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Abstract 

 

    Getting clean and high quality graphene samples on a target substrate is the foundation 

of graphene study and graphene based devices. Chemical doping is critical to enhancing 

electrical conductivity and making some devices. Here we systematically studied the 

PMMA residue on the graphene sample transferred by the typical wet transfer process. 

Methods were developed to effectively reduce the PMMA residue, and so that cleaner 

graphene samples could be achieved for devices. We report the observation of Fano-type 

phonon resonance using infrared Fourier transform spectroscopy at room temperature in 

few-layer graphene synthesized by chemical-vapor deposition on copper substrate. We 

subsequently demonstrate a continuous tuning of Fano line shape from antiresonance to 

phonon dominated by ammonia chemical doping. Making silicon an efficient light-

emitting material is an important goal of silicon photonics. Here we report the 

observation of broadband sub-bandgap photoluminescence in silicon nanowires with a 

high density of stacking faults. The photoluminescence becomes stronger and exhibits a 

blue shift under higher laser powers. 
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I. Graphene synthesis and optical properties 

A. Background introduction 

1. Overview 

Carbon, the base of all the organic materials, is known as the element which can form 

the most complicated structure in the world. Graphene can form many structures such as 

diamond and graphite (3D), graphene (2D)(2), nanotubes (3) (1D) or fullerenes (3-5) (0D) 

as illustrated in Figure 1.  

 

 
  Figure 1. Carbon materials: fullerene (0D), carbon nanotubes (1D), and graphene (2D)(6). 

 The former three-dimensional materials have been known and widely used for 

centuries, whereas fullerenes and nanotubes have been only discovered and studied in the 

last three decades. With the exception of diamond, it is possible to think of fullerenes, 

nanotubes and graphite as different structures built from the same hexagonal array of sp2 

carbon atoms, graphene. Indeed, fullerenes and nanotubes can be thought as a graphene 
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sheet rolled into a spherical and cylindrical shape, respectively, and graphite can be 

described as a stack of alternately shifted graphene sheets. 

 For many years, graphene was only a concept for the descriptive approach of other 

complex forms of carbon and other solid state system. The direct observation of isolated 

graphene monolayer was made in 2004(7) and just a few years later, hundreds of groups 

started to pay attention to this one atom thick material as a nanoscaled material itself, 

instead of as a theoretical concept. And thousands of papers on graphene were published 

since then. Andre Geim and Kostya Novoselov were awarded the 2010 Nobel Prize in 

Physics "for groundbreaking experiments regarding the two-dimensional material 

graphene(8). " 

 The structural flexibility of graphene is reflected in its electronic properties. The sp2 

hybridization between one s-orbital and two p-orbitals leads to a trigonal planar structure 

with a formation of a sigma bond between carbon atoms that are separated by 1.42 Å. 

The sigma band is responsible for the robustness of the lattice structure in all allotropes. 

Due to the Pauli principle, these bands have a filled shell and, hence, form a deep valence 

band. The unaffected p-orbital, which is perpendicular to the planar structure, can bind 

covalently with neighboring carbon atoms, leading to the formation of a pi band. Since 

each p-orbital has one extra electron, the pi band is half filled. 

Graphene is composed of sp2-bonded carbon atoms arranged in a two-dimensional 

honeycomb lattice as shown in the Figure 2(a) (2, 5). 
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 Figure 2. a) Atomic and electronic structures of graphene. b) p-p* band structure of graphene(8).  
 

The lattice can be seen as consisting of two interpenetrated triangular sub-lattices, for 

which the atoms of one sub-lattice are at the centers of the triangles defined by the other 

with a carbon-to-carbon inter-atomic length of 1.42 Å. The unit cell comprises two 

carbon atoms and is invariant under a rotation of 120° around any atom. Each atom has 

one s-orbital and two in-plane p-orbitals contributing to the mechanical stability of the 

carbon sheet. The remaining p-orbital, perpendicularly oriented to the molecular plane, 

hybridizes to form the p* (conduction) and p (valence) bands, which dominate the planar 

conduction phenomena. The energies of those bands depend on the momentum of the 

charge carriers within the Brillouin zone. In the low energy regime, i.e., in the vicinity of 

the K and K＇points, those two bands meet each other producing conical-shaped valleys, 

as shown in Figure 2(b). In this low-energy limit, the energy-momentum dispersion 

