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A B S T R A C T

ZnMg and NbCl5 were intercalated in graphite and the presence of such molecules between

the graphene sheets results in n- and p-type doping, respectively. The doping effect is con-

firmed by Hall and Raman measurements and the intercalation process is monitored by

scanning tunneling microscopy. After intercalation the carrier concentration increase

almost an order of magnitude and reaches values as high as 1019and 1018 cm�3 for p-

and n-type doping, respectively. For higher intercalation times, the intercalated graphite

turns back to be as ordered as pristine one as evidenced by the reduction in the D peak

in Raman measurements. Intercalation compounds show remarkable stability allowing

us to permanently tune the physical properties of few-layer graphite. Our study has pro-

vided a new route to produce stable and functional graphite intercalation compounds

and the results can be applied to other graphitic structures such as few-layer graphene

on SiC.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, interest in the synthesis and physical properties of

the graphite intercalation compounds (GICs) has been re-

newed as they not only possess many novel features in struc-

tural, electronic, and optical properties [1–11] but also allows

one to adjust graphene and few-layer graphene’s (FLG) phys-

ical properties [8–11]. It is well known that graphite with Ber-

nal stacking (ABAB) has a layered structure with 3.35 Å

interlayer distance. This interlayer distance is large enough

for certain ions and/or molecules (intercalants) to be interca-

lated between the layers. During the intercalation process,

intercalants interact with the host material and transfer

charges (electron or holes) to carbon atoms resulting doping

the material. So far, alkali-earth metals (i.e. Li, K, Mg, Ca)

and halogens (Cl2, Br2, I2) have been used as donor and

acceptor intercalants, respectively and these GICs have been

readily employed in electrodes, conductors, superconductors,
er Ltd. All rights reserved
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catalysts, hydrogen storage materials, diodes, batteries, dis-

plays, or polarizers [1–5,8–11]. However, most of the GICs are

environmentally unstable either due to desorption of the

intercalants overtime, or oxidization upon exposure to air

[1]. It has been theoretically predicted that some intercalants

such as the p-type NbCl5 and n-type ZnMg could be more sta-

ble in intercalated graphite [1,12]. Moreover, these interca-

lants may also have potential applications in a variety of

fields combining the advantage of excellent superconductive

properties of Nb and the good mechanical and chemical sta-

bility of ZnMg alloy, respectively, with the outstanding proper-

ties of graphitic materials.

In this paper, we present the first experimental realization

of NbCl5 and ZnMg intercalated graphite by two-zone vapor

transport method. We find that NbCl5 and ZnMg intercalation

in graphite allow us to achieve p- and n-type doping, respec-

tively. We confirm the doping effect by scanning tunneling

microscopy (STM), Raman spectroscopy, Hall measurements,
.
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and density functional theory (DFT) calculations. At the initial

stages of the intercalation, dopants typically increase the dis-

order in graphite. The disorder density decreases for increas-

ing intercalation, implying quasi-structural ordering in the

intercalated compound. Results reported here not only allow

us to tune the Fermi level and carrier density in the bulk limit

but also possibly in few-layer graphite grown on SiC where

the individual layers behave as graphene sheets.

2. Experimental and theoretical details

2.1. Sample preparation and characterization

Graphite flakes are obtained by micro-mechanical cleavage of

natural graphite (NT-MDT Co, Russia) onto SiO2 (300 nm)/Si

substrates. In this work, n- and p-type doping of the graphite

have been achieved by intercalating NbCl5 and ZnMg alloy

using two-zone vapor transport process. (1) For NbCl5–graphite

synthesis, the intercalant (from Aladdin reagent) and the

graphite flakes are positioned in different zones in a glass am-

poule and then the ampoule was pumped to 5 mTorr and

sealed. Sealed glass ampoule was inserted in a tube furnace

and kept at 420 �C for different periods of time depending on

the desired amount of intercalation and the temperature

difference between the intercalant and graphite flakes was

kept at 90 �C during the intercalation. (2) for ZnMg–graphite

synthesis, the intercalant and the graphite flakes are sealed

in a vacuum sealed quartz tube and kept at 600 �C for various

times to monitor progression of the intercalation process.

