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摘 要

石墨烯具有优异的物理化学性质，自 2004 年成功分离以来，它成为继富勒

烯、碳纳米管等碳基材料之后的明星材料, 在材料科学与凝聚态物理学领域获得广

泛关注，展现出丰富的物理现象及广阔应用前景。同时，石墨烯的发现也打破了

之前二维材料无法单独存在的理论预言，引领了二硫化钼、六方氮化硼、单层锡、

黑磷、硅烯、锗烯等二维材料的研究热潮。

化学气相沉积法（CVD）生长石墨烯具有生长面积大、结晶质量好、成本低

廉、容易转移到其他基底材料上等优点，而备受关注。本论文利用自制 CVD 系

统，以铜箔为基底生长石墨烯及掺杂（同位素掺杂、氮掺杂）石墨烯，通过同位素

标定技术研究其生长机理，并利用微区拉曼光谱仪、扫描电子显微镜、X 射线光

电子能谱（XPS）等对其性质进行表征。

在石墨烯的生长方面，本文首先在表面自限制成核生长单层石墨烯以及微腔

CVD 生长双层石墨烯等生长机制的基础上，研究发现了铜箔生长石墨烯成核过程

中碳扩散的第三种方式，即碳在铜衬底上的穿透式扩散。这种扩散方式是形成多

层石墨烯的主要原因。通过同位素标定技术和拉曼光谱仪详细表征了多层石墨烯

的形成机理。

其次，单晶石墨烯的生长对制备以石墨烯为基础的电子元器件具有重要意义。

本文利用氧化石墨烯为晶种，通过合理设置合成工序，成功实现了石墨烯晶向可

控生长。

同时，在生长得到的铜基石墨烯基础上，本文针对石墨烯的防腐蚀性，研究

了石墨烯的抗氧化性能。发现石墨烯边缘和铜箔间的原电池效应导致这部分覆盖

的铜箔氧化腐蚀的更快。随着边缘的逐步氧化，最后石墨烯覆盖的铜箔被严重氧

化，且氧化程度比未被石墨烯覆盖的区域更严重。

在掺杂石墨烯生长与表征方面，本文首先研究了同位素掺杂石墨烯的声子行
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为。发现13C 的出现导致石墨烯的拉曼谱峰位置发生红移，并且红移的大小和拉

曼模的频率有关，频率越高则频移越大。同时，我们也发现随着13C 浓度从 1% 升

到 50%，半高宽会增大；而相反，随着13C 浓度继续从 50% 增大 99%，半高宽会

减小。掺杂过程中，同位素浓度的变化导致，声子散射概率发生变化，声子的寿

命受到影响。根据半高宽数值我们估算得到自然丰度情况下及同位素浓度为 50%

时，iTO 声子的寿命分别为 15.3 ps 和 0.72 ps，在误差范围内，与理论计算值符

合的很好。

化学掺杂也是调控石墨烯电子性质的重要手段，不仅能使石墨烯表现为 p 型

或 n 型导电，还能改变其能带结构，从而将其由半金属转变为半导体。本文首次

提出使用尿素（urea:CH4N2O）和甲烷（CH4）分别作为氮源和碳源，利用 CVD

系统生长大面积氮掺杂石墨烯的方法。这种方法成本低廉, 技术成熟具有很好的扩

展应用前景。扫描电子显微镜和原子力显微镜表征结果表明生产得到的石墨烯为

连续均匀单层石墨烯。掺杂氮含量约为 3.72atom%，为已报道固态氮源掺杂方法

中较高含量。XPS 结果显示氮掺杂类型主要为吡咯型掺杂。由于掺杂效应和应力

的改变，拉曼光谱谱峰位置随着掺杂浓度的增加发生蓝移，同时声子的散射概率

增加，降低了声子的寿命，使得拉曼谱峰半高宽增宽。且 ID/ID′ 约为 1.2。表明

缺陷类型为边界缺陷。电学测试结果表明氮掺杂石墨烯为 n 型导电类型，其狄拉

克点位于 -52.9 V。测得载流子迁移率为 74.1cm2/Vs，接近已报道的最高值。

关键词： 石墨烯；化学气相沉积法；同位素标定；氮掺杂；拉曼光谱
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Abstract

Graphene, isolated 2004 by Andre Geim and Konstantin Novoselov, is a rising star

in material and basic physics reserch community for its extraordinary properies. It

has a broad applications in integrated circuits, radio frequency transistor, composite

materials, transparent conducting electrodes and energy storage. This dissertation

has studied the mechanism of CVD synthesis method and provides an effective low-

cost synthesis and in-depth mechanistic study for high quality large-area nitrogen-

doped graphene(NG) films.

We used Cu pockets to create different environments between the inner side

and the outer side of a same piece of Cu foil for graphene growth. Comparing

the graphene grown on the inner side and that grown on the outer side of the Cu

pocket, we found that carbon atoms would diffuse through the 25 micrometer-thick

Cu foil and reach the interface between the Cu and the pre-grown graphene layer,

which feeds the graphene layers growing under the top layer(s). We obtained bilayer

graphene with a coverage of about 78% for the outer side of the Cu pocket with the

assistance of a surface-mediated graphene growth process and a carbon penetration-

based growth process.

We found that with the existence of Stone-Wales defect at the graphene bound-

aries, the copper foil and graphene became a galvanic cell with the copper cathode

and the graphene anode in humidity condition. As a result copper oxidized much

more at the graphene boundaries. So in humidity condition, graphene is not good

as a oxidation-resistance for copper.

We used Graphene oxide (G-O) flakes to seed the growth of single crystal graphene

islands by chemical vapor deposition (CVD) on Cu foil. Such islands have the G-O

seed (which converts to a ‘reduced graphene oxide’(rG-O) seed due to the CVD
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growth conditions used) roughly in the center of the islands. The lateral growth

of such single crystal graphene islands was studied by carbon isotope labeling and

Raman spectroscopy, scanning and transmission electron microscopy and selected

area electron diffraction. By changing the concentration of G-O in the aqueous

dispersion used to deposit the G-O flakes onto the Cu foil by dip-coating, the size of

the seeded graphene islands could be precisely controlled on the Cu foil. The crystal

orientation of the single crystal graphene islands was found to be identical to that

of the G-O seeds.

We synthesized isotope labeled graphene with the concentration of 13C carbon

atom of 1%, 25%, 50%, 75% and 99%. The isotope effect on the phonon behavior in

graphene was investigated based on the micro-Raman analysis of 13C isotope labeled

graphene samples. We found that the phonon scattering was affected by the isotopic

carbon atom as a point defect. Based on the experiment results, the lifetime of iTO

phonons were estimated, which agreed with other theoretical calculations.

We also provides an effective low-cost synthesis and in-depth mechanistic study

for high quality large-area nitrogen-doped graphene(NG) films. These films were

synthesized using urea as nitrogen source and methane as carbon source, and

were characterized by SEM, Raman spectroscopy and X- ray photoelectron spec-

troscopy(XPS). The N doping level was 3.72 at. %, and N atoms were suggested

to mainly form a pyrrolic N configuration. All distinct Raman peaks display blue

shift due to the nitrogen-doping and compressive strain. And the increase of ni-

trogen concentration broadens the D and 2D peak’s FWHM, due to the decrease

of mean free path of phonon. The N-doped graphene exhibited an n-type doping

behavior with a considerably high carrier mobility of about 74.1 cm2/Vs, confirmed

by electrical transport measurements.

Keywords: Graphene; Chemical vapor deposition; Isotope labeling; N-doped

graphene; Raman spectra
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