relation is linear (relativistic Dirac’s equation) and carriers are seen as zero-rest mass 

relativistic particles with an effective “speed of light”, c* ~106 m/s. The peculiar local 

electronic structure, thus allows the observations of numerous phenomena which are 

typical of a two-dimensional Dirac fermions gas(4, 5). In the high-energy limit, the linear 
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energy momentum relation is no longer valid and the bands are subjected to a distortion 

leading to anisotropy, also known as trigonal warping. Upon stacking layers on top of 

each other, one first obtains bilayered graphene, which exhibits its own set of very 

specific properties. The center of the aromatic rings of the upper graphene sheet sits on 

top of an atom of the lower sheet, so that the symmetry is trigonal rather than hexagonal. 

With the inter-plane interaction, the charge carriers acquire a mass and the dispersion 

recovers a parabolic dispersion described by the Schrödinger formalism. Nevertheless, 

bilayer remains gapless if one ignores trigonal warping. The interaction of the two p and 

p* bands of each graphene sheets produces two other bands. In the presence of an 

external potential, a gap can be opened close to the K point(5, 9). Further generalization of 

the perfect stacking results in graphite with alternating (ABAB, Bernal type) or staggered 

(ABCABC, rhombohedral type) arrangement depending on whether the lateral carbon 

atom shift changes direction from one layer to the next or not. The interplanar distance of 

ideal graphite is 3.45 Å but if successive planes are rotated with respect of each other, 

this spacing can increase. 

Now graphene can be synthesized in different ways: graphite exfoliation, CVD 

synthesis, template based synthesis, and graphene of different size and quality could be 

got from these ways. Graphene, as an atomic thick nano material, has its unique 

properties, which also leads to variety of applications. 
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2.  Graphene Synthesis 

Production of graphene has a long history before it was eventually observed lying 

alone on a substrate. It is interesting to trace this history, but here I just introduce some 

synthesis methods. 

The first piece of single sheet graphene was born in Geim’s group in 2004(7). By 

repeatedly cleaving a graphite crystal with an adhesive tape to its limit and then by 

transferring the thinned down graphite onto an oxidized silicon wafer with the 

appropriate color, they made this 2D material visible and usable. This discovery start 

today’s tide of graphene, and this method became the standard way of graphene 

exfoliation. The advantage of exfoliation is that the graphene obtained is pure and 

contains very few defects. On the other hand, the disadvantage is also obvious that 

graphene got from exfoliation always has a size in the scale of microns, which is not big 

enough for lots of devices. However, exfoliation synthesis method is still a popular way 

to get graphene at present(10-12). 

Furthermore, scientist also used some liquid chemicals to help exfoliate graphene from 

bulk graphite(13, 14). In order to extract graphene monolayers, micromechanical exfoliation 

relies on the balance between the interlayer cohesion and long distance interactions 

between the tape or the substrate and graphene. In contrast, chemical exfoliation proceeds 

by weakening the van der Waals cohesive force upon insertion of reactants in the 

interlayer space. Subsequently the loosened layer stacking is disrupted when the 
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intercalant decomposition produces a high gas pressure(15). As a consequence, the sp2 

lattice is partially degraded into a sp2-sp3 sheet that possesses less p-p stacking stability. 

Chemical exfoliation can be performed in suspension and hence up-scalability is 

straightforward and it could offer a route to large scale graphene production. 

Graphene can also be synthesized by reducing graphene oxide (GO)(16). Some reducing 

gas such as hydrogen can be used in this method. Another simpler way is to use water. 

First GO sheet is prepeared and then it is added to water. After the reduction, some small 

piece of graphene will appear in the solution(17). 

    The most widely used method to synthesis nowadays is chemical vapor deposition 

(CVD). CVD system is very common in material production. And it is a promising 

method to synthesis large scale material which could be easily modified in industry. After 

graphene was discovered, lots of effort was made to synthesis graphene by CVD system. 

Ruthenium and nickel was first used as the substrate and graphene of a few layers (~5 

layers) could be synthesized. And large area of single layer graphene is produced by 

Ruoff’s group during the year 2009(12). And they used copper as the substrate. Then they 

spin coated the graphene surface with a thin layer of PMMA to protect the graphene and 

etched the copper substrate with Fe3+ solutions(7, 18). After this process, they got a thin 

layer of PMMA with graphene floating on the solution and they could transfer it to any 

substrate they want. This was the standard way to transfer graphene sheet to other 

substrates.  
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Figure 3. A) SEM image of graphene on a copper foil with a growth time of 30min B) High            

resolution SEM image showing a Cu gain boundary and steps, graphene wrinkles. C) 
and D) are photos of Graphene films transferred onto a SiO2/Si substrate and a glass 
plate, respectively(19). 