The structural characterization of the samples were performed

using X-ray diffraction (XRD) technique using Cu Ka irradia-

tion, the atomic scale structures are examined by STM mea-

surement carried with a applied bias voltage of 50 mV. X-ray

photoelectron spectroscopy (XPS) measurements were carried

out on VGESCALAB MK II instrument. Raman spectrum was

measured using a micro-Raman spectrometer with 514 nm la-

ser as excitation source on a different spots and the Hall mea-

surements were carried out by a Ecopia HMS-300 Hall effect

measurement system. All the measurements are performed

at room temperature in the super-clean room under the same

condition after the samples are just taken out from the am-

poules and the reproducibility of the results have been tested

on different samples as well as different spots on the same

sample.

2.2. Density functional theory calculations

To obtain globally optimal structure of metal clusters, we use

Gupta potential and Evolutionary Algorithms [13,14] to model

clusters. A common growing initialization operator, ‘‘cut-

and-splice’’ crossover [15] and triangle mutation [16] are used

to search the global structure and then Limited-memory

Broyden–Fletcher–Goldfarb–Shanno (L-BFGS) operator [17] is

used to locate the current local optima. The two processes

are repeated until finding the best structures. Optimized clus-

ters are placed between two layers of graphite, each of which

contains 12 · 12 primitive cell and 288 atoms. The whole sys-

tem is optimized by Forcite with Universal potential, so as to

obtain the optimal doping structures. The optimized doping
structures are finally calculated using DFT, in which the total

energy and electronic structure calculations are performed

using the projector augmented wave (PAW) formalism

[18,19] and a plane wave basis set, as implemented in the

Vienna ab initio simulation package (VASP) [20,21]. The ex-

change and correlation potential are treated in the framework

of generalized gradient approximation (GGA) of Perdew–

Burke–Ernzerbof (PBE) [22]. The wave functions are expanded

in plane waves up to a cutoff of 207.5 eV and the convergence

precision of the total energy is set to be lower than 1 meV. For

the summation of charge densities over a Brillouin zone, a

1 · 1 · 1 Monkhorst–Pack [23] k-point mesh is adopted. Then

the Eigen values at high symmetry k-points are calculated

using the charge densities, and the band structure is ob-

tained. To simulate NbCl5 intercalated graphite, we construct

a 4 · 4 supercell of two-layer graphite with AA stacking, and

the supercell contains one NbCl5 molecule which is interca-

lated between the two graphite layers. The optimized dis-

tance between the two graphene layers is about 9 Å, which

is much larger than that in pure graphite due to the intercala-

tion of NbCl5. The Brillouin zone is sampled by a 5 · 5 · 1

Monkhorst–Pack mesh. The structure is relaxed so that the

Hellmann–Feynman forces acting on each atom is less than

0.02 eV/Å.

3. Results and discussion

In Fig. 1, we show the STM images of pristine and intercalated

graphite samples taken at room temperature in the super-

clean room after the samples are just taken out from the am-

poules under the same conditions. Before intercalation, clear

hexagonally arranged carbon atoms are observed on the pris-

tine graphite samples (Fig. 1a) and three dimensional patterns

shown in Fig. 1d indicate that the height of all the carbon

atoms are almost in the same horizontal lines. The STM

images taken on the intercalated graphite show regions with

islands distributed in the images. The observed regions of the

islands may originate from locally missing intercalations,

most likely in subsurface parts of the sample. However, the

observed islands sometimes indicate inhomogeneities in the

spatial distribution of the intercalations, rather than repre-

senting topographic surface structure only [24]. On the other

hand, on intercalated regions where the intercalates are

placed just underneath the basal plane of the graphite ob-

served, therefore, STM images in atomic scale could be a

method to characterize whether or not intercalation have ta-

ken place [25]. From Fig. 1b and c we find that the intercalants

are successfully intercalated between the graphene sheets in

the form of clusters, the clusters are distributed in the whole

observed region. Generally, an STM image reflects not only

the geometric structure but also the density of states [26].

