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A B S T R A C T

In Raman spectroscopy investigations of defective suspended graphene, splitting in the D

band is observed. Four double resonance Raman scattering processes: the outer and inner

scattering processes, as well as the scattering processes with electrons first scattered by

phonons (‘‘phonon-first’’) or by defects (‘‘defect-first’’), are found to be responsible for these

features of the D band. The D sub-bands associated with the outer and inner processes

merge with increasing defect concentration. However a Stokes/anti-Stokes Raman study

indicates that the splitting of the D band due to the separate ‘‘phonon-first’’ and ‘‘defect-

first’’ processes is valid for suspended graphene. For graphene samples on a SiO2/Si sub-

strate, the sub-bands of D band merge due to the increased Raman broadening parameter

resulting from the substrate doping. Moreover, the merging of the sub-bands shows excita-

tion energy dependence, which can be understood by considering the energy dependent

lifetime and/or scattering rate of photo-excited carriers in the Raman scattering process.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the emerging research area of graphene, which is a mono-

layer of graphite showing many novel physical properties, Ra-

man spectroscopy has been successfully developed as a quick

metrology for identification of single layer feature and edge

orientation, evaluation of strain effect and doping concentra-

tion, as well as probing of electron–phonon interaction [1–5].

On the other hand, graphene with the unique and simple

band structure offers a great opportunity to make clear of

the detailed scattering processes of Raman bands in graphitic

materials [6–8]. Two dominant characteristic Raman features,

the so called G band and G 0 (or 2D) band, present in a Raman

spectrum of graphene [9,10]. The G band originates from a

single resonance process associated with doubly degenerate

iTO and LO phonon modes at the Brillouin zone center, while
er Ltd. All rights reserved
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G 0 band is associated with two phonon intervalley double res-

onance (DR) scattering involving iTO phonon near the K point

[9]. In defective graphene, a defect induced D band, which

originates from a DR Raman process involving intervalley

scattering of iTO phonon near the K point, appears around

the G band [10]. Due to the DR nature, the D band and G 0 band

of graphene show great importance in not only the Raman

spectroscopy but also the electronic structure study of graph-

ene [9]. It is widely accepted that the D band and G 0 band, are

composed of a single and symmetric Lorentzian peak for sin-

gle layer graphene [9–12]. However, the theoretical calculation

of the D/G 0 bands of graphene suggested that the D band and

G 0 band of graphene should be in a split form, since both the

outer process in KC direction and the inner process in KM

direction should play significant contribution in DR Raman

scattering [13]. Recently, the splitting in the G 0 band was
.
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reported in deliberate peak fitting [14,15]. However, the spec-

tral features of the D band have not yet been investigated

carefully.

In this contribution, using suspended graphene samples,

we revealed the splitting in the D band, and further exploited

the Raman scattering processes corresponding to those sub-

bands. In addition to the theoretically predicted two individ-

ual DR Raman scattering: the outer and inner processes, the

coexistence of other two DR Raman scattering processes:

electrons first scattered by phonons (‘‘phonon-first’’) or by de-

fects (‘‘defect-first’’), was found to play more important con-

tribution to the splitting of the D band. For graphene

samples on a SiO2/Si substrate, splitting of the D band was

also observed but it strongly dependents on the excitation en-

ergy, which is caused by the energy dependent lifetime and/or

scattering rate of photo-excited carriers in the Raman scatter-

ing process. These interesting results would contribute signif-

icantly to the understanding of the Raman scattering

processes of the D band in graphitic materials.
Fig. 1 – (a) Raman spectrum of the suspended graphene after intr

is 2.33 eV. The insert is the optical image of a suspended graph

graphene. (c) Lorentzian fitting of the G 0 band of the suspended
2. Experimental

Graphene on Si wafer substrate with 285 nm SiO2 capping

layer was prepared by mechanical cleavage from highly or-

dered pyrolytic graphite (HOPG). The suspended graphene

samples were prepared by micromechanical exfoliation of

HOPG onto a SiO2/Si substrate pre-patterned with an array

of holes (the diameter of the hole is 3 lm, see the inset of

Fig. 1(a)), which was fabricated by photolithography and reac-

tive ion etching [4]. It is worth to point out that the strain ef-

fect in graphene have strong influence on the peak features of

the D and G 0 bands [14]. The suspended graphene samples

without significant strain were chose for this experiment.

Actually, the strain effect in our suspended graphene is very

weak, which was carefully studied in our previous report [4].

