the substrate and the adhesion

energy are obtained.

Keywords: macromolecule with dangling bonds, single- and bilayer graphene, amorphous graphene.

DOI: 10.21883/PSS.2023.03.55592.534

1. Introduction

The unique ability to detect absorption of individual
molecule found in [1] made graphene one of the most
attractive material for resistive gas sensors [2-5], and then
for biosensors as well [6-10]. Typical objects for studying
in the latter case are macromolecules (MM), which are
systems (plaques) with large number of atoms and linear
dimensions about hundreds of A. And neither geometry of
such a plaque nor the area of its contact with the substrate
are known, yet are strictly fixed. It is clear that direct
application of DFT (density functional theory) methods is
unacceptable in this case. Therefore, in [11], to describe
the energy of interaction (adhesion) of a MM with a single-
layer graphene (SLG) a broken bond model was suggested
with these bonds considered responsible for the stitching
of the MM with the SLG (see Fig. 1 in [11]). Thanks
to the simplified scheme of the problem consideration, the
authors succeeded in obtaining analytical expressions for
the charge transfer between the MM and SLG and for the
energy of adhesion. This study makes use of the same
MM model, however the graphene substrate is considered
non-ideal. Two causes of the deviation from ideal SLG are
considered. These are, first, the presence of inclusions of
the bilayer graphene (BLG), when a portion of (1 — x) of
the substrate area is SLG, and a portion of X is BLG. In the
following test this structure will be denoted as S;_xBx. The
second cause is the amorphous inclusions in the ordered
monolayer of graphene.

2. Macromolecule on the S,_,B,
substrate

Let us consider a substrate composed of SLG and BLG,
or a S;_yBy structure. It is worth to note that the situation
like this indeed takes place in real device structures (see,
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for example, [6]). Summarizing the results of [11], where
the broken bond model was introduced to describe the
interaction between MM and SLG, now we shall take into
account that broken bonds of the MM interact not only
with the SLG, but also with the BLG. Therefore, instead of
Hamiltonian (1) for the MM/SLG system of [11], we write
the Hamiltonian for the MM/S;_xBy system as follows

H =ZeJ( ckck+Zs.a+a. +Z
k,J

i.k,J

V(e + aj"c)
) +i0*+°
(1)
where w is the energy variable, ¢ is the energy of the
i-th broken (vacant) bond of the MM, &;(k) is the law
of electron dispersion in J=SLG or J=BLG, V; is
the energy of interaction between the i-th bond and the
electronic spectrum of SLG or BLG, ¢, (ck) is the operator
of nucleation (annihilation) of SLG or BLG electron in the
|k) state, a;"(aj) are similar operators for the i-th broken
bond of the MM. It is easy to show that, due to the
adsorption at SLG or BLG the density of states (DOS) of
electron on the i-th bond (per one spin projection) is

l Fij(a))
7 (0 — & — Aiy(0))? + (@)

where the functions of broadening and shift of the & quasi-
level are respectively equal to

— 00

_SJ

(2)

pPiy =

1
7

Iiy(w')dw’

Tiy(w) = aVies(w, Aij(w) = To—o

(3)

Let us represent the psun(w,X) DOS of electrons for a
S1_xBx substrate as follows

(4)

The expression for the psgg DOS of SLG in a low-
energy approximation, when &g (k) ~ +(3t/2)|k|a, where

psub(@, X) = (1 — X)psrc + XPBLG(W).
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a being the distance between the nearest neighbors (n.n.)
in the graphene, t being the energy of electron hopping
between n.n., is well-known [12] and has the following form:

psLG (@) = |0’|/§2’ lw| < ¢, (5)

where £ = \/m\/3/4t ~ t is the cutting energy. In the case
of AB packing BLG in the same low-energy approximation

for |-bands nearest to the Dirac point (where | means
Hower”) we have

S{SLG (k) ~

where t; ~0.4eV is the energy of electron hopping
between the planes of the BLG [12,13]. Using the result
of [14], we can represent the ph; (w) as