The real height of the STM image is analysized. The bright re-

gion is found to be higher than the dark region by 0.20–

0.30 nm, which is smaller than the apparent height. The sizes

of the bright regions typically range from 0.5 to 2 nm wide and

about 0.4–0.5 nm deep. The contrast is considered mainly cor-

responds to the height modulation and the intact top carbon

layer is corrugated. In the present study, the bright and the

dark regions observed in the STM image are considered to



Fig. 1 – STM image of the pristine graphite, NbCl5 intercalated graphite (87 h) and ZnMg intercalated graphite (48 h) (a–c) and

their corresponding three dimensional images (d–f). The right scale bar is a color scale bar of figure (a–c). All the images are

taken as original and no drift correction is performed.
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correspond to the NbCl5 or ZnMg–intercalated regions and the

NbCl5 or ZnMg-free domains, respectively. The bright regions

in the STM image is also inhomogeneous, showing the over-

lap of bright regions, caused by the overlapping of nano-

valleys in different carbon layers [27].

While the physical process governing the ZnMg intercala-

tion is not very straightforward, intercalation of NbCl5 can be

interpreted as follows: as Nb5+ and Cl� are combined by ionic

bonds, Nb atoms intercalate between the two graphite layers

with Cl atoms occupying preferred sites associated with the

graphene lattice [1,28]. Intercalants tend to locally increase

the lattice constant (reduce the coupling between the graph-

ene layers), which gives bright domains as seen in the GICs

images (Fig. 1b and c). For NbCl5–GICs, the contrast between

the light and dark regions is not as evident as for the ZnMg

intercalated graphite. The most possible reason is that the

atomic radius of ZnMg alloy is slightly larger than that of

Nb, leading to larger heaves in ZnMg intercalated regions.

The three dimensional image of the GICs shown in Fig. 1e

and f indicate that surfaces are not as smooth as the pristine

graphite. We further confirm the intercalation of ZnMg and

NbCl5 from XPS taken on pristine and interacted graphite.

In Fig. 2a–c, we observe that additional peaks appear in the

XPS spectrum of graphite after the ZnMg and NbCl5 intercala-

tion. These peaks are located at 198, 209, 48, and 1020 eV and

are identified as Cl 2p, Nb 3d, Mg 2p, and Zn 2p accordingly.

Such measurements clearly provide a direct evidence of pres-

ence of such elements.

We also note that the intercalated samples do not display

any staging effect, where the intercalants are arranged in a

particular form, as the intercalants are randomly distributed

between the graphene layers. We further display the lack of

staging in our samples by XRD measurements. Here, the

XRD measurements provide valuable information on the stag-

ing index of the resulting intercalation compounds by the

(00L) reflections. For instance, stage-1 (stage-2) compound’s

unit cell contains one (two) graphene sheet separated by an

intercalant layer, and hence the staged GICs’ c-axis lattice

parameter significantly differs from that of graphite. This

difference in the c-axis parameter results in different (00L)
diffractograms (reflections) at different 2theta values satisfy-

ing Bragg’s law [1]. In the absence of staging, the intercalants

intercalates between the graphene sheets randomly prevent-

ing one to assign single lattice constant value and as a result

the c-axis lattice parameter is largely un-changed and the

XRD (00L) reflections remain almost the same. In Fig. 2d, we

show the XRD patterns of pristine graphite flakes, NbCl5–GICs

for 87 h, and ZnMg–GICs for 48 h with the identity period

along the c-axis, respectively. Since only sharp (002) diffrac-

tive peaks accompanied with weak (004) diffractive peaks

are observed in the XRD patterns of the pristine and interca-

lated samples [29] implying that the staging phenomena are

not observed in our samples consistent with the STM mea-

surements. By careful examination, the (00L) peaks of the

NbCl5 and ZnMg intercalated samples slightly shift to lower

angles of about 0.5� and 0.6�, respectively, compared with that

of HOPG, we attribute this slight shift to the randomly

intercalation.