For introduction of defects in graphene, the graphene sam-

ples were hydrogenated via hydrogen plasma [16]. Adsorption

of hydrogen atoms on graphene results in the formation of

sp3 C–H bonds, which are defects in the sp2 C = C network
oduction of defects by hydrogenation. The excitation energy

ene. (b) Lorentzian fitting of the D band of the suspended

graphene. (d) Energy dispersion of the D and G 0 sub-bands.
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[16]. The defect concentration, i.e. the coverage of hydrogen

atoms, can be monitored by the intensity ratio of the D band

to G band (ID/IG) and adjusted by modulating hydrogen plas-

ma treatment dose [16–18]. The Raman spectra were recorded

by Renishaw inVia Raman system with excitation lasers of

2.33 eV (532 nm) and 1.58 eV (785 nm), and Jonin-Yvon

T64000 Raman system with excitation laser of 1.96 eV

(633 nm). The laser power on graphene sample is kept below

1 mW to avoid possible laser-induced heating.

3. Results and discussion

Fig. 1(a) shows a Raman spectrum of hydrogenated sus-

pended graphene, which displays the sharp D, G, and G 0

bands. The Lorentzian peak fittings of the D and G 0 bands

show that these two Raman peaks are highly asymmetric

and can be fitted by two Lorentzian components (see

Fig. 1(b) and (c)). The splitting of G 0 band had been theoreti-

cally predicted and experimentally observed [13,14]. Our re-

cent polarized Raman spectroscopy study of the suspended

graphene confirmed that the G 01 at lower frequency and G 02
at higher frequency should be assigned to outer process and
Fig. 2 – The illustration of ‘‘phonon-first’’ and ‘‘defect-first’’

processes in Stokes and anti-Stokes outer processes of the

D band.
the inner process, respectively [15]. Since the G 0 band is the

overtone of the D band [9], it would be reasonable to associate

the D1 at lower frequency and D2 at higher frequency with the

G 01 and G 02 sub-bands and attribute the origin of splitting in

the D band to the coexistence of the outer and inner pro-

cesses in DR scattering. However, as shown in Fig. 1(d), the

energy dependence of D1, D2, G 01/2, and G 02/2 do not support

this assumption. The energy dependence of the D1 band is

about 52 cm�1/eV, which is close to those of the G 01/2 and

G 0/2. The energy dependence of the D2 band has a smaller va-

lue, 46 cm�1/eV. The frequency of D1 (xD1) matches well with

the value of x 0 = [(xG’1/2) + (xG’2/2)]/2, while the frequency of

D2 (xD2) has a much larger value than those of the x 0,

xG 01/2, and xG02/2. Therefore, the D1 band should have strong

relationship with the G 01 and G 02 band, whereas the origin of

the D2 band should not result from the outer or inner pro-

cesses mentioned above.

Different from the DR Raman scattering process associ-

ated with the G 0 band, which involves inelastic scattering of

electrons by two phonons, the DR Raman scattering process

associated with the D band consists of one inelastic scattering

of electron by a phonon and one elastic scattering of electron

by a defect [9,10]. In addition to the outer and inner scattering

processes in DR Raman scattering, there are two more types

of scattering processes for the D band. As illustrated in

Fig. 2, in the outer process of the D band, the photo-excited

electrons can be first scattered by a phonon or by a defect,

which result in distinguishable difference in the frequency

of the D band [19]. For example, in Stokes Raman scattering

of the D band, the change in electron momentum is larger

when the electron is first scattered by a defect, which involves

a phonon with larger frequency. These two different scatter-

ing processes would be responsible for our observed splitting

of D band. It would be appropriate to mark the D1 and D2 in

Fig. 1 to ‘‘phonon-first’’ and ‘‘defect-first’’ processes, respec-

tively. The ‘‘phonon-first’’ process of the D band is actually

similar to the first half part of the scattering process of the

G 0 band [9]. The observed D1 sub-band should be a merged
Fig. 3 – Stokes and anti-Stokes Raman spectra of the D band.

(The excitation energy is 1.96 eV).



Fig. 4 – (a) Fitting of the D band (excited by 1.58 eV) with four Lorentzian lines corresponding to the ‘‘phonon-first’’-outer,

‘‘phonon-first’’-inner, ‘‘defect-first’’-outer, and ‘‘defect-first’’-inner processes. (b) Fitting of the same D band with two

Lorentzian lines. (Under the excitation energy of 2.33 eV, the ID/IG of this suspended graphene sample is 0.1).
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peak of the outer and inner component within the ‘‘phonon-

first’’ process of the D band. Therefore, it is reasonable that

xD1 is close to [(xG 01/2) + (xG 02/2)]/2.