 Optical microscope, SEM, TEM, AFM and Raman spectrum are all the ways to 

observe the morphology of graphene. The microscopes are all straight forward and 

Raman spectrum is also a rapid and powerful tool. There are three major bands that 

researchers care about the most: D, G and 2D band. D band is around 1360 cm-1, which is 

a mark of the number of defects in graphene, and 2D to G band ratio is a reflection of 

number of graphene layers according to the theoretical calculation (18, 20). 

In our group, we also used CVD method to synthesize graphene and mainly Raman and 

SEM to characterize graphene we synthesized.  

     In CVD method, carbon source is in gas phase. Carbon atoms is generated during the 
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reaction in vapor and deposited on the substrate with catalyst. Solid carbon sources can 

also be used to synthesize graphene. Several groups used SiC as the carbon source and 

during the growth process, Si atoms was substituted with carbon atoms on the surface so 

that a graphene layer is formed(21). And recently, the group from Rice Univ. has 

synthesized graphene using PMMA as the carbon source (22). 

  
 Figure 4. Synthesis of graphene using PMMA as the carbon source(12). 

 

They spin coated the surface of a copper film with a thin layer of PMMA, and then 

heated it to over 800°C under the protection gas atmosphere of hydrogen for 10 min. 

Hydrogen and oxygen atoms were removed in the form of water and graphene is left on 

the top of copper surface.  

     There are still lots of ways to synthesize graphene. Each method has its own 
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advantages and disadvantages, and researchers are still trying different way to optimize 

the growth of this atomic thick nano material. 
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3. Properties 

The rapid adoption of graphene as a material of interest lies not only in its actual 

availability by the range of techniques and methods described before, but also, and 

maybe principally, because monolayer and few layer graphene and graphene oxide 

possess a diverse set of unusual properties. These properties happen to be matching the 

short-comings of other materials, such as carbon nanotubes, graphite, heterostructure 2D 

electron gas(20, 21, 23) or indium tin oxide(24), that have been studied and used for some time. 

In this regard, several communities try to investigate and exploit graphene properties to 

circumvent these current roadblocks. The dynamism of the graphene research is thus 

rooted in the convergence of expectations, hopes and curiosity, which are amplified by 

the awesome simplicity of the single atom thick sheet.  

The remarkably high electron mobility in graphene at room temperature, which 

exceeds 2000 cm2/V·s(25) for any micromechanically deposited graphene, has offered an 

immediate access to an unusual quantum Hall effect(22, 26). Hence from the first reports, 

the physics community was offered a new object in which many interesting experiments 

could be implemented experimentally. Furthermore, the simultaneous observations of 

high mobility, sensitivity to field effect and large lateral extension, which implied an ease 

of contacting, turned graphene into an appealing alternative to carbon nanotubes for field 

effect transistors devices(27, 28). Graphene mobility is temperature-independent between 

10 and 100 K, suggesting that the dominant scattering mechanism was initially related to 

graphene defects(29-31). Improved sample preparation, including postfabrication 
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desorption of adsorbates by current annealing, allowed to reach mobilities of more than 

25000 cm2/V·s(32). For oxide-supported graphene devices, trapped charges are the 

dominant scatterers  but optical phonons of the substrate are setting the fundamental 

upper limit of 40000 cm2/V·s(33) at room temperature. Further enhancing the mobility of 

graphene thus requires an efficient screening or even the complete removal of the 

substrate(34). Indeed, in suspended and annealed graphene devices, the mobility has been 

shown to exceed 200000 cm2/V·s(35, 36). This is the largest ever reported value for a 

semiconducting metal. In addition, the mobility remains high even at the highest electric-

field-induced carrier concentrations, and seems to be little affected by chemical doping, 

suggesting the possibility of achieving ballistic transport regime on a submicrometer 

scale at 300 K(35-37). Moreover, experimentally measured conductance indicates that the 

value of the mobility for holes and electrons is nearly the same. Graphene is 

characterized by a minimum value of the conductance, which scales as e2/h, even in the 

limit of zero-charge density, both from a theoretical and experimental point of view(37, 38). 