Previously, it has been shown that the Raman spectrum of

the carbonaceous materials is sensitive to the doping, defects,

strain, disorder, chemical modifications, edges, and relative

orientation of the graphene [30–34]. To this end, Raman spec-

troscopy provides a detailed understanding of the intercala-

tion and adsorption behavior of NbCl5 and ZnMg. The

Raman spectrum of graphene consists of a set of distinct

peaks; The D, G and D 0 peaks appear around 1350, 1580, and

1610 cm�1, respectively. While G peak corresponds to the E2g

phonon (stretching mode) at the Brillouin zone center, the D

and D 0 peaks originate from defect activated one-phonon

double resonance process between K–K 0 (intervalley) and K–

K (intravalley) symmetry points, respectively [35]. The Raman

spectra of the synthesized GICs are shown in Fig. 3a from 1000

to 2000 cm�1. Observed peak at 1581 cm�1 corresponds to G

mode and the peak position is sensitive to the doping level

due to the reduction in the Kohn-anomaly for increasing dop-

ing where electron–hole interaction for different energies will

be forbidden due to Pauli Exclusion Principle. In other words,

when the phonons can excite e–h pairs by electron–phonon

interaction, this process results in renormalization of electron

and phonon energies which in return gives a correction to the
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Fig. 3 – Evolution of Raman spectra taken on (a) NbCl5–GICs,

(b) ZnMg–GICs at different intercalation times and (c) the

magnified part of (b).

Fig. 2 – XPS spectrum taken on pristine graphite (red line), (a)

NbCl5 intercalated graphite for 87 h (blue line) and (b–c)

ZnMg intercalated graphite for 48 h (blue line), (d) XRD

patterns of the pristine graphite (black), NbCl5 intercalated

graphite for 87 h (red) and ZnMg intercalated graphite for

48 h (green), respectively. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)

510 C A R B O N 5 7 ( 2 0 1 3 ) 5 0 7 – 5 1 4
peak position of the particular Raman mode. Aforementioned

correction to the Raman frequency can be calculated by sec-

ond-order perturbation theory and this correction term (and

hence the actual Raman frequency of the Raman mode) de-

pends on the doping level; under increasing doping, the elec-

tron–hole interaction for different energies will be forbidden.

As a result, phonons cannot excite e–h pairs by the electron–

phonon interaction as easy as in undoped graphene, reducing

the correction term to the Raman peak. Such changes, reflects

itself as a shift in the peak position [36]. Accordingly, in Fig. 3,

we notice that the G peak is blue-shifted by 7 and 9 cm�1 for

NbCl5–GICs and ZnMg–GICs, respectively. Such change in the

G peak position implies that both the NbCl5 and ZnMg mole-

cules are successfully doping the graphite. Moreover, ob-

served G peak shift for NbCl5–GICs is slightly smaller than
that of ZnMg–GICs. This slight change might be associated

with the different charge transfer ratios for NbCl5 and ZnMg.