:l:séLG (k) /tl s

Phgw) =t /282, o] < £, (6)

where we made use of the same energies of Dirac point
e&p = — and cutting £, as in the case of SLG. For u-bands
(where U means ,,upper”):

eprg(k) = i\/ti + &16- (7)

Then, by an analogy with [11], the expression for the
corresponding DOS can be written as follows:

2
pio(e) = {Z)'/ LM e
The DOS on the i-th bond (per one spin projection) is
pi(w,X) = (1 = X)pisLc(®) + XpipLc(w), 9)
where
PeLG(@) = PpLo(@)O(¢ — |o])
+PBL6(@)O(lo| —t1)O( — |w|),
where O(...) — Heaviside function, and
o) = ¢ a0

According to [11],

Tisig (@) = 7Vig gpisLe (@),

Aistg(@) = (@Vig6/E%) In|w?/(£% — 0?)]. (11)
Using expressions (6), (7) and (3), for |w| < £ we get

| I 2 1
TigLg = 7(VipLg) “PBLG = const,

AlBLG( )= (FEBLG/JT) In £ (12)

tol
FiuBLG(w) = ﬂ(ViLIJSLG)Zpl%LG(w)?

2 2
ti —w

£2+t3 —w?

AVA! 2
|UBLG( )_ ( 'BES’) @

By making use of the simplification described in [11], and
replacing DOS (10) with

(13)

1 Tiy
i N =, 14
pis(®) 7 (o _giJ)z +F|2J ( )

where &5 = & + Ajj(&) and Iy = aV3p;(&i), we get the
following for the charge of the i-th bond Z;(x):

Zi (X) =

For an undoped graphene, when the Fermi level is
er = ep = 0, the charge is Zj; ~ (2/7) arctan(g3/T};). It is
worth noting that a more rigorous treatment of the problem
of individual atom adsorption on BLG is presented in [15].

The sum charge transferred from the MM to the substrate
is Z(X) = —); Zi(X), so in an initially undoped hetero-
geneous film charge carriers arise with a concentration of
n(x) = |Z(x)|/S. With Z(x) < 0 the charge carriers are
electrons, and with Z(X) > 0 the carriers are holes. Thus,
the SLG conductivity becomes o (X) = en(X)uint(X), where
Uint(X) being integral mobility of carriers in the S;_xBy
structure.

As in the case of SLG, the energy of adhesion Ezqs on
the BSL can be represented as a sum of the ion EL and
metal E& components determined by formulae (10)—(15)
from [11]. For a substrate formed by SLG and BLG, we can
write the following:

(1 = X)ZigLg + XZiBLG- (15)

;3?1 met Z Elon met N| ,
E™(x) = (1 - xEge™ +xERe,  (16)

where Nj = my/S s the concentration of my broken i-bonds
per a lattice cell of graphene with an area of S = 3+/3a%/2
(a= 1.42A is the distance between the nearest neighbors
in the graphene).

Turning now to numerlcal estimates, we use the same val-
ues of &, di =d=2.5A, Vigh =Visig = 2.7eV, e = 3,
£ =3¢V, as in [11]. Results of calculations of charges
and components of adhesion energy are summarized in
the table below. The main issue that is worth noting as
a result of comparing the characteristics of BLG and SLG
is the proximity of these characteristics to each other for
all considered fragments of the MM, except for the ratio of
Z = ZipLg/ZisLg for NO and NH. The point is that for NO
and NH & ~ t2, while for other MM fragments &? > t3.
In this case pisig(@) ~ p{p (@), and the contribution of
plpig(w) can be ignored, so that Tigig(w) ~ TipLg(w) and
Aistg(w) ~ AipLg(w). By rewriting expression (15) as

follows
Zi(x) = Zisig[1 + x(z — 1)], (17)

and taking into account that the typical value X ~ 0.1 [6],
with a good accuracy we get Z(X) = Zis.g.  Then

Physics of the Solid State, 2023, Vol. 65, No. 3



Organic macromolecule on graphene with structural defects: Estimations of charge transfer and...