A strong evidence supporting the interpretation with the

above mentioned ‘‘phonon-first’’ and ‘‘defect-first’’ processes

comes from the study of Stokes and anti-Stokes Raman scat-

tering of the D band. As illustrated in Fig. 2, for the ‘‘defect-

first’’ process, the frequency of Stokes scattering (xD2) is the

same as the frequency of anti-Stokes scattering (xD’2). For

the ‘‘phonon-first’’ process, the frequency of the Stokes scat-

tering (xD1) is smaller than xD2. However, in anti-Stokes scat-

tering, xD01 becomes larger than xD 02. This theoretical picture

is consistent with our experimental observation shown in

Fig. 3 (in order to obtain strong D band anti-Stokes Raman

scattering signal, the ID/IG of this suspended sample is as

large as three under the excitation of 2.33 eV). Under the
Fig. 5 – (a) Raman spectrum of hydrogenated graphene on a SiO

fittings of the D bands excited by 2.33, 1.96, and 1.58 eV lasers.
excitation of 1.96 eV, the frequencies of the ‘‘defect-first’’ pro-

cesses for Stokes and anti-Stokes scattering are the same

(xD2 = xD 02 = 1327 cm�1). The frequencies of the ‘‘phonon-

first’’ processes for Stokes and anti-Stokes scattering are

1317 and 1337 cm�1, respectively, which are in good agree-

ment with the illustration in Fig. 2.

It should be point out that the ‘‘phonon-first’’ or ‘‘defect-

first’’ process each contains the outer and inner processes,

and thus in theory there should be four sub-bands in each

D band. Due to defect induced broadening of the full width

at half-maximum (FWHM) of D sub-bands [12,18], the D

sub-bands associated with the outer and inner processes

may merge, which is evidenced by xD1 � x 0 = [(xG01/2) +

(xG 02/2)]/2 (see Fig. 1 (d)). When the defect concentration is ul-

tra low (ID/IG = 0.1 under the excitation of 2.33 eV), the D band

excited by near infrared (NIR, 1.58 eV) laser can be carefully
2/Si substrate (excitation energy is 2.33 eV). (b) Lorentzian
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fitted with four Lorentzian lines (shown in Fig. 4(a)). Actually,

when the D band was fitted with two Lorentzian lines (see

Fig. 4(b)), the deviation of FWHM of the two D sub-bands is

significant. In this case, the defect induced FWHM broadening

of D sub-bands should not be significant. Therefore, all the

four DR scattering processes, including the ‘‘phonon-first’’-

outer process, ‘‘phonon-first’’-inner process, ‘‘defect-first’’-

outer process, ‘‘defect-first’’-inner process, are responsible

for the peak features of the D band. However, the ‘‘phonon-

first’’ and ‘‘defect-first’’ processes are the main origin of the

observed splitting of the D band in Fig. 1, which is associated

with a much higher defect concentration (ID/IG = 1.4).

For suspended graphene samples with different defect

concentration (under the excitation of 2.33 eV, ID/IG varies

from 0.1 to 5), the sub-bands can always be fitted out in D

band excited by all the excitation energies. However, for

graphene samples on a SiO2/Si substrate, the sub-bands of

D band are hardly being resolved, suggesting the weak doing
Fig. 6 – (a) Raman spectra of hydrogenated graphene on a SiO2/

spectra recorded under 1.58 eV excitation for the same samples l

(b).
effect induced by SiO2/Si substrate plays significant influence

on the merging of the D sub-bands [20]. The weak doping ef-

fect from the SiO2 substrates in our samples is evidenced by

an obvious blue shift of G band from 1582 (suspended graph-

ene) to 1588 cm�1 (graphene on SiO2) and the strongly de-

creased IG0/IG ratio (see Figs. 1 and 5(a)) [4]. Interestingly, it

has been note that the single Lorentzian line fitting of D band

of graphene on a SiO2/Si substrate is not valid all the time.