After discussing effect of doping on the G peak position,

next we focus on the degree of disorder induced during the

intercalation. Since the D and D 0 peaks are disorder activated,

these peaks allow us to identify disorder in the sp2 bonded

carbon structures. Here, we first note that after NbCl5 and

ZnMg intercalation, the D peak becomes apparent at around
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1350 cm�1 implying that the initial stages of intercalation in-

duces disorder in the system. Since the D peak is comparable

to the G peak intensity, the D 0 peak located at 1610 cm�1 also

becomes observable and broadens the G peak. At this stage of

intercalation, disorder is mostly associated with the sp2 to sp3

hybridization transformation where the intercalants are

chemisorbed on the graphene sheets. The intensity of the D

peak gradually decreases for increasing intercalation times

till it completely disappears when the intercalating time

reaches 111 h for NbCl5 and 72 h for ZnMg alloy [1–3,28]. Ob-

served reduction in the D and D 0 peak intensity might be re-

lated with either staging phenomena or partial structural

ordering. We eliminate the possibility of staging, since the

XRD data taken on the intercalated samples does not show

additional XRD peaks. However, the latter effect, partial struc-

tural ordering, has been reported before in environmentally

unstable Br intercalated graphite where the electron mobility

improved after some intercalation threshold time [9] with

increasing structural ordering. Similarly, decrease in D peak

Raman intensity with increasing intercalation time might be

associated with increased (a) dopant uniformity, (b) ordering,

and (c) interaction between the intercalants reducing the

intercalant–graphite interaction. Regardless from the physical

mechanism, reduction in the D peak intensity is advanta-

geous as typically doping in graphene and graphite induces

disorder [34] causing electron mobility to decrease.
Table 1 – Hall measurements of carrier concentrations and mob
graphite for 87 h and ZnMg intercalated graphite for 48 h, repec

Carrier concentration (cm�3)

Graphite 9.8 · 1017

NbCl5–graphite 1.16 · 1019

ZnMg–graphite 1.6 · 1018

Fig. 4 – Binding energy versus number of (a) Zn (circles), Mg (sq

ZnMg2 cluster between graphene layers.
Hall measurement is a direct method to characterize the

electronic properties of the samples. Table 1 shows the Hall

measurement results for pristine graphite, NbCl5–GICs for

87 h and ZnMg–GICs for 48 h, respectively. Pristine graphite

possesses n-type behavior with a carrier concentration of

about 1017 cm�3 and mobility of 180 cm/V s. When NbCl5 is

intercalated, the NbCl5–GICs change to p-type with carrier

concentration increased to the level of 1019 cm�3 although

the mobility decreases to about 85 cm/V s. On the other hand,

when ZnMg is intercalated, the ZnMg–GICs retain n-type with

the carrier concentration and mobility of 1.6 · 1018 cm�3 and

138 cm/V s, respectively. The above measurements confirm

the effects of intercalation in graphite with NbCl5 as hole

dopant and ZnMg as electron dopant, respectively. Moreover,

we note that measured Raman peak positions and Hall carri-

ers do not show significant variation over long periods of

time, implying that the samples are environmentally stable.

Lastly, we present DFT calculations performed on the

NbCl5–GICs and ZnMg–GICs samples. Since the ZnMg powder

is in an alloy form, intercalation of ZnMg may result in Mg

and Zn clusters and/or ZnxMgy binary compound between

the graphene layers. To have an idea about the energetic pos-

sibility of the ZnMg metal clusters, the binding energy Eb for

each metal atom is calculated by:

Eb ¼ ðE� Eg � nEatomÞ=n
ilities of the non-intercalated graphite, NbCl5 intercalated
tively.

Mobility (cm2/V s) Conduction type

180 n
85 p

138 n

uares), and (b) ZnMg alloy. (c) Fully relaxed structure of the



Fig. 5 – The band structure for the system of (a) two layers of graphite (1 · 1 supercell), (b) two layers of graphite (12 · 12

supercell), (c) ZnMg2 and (d) Zn2Mg within two layers of graphite (12 · 12 supercell). The dotted red line indicates the Fermi

level (0 eV). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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where E is the energy of the system containing graphite and

metal clusters; Eg is the energy of the graphite system; Eatom

is the energy of the isolated Zn or Mg atoms.