487

Characteristics of the AB packing BLG: energies of broken bonds &, charges Zi, adsorption energies E!3[,

E‘me(

met
i1BLG> E

ads
i28LG» Eiplo (all
ads

energy parameters are given in eV) and ratios Z = Zipi/ZisLG, €met = Efmrg/Elg and €ads = Eads../Eads,

Fragment of 0 NO NH CH, NH, CH;
MM —

& —-1.78 —0.47 —032 —-1.02 —0.96 —0.96
ZisLo —0.125 045 —-033 0.16 0.19 0.19
ES 0015 0.19 0.10 0.02 0.04 0.04
E™ 0.30 1.10 0.80 0.39 0.46 0.46
EXiG 1.60 1.01 123 1.54 148 1.48
Eads. 1.92 230 2.13 1.95 1.98 1.98

z 1.04 0.67 —0.62 0.80 0.83 0.83

Emet 1.00 0.94 1.015 0.99 0.99 0.99
€ads 1.015 0.86 0.94 0.98 0.98 0.98

the conductivity of initially undoped graphene induced
by the MM adsorption is o (X) =~ eng glin(X). It is
worth to note the high mobility of carriers in the BLG:
thus, for example, in [13] the authors report a value
of uprLg = 40000 ecm?V-lsg—l If UsLG =~ uUpLG, then the
minimum uiy(X) arising in the S;_yxBy structure due to the
additional scattering on the boundaries of SLG and BLG
regions should be expected at intermediate concentrations
of X. On the other hand, we have X|eaqs — 1| < 1 (see
the table), so the BLG inclusions have a low effect on the
adhesion energy.

Noe let us consider the inclusion of an AA packing
BLG [16], for which in the low-energy approximation the
law of dispersion and the DOS are, respectively:

ehro(k) = *[lesial/V3 £tL],
(18)
Here ¢/ = y/@/4V/3t, that takes into account the Fermi

speed of Vg g = Vrsig/V3 (primed symbols correspond
to the AA packing). 1In the (—t,,t;) energy inter-
val the DOS of pp(w) =2t,/({)* is an analogue
of ppg(®w)=t1/2£% for the AB packing (6); with
lw| >t we get ppg(w) =2lw|/(£)> — an analogue
of the phg(w) =|w|/{? DOS (7). With considera-
tion to these correspondences, it is easy to rewrite ex-
pressions (12)—(16) for the AA packing. The scheme
proposed herein allows considering the trilayer graphene
(TLG) as an inclusion in the SLG [16,18,19], by assuming

p(X,y) = (1 =X —Yy)psiLc + XPBLG + YP1LG-

PiLc(@) = [lo =t |+ |o +tL[]/(E)%

3. Macromolecule on the SLG
with amorphous inclusions

Amon various deviations of graphene from the ideal

structure [20], we shall consider the amorphous SLG, or the
a-SLG, that, as known [21], contains pentagons, hexagons
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and heptagons of carbon atoms [21]. It is worth noting that
the a-SLG, which is interpreted here as a defect inclusion,
is of immediate interest for applications as an interphase
coating or an inoculum for the processes of atomic layer
deposition [21]. In the following text we use the model
of [22,23], according to which the DOS pam(w) for a-SLG
in the low-energy approximation has the following form:

pam(@) = Vo2 + A /E%, |w| <,

where the A energy characterizes the amorphization and
the Dirac point is adopted as the energy zero. It can be
easily seen that DOS (19) at A = 0 becomes equal to (5).
The dependence (19) in the range of (—t, t) is qualitatively
matched with the results of numerical calculations (see, for
example, Fig. 2 in [21], Fig. 3 in [24], Fig. 6 in [25]). Here,
for pam(w) (as well as for pgig(w)) we use a simplified
expression as compared to [22,23], the background for
which is presented in section 2 of the Annex to [11]. It is
worth to emphasize that DOS (19) reflects the main feature
of the a-SLG, i.e. the increase in the density of states in the
neighborhood of the Dirac point. It is interesting to note that
the graphene disordered as a result of high concentration of
vacancies has its DOS form similar to (19) [26-28].