Fig. 5(a) demonstrates a Raman spectrum of hydrogenated

graphene under the excitation of 2.33 eV. The D band excited

by 2.33 eV laser seems symmetric, and its single Lorentzian

peak fitting is shown in the upper panel of Fig. 5(b). Whereas,

under the excitation of 1.96 eV, the D band becomes asym-

metric obviously. The asymmetric feature became more pro-

nounced under the excitation of 1.58 eV, which has to be

fitted by two Lorentzian lines. Such excitation energy depen-

dent splitting of the D band can be observed in graphene sam-

ples with a wide range of defect concentrations. As shown in
Si substrate (the excitation energy is 2.33 eV); (b) Raman

isted in (a); (c) (d) Lorentzian fittings of the D bands shown in
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Fig. 6, all the D bands under the excitation of 2.33 eV seem

symmetric, while they become asymmetric obviously under

the excitation of 1.58 eV.

This excitation energy dependent splitting phenomenon

can be understood by considering the energy depended life-

time (s) and/or scattering rate (1/s) of photo-excited carriers.

The Raman cross section of the D band can be represented as,

PK2f ;10 ¼
X

a;b;c

MfcMcbMbaMai

ðEl � Eai � ihcÞðEl � hx� Ebi � ihcÞðEl � hx� Eci � ihcÞ

þ MfcMcbMbaMai

ðEl � Eai � ihcÞðEl � hx� Ebi � ihcÞðEl � hx� Eci � ihcÞ

where Mxy is the matrix element for the scattering over the

intermediate states x and y, El and El -⁄x are the energies of

the incoming and outgoing photon, and c is the broadening

parameter of the electronic transition [13]. The theoretical

calculation based on the above formula indicates that large

broadening parameter of the electronic transition would

cause significant electron broadening in DR Raman scattering

process of the D band and therefore merging of the sub-bands

[13]. In a Raman resonance scattering process, the broadening

parameter of the electronic transition, c, is proportional to the

scattering rate (1/s) of the photo-excited carriers [21]. On basis

of the linear dispersion in graphene, the energy of a photo-ex-

cited carrier, E = EL/2, where EL is the excitation energy of a la-

ser. There are mainly three decay channels for these excited

carriers, electron–phonon scattering via electron–phonon

interaction, as well as electron–electron scattering (genera-

tion of electron–hole pairs) and electron-plasmon scattering

(excitation of plasmonic mode) via electron–electron interac-

tion [22,23]. Both the theoretical calculation and experimental

results from the angle resolved photoemission spectroscopy

measurements indicate that the electron–phonon interaction

and electron–electron interaction in graphene have compara-

ble contribution to the decay of photo-excited carriers [22–24].

In comparison to the suspended graphene, graphene on a

SiO2/Si substrate is p-doped with an excess carrier density

[4,20]. The scattering rate of photo-excited carriers subject

to electron–electron interaction (1/se-e and 1/se-p) shows strong

dependence on carrier density [25]. Therefore, for graphene

on a SiO2/Si substrate, the contribution to the broadening

parameter from the electron–electron interaction should be

enhanced. Moreover, the scattering rate of photo-excited car-

riers subject to the electron–electron scattering (1/se-e) and

electron-plasmon scattering (1/se-p) are proportional to (E-

EF)2 and (E-EF), respectively, where EF is the Fermi level [26].

It is clear that the scattering rates show energy dependence,

and smaller excitation energy will result in smaller broaden-

ing parameter in the Raman resonance scattering. Thus, in

the presence of substrate doping, the merging degree of the

D sub-bands is lower at smaller excitation energy, and the

splitting of the D band looks more apparent, as displayed in

Fig. 5(b).

4. Conclusions

There are four DR scattering processes, including the ‘‘phonon-

first’’-outer process, ‘‘phonon-first’’-inner process, ‘‘defect-

first’’-outer process, ‘‘defect-first’’-inner process, responsible

for the peak features of the D band. The defect induced
broadening of FWHM of the D sub-bands results in merging

of the D sub-bands associated with the outer and inner pro-

cesses. However, the splitting of the D band due to the separate

‘‘phonon-first’’ and ‘‘defect-first’’ processes is valid for sus-

pended graphene, which is supported by a Stokes/anti-Stokes

Raman spectroscopy study of the D band. For graphene sam-

ples on a SiO2/Si substrate, the D band shows an asymmetric

peak under NIR excitations, while it becomes symmetric peak

under higher energy excitations. This excitation energy de-

pended splitting can be explained by the energy dependent

lifetime and/or scattering rate of photo-excited carriers in the

Raman scattering process. This careful study in the D band of

graphene contributes significantly to the understanding of

the detailed Raman scattering processes of the D band in gra-

phitic materials.
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