Fig. 4a shows change in binding energy with respect to

the number of Zn or Mg atoms. As shown in Fig. 4a, the bind-

ing energy for Zn3 and Mg3 is the smallest and thus they are

the most stable. However, another possibility is the intercala-

tion of binary compound between the layers. Fig. 4b shows

the binding energy of the binary alloy cluster ZnnMg3–n. We

find that the ZnMg2 has the lowest energy and more stable

comparing to the other single atom clusters, implying that

mostly ZnMg2 cluster is intercalating between the layers
Fig. 6 – The charge density of the conduction band minimum fo

(12 · 12 supercell). Zn and Mg atoms are indicated by red and gre

colour in this figure legend, the reader is referred to the web ve
while other quasi-stable clusters, i.e. Zn3 and Mg3, might

be in minority. In Fig. 4c, we show the optimized structure

of the ZnMg2 between two graphene sheets. Intercalation

of ZnMg2 results in charge transfer (the doping effect) and

also chemical interaction. As a result of this interaction,

graphene sheet starts bowing around the metal clusters in

accord with the STM experiments. Since the ZnMg clusters

are more favorable comparing to the elemental clusters, we

adopt ZnMg2 and Zn2Mg as the representative to study the

electronic properties of the ZnMg–GICs. Fig. 5 shows band

structures calculations for pristine graphite as well as inter-

calation compounds. As seen in Fig. 5a and b, the conduction
r (a) ZnMg2 and (b) Zn2Mg within two layers of graphite

en color, respectively. (For interpretation of the references to

rsion of this article.)



Fig. 7 – (Left) Structure of the model used to simulate NbCl5 intercalated graphite. (Right) Band structure of NbCl5 intercalated

graphite. The dash line indicates the Fermi level.
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and valance band touches each other at K point for 1 · 1

supercell while at C point for 12 · 12 supercell. This is due

to K and K 0 points for the 12 · 12 supercell of graphite are

folded into the C point [37]. Therefore, the touching point

of the conduction and valance bands for the 12 · 12 supercell

of graphite will be moved to C from K point. After the inter-

calation, we note that the Fermi level enters into the conduc-

tion band for ZnMg2 and Zn2Mg consistent with the n-type

doping effect as illustrated before. In addition, the system

of the two layers of graphite has a band overlap about

5.5 meV in C point (Fig. 5b) [38]. Compared with it, the band

of the doping systems is opened and the gap is about 76.4

and 70.8 meV for ZnMg2 and Zn2Mg at the C point. This

can be attributed to the re-arranged C atoms near metal

clusters. Fig. 6 further shows the charge density of the con-

duction band minimum for the two systems. It can be found

that the charge density is mainly contributed by the orbitals

of C atoms, indicating that Zn and Mg atoms open the band

gap of the graphite and shift up its conduction band. Similar

calculations performed on NbCl5 intercalation also yield sim-

ilar effects discussed above (see Section 2). The calculated

band structure is shown in Fig. 7. It can be clearly seen that

the Fermi level enters the p band of graphite, indicating a p-

type doping effect of NbCl5 intercalation, which is consistent

with the experiment observations.

4. Summary

We have presented the first experimental realization of NbCl5
and ZnMg intercalated graphite by two-zone vapor transport

method. We find that NbCl5 and ZnMg intercalation in graph-

ite allow us to achieve p- and n-type doping, respectively. We

confirm the doping effect by scanning tunneling microscopy,

Raman spectroscopy, Hall measurements, and density func-

tional theory calculations. At the initial stages of the interca-

lation, dopants typically increase the disorder in graphite.

Moreover, the disorder density decreases for increasing inter-

calation, implying quasi-structural ordering in the interca-

lated compound. Results reported here allow us to tune the

Fermi level (work function) and the carrier density in the

few-layer graphene and graphite. We believe that such results

are especially interesting for modifying the physical proper-

ties of few-layer graphite grown onto SiC by thermal

decomposition method where the individual layers behave

as graphene sheets and grants future studies.
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