By making use of (19), we get the functions of broade-
ning Fam(®) = 7V2pam(@) and shift

(19)

2

V A?
g'cazm [\/ w? + A2 (Arsh w0 + 47

Aiam(w) =

Alf — o
2
+ Arsh %) — 20 Arsh ﬂ (20)

where Vigm i1s the matrix element of interaction between
the i-th bond of the MM and the a-SLG. With A =0,
the Ajam(w) becomes the function of shift for SLG (see
formula (5) in [11]). By using the same simplifications as
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above for the charge on the i-th bond, we get

2 Eiam — €F

Ziam ~ p arctan Toon(a) (21)
where &am = & + Aam(ei).  For further estimates we
assume Viam = Vsig =V, & = 0 and use the same values
of other parameters, as above. Let us introduce as a
dimensionless characteristic of the amorphism degree the
parameter § = A/ and relative units e = &/, v =V/{
and consider the special cases.

With || <& <1 we get Aam(€) = Ajam(&i)/E
~ —2ev*In(2/8) [22] and pam(€) = Cam(ei)/E = mv36
x (14 €?/282). Then, in the first order for & the charge on
the i-th MM bond is

e[l —v?In(2/8)]
ATEE) ’

Ziam ~ E arctan (22)
7
In the mode of weak bond of the MM with the
a-SLG, when v < 1 and L(§) =1 —v*In(2/8) > 0, an
increase in § leads to a decrease in |Zjgm| and with
60:26xp(—1/v2) we get Zam=0. In the mode
of strong bond, when v>1 and L(§) <0, sign of
the charge changes, but again: the growth of §
decreases the |Zjam|. In the case when € — Fl1

remaining within the interval of (—1,1), we have
dam(€) — FU*V/1T +82In2/8(1 + &)] [11], so
2 In[2/5(1 £ &
Ziam~ £ p arctan w. (23)

It follows therefrom that an increase in the amorphism
degree a-SLG results in a decrease in the charge on the
MM. Since the ion component of the adsorption energy
E/o" o Z? and metal component E™ oc |Z;| [11], then for
the considered cases the adhesion energy decreases with
growth of the amorphism degree a-SLG. It should be noted
that the dependence Zjzm(8) is non-monotonous, because
the Ajam(w) function in the (—¢,¢) interval has positive
and negative extremes, respectively, in the intervals of
—¢ <w* <0and 0 < w* < ¢ (see Fig. 11in [11,12]).

As in [11], our understanding is that the charge trans-
ferred from the MM to the substrate is Zam= —); Zi,
so the conductivity of a-SLG is 0am = €Namilam, Where
NsLG = |Zam|/S (S is the area of the lattice cell of
graphene) and pm are concentration and mobility of
charge carriers, respectively. Currently, it is known [21]
that gam~ 1—10cm?V~!'s™! (in the air at room tem-
perature) and a length of Anderson localization [29] of
about ¢ ~ 10nm, ie. a-SLG is an insulator. Thus, the
resulting conductivity of SLG with inclusions of a-SLG
is approximately equal to o(X) = engigusig(l —x). It
is worth noting that free-standing a-SLG was obtained in
2020 [30).

To estimate the energy of MM adhesion on a-SLG,
formulae (11)—(13) of [11] can be used. Actually, in (12)
and (13) the r2; term should be replaced with (r ;> — £72).
However, since ;> >> ¢~2, the results of [11] can still be
used.

4. Conclusion

In this study within the model of broken bonds ¢
we have proposed a scheme to take into account defect
inclusions in the SLG. This scheme allowed us to estimate
the transfer of charge Z = — 3", Z; between the MM and
the substrate, and the adhesion energy determined by Z
and delocalization of electrons of initially broken i-bonds.
Unfortunately, to the best of our knowledge, there is no
corresponding experimental information. Moreover, it is
worth to emphasize that experimental data even for gas
molecules composed of a few atoms adsorbed on real
carbon structures are contradictory to a great extent (see
discussion of this situation in [31]). Even more questions are
caused by the description of carrier mobility on substrates
with defect inclusions. The development of appropriate
theoretical schemes is just beginning [32,33]. Thus, to
create rather a simple (working) model of a graphene-based
biosensor, additional experimental and theoretical studies
are needed.
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