From conductivity measurements, the mean free path, le can be estimated. In a suspended 

sample before and after annealing, le increases from ~150 nm to ~1 μm, the latter distance 

being comparable or even larger than the characteristic size of nanofabricated devices(39). 

Electronic transport in such devices where no defects, neither from the substrate nor from 

an unclean sample, interfere with the carrier conduction is no longer diffusive, but 

reaches the ballistic limit. 

The second unusual feature in electronic properties of graphene is the almost strict 
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linear dispersion curve near the Dirac point where the Fermi level can easily be set by 

adjusting the doping level electrostatically (Figure 2b). This resulted in the successive 

discovery of a Berry's phase or a Quantum Hall effect (QHE) with fourthly degenerated 

Landau levels due to K and K' valley and pseudo-spin degeneracy except for the zero 

Landau level which is only twice degenerated due to strict electron-hole symmetry near 

the Dirac point(4, 40, 41). Similarly, bilayer graphene exhibits a distinct behaviour resulting 

from the zero-gap parabolic dispersion with two extra bands available. Among the 

remarkable quantum electrodynamic properties of graphene, the room temperature 

QHE(42), 1/3 fractional QHE(43). 

However, device fabrication usually exploits non-linear effects since information 

processing requires signal amplification for improved detectability. The linear dispersion 

curve with vanishing density of states at the meeting point of the valence and conduction 

bands forbids such non-linearity(44). In particular, field-effect induced modulation of 

transport characteristics is quite inefficient in graphene. This prompted the quest for 

engineering an electronic gap in graphene, which would restore the capability to use 

graphene in field-effect transistor (FET) devices(45, 46). 
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4. Applications 

The earliest proposition that bandgap could be induced in semi-metallic graphene was a 

direct consequence of the lateral confinement of the 2DEG in ribbon-shaped graphene(47, 

48). It has thus been predicted that the electrical properties of graphene nanoribbons can 

be tuned from perfectly metallic, for zig-zag edge ribbons (ZGNR), to semiconducting 

behavior, for armchair ribbons (AGNR). In this later case, the gap varies with the ribbon 

width, length and topology in analogy to carbon nanotubes, the chirality being replaced 

by the edge morphology. Experimentally, graphene nanoribbons with sub-100 nm width 

have been first produced by standard lithographic patterning (with the inorganic resist 

hydrogen silsesquioxane, HSQ) combined with oxidative reactive ion etching in order to 

locally remove the carbon monolayer(9, 49, 50). Alternatively, graphene could be etched 

directly by using focused ion beam (FIB). In both approaches, non-linear transport 

characteristics have been observed, which can be modulated by global or local gates 

applied either perpendicularly or transversely to the ribbon. For sub-100 nm width, a 

clear gap is observed in the I-V characteristics the energy value, EG, of which varies as 

W-1  This variation has been interpreted as a direct evidence of the lateral confinement of 

the 2DEG. Alternatively, the roughness of the imperfect edges that should be expected 

from ion damage patterning techniques, as well as the residual yet probable partial 

amorphization of the ribbon upon exposure to direct or backscattered ions, can be 

considered as a source of localization. Therefore, non-linear conduction through ion-

etched ribbons can be understood as tunneling through a unidimensional series of 
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graphene dots separated by highly resistive barriers(51, 52). In contrast, the FET devices 

based on the 50 to 5 nm wide nanoribbons obtained by the Dai's method by 

ultrasonication and polymer stabilization, show ambipolar transconductance 

characteristics with ION/IOFF ratio reaching as much as 106. Interestingly, all sub-10 nm 

ribbons were semiconducting at room temperature with mobilities limited to 200 

cm2/V·s(53). If this production method obviates irradiation damages and thus preserves a 

good quality graphene during fabrication, the edges are most certainly rough enough to 

degrade the graphene band diagram and ensure the observed semiconducting nature of 

the nanoribbons. One other noteworthy point is that similarly to carbon nanotubes, 

Shottky barrier are observed at the metal/graphene interface when individual sub-10 nm 

wide ribbons are connected(54). Although the work function adjustment is now well 

mastered, this pleads in favor of graphene nanoribbon FET that incorporates larger lead 

electrodes in the same graphene sheet. These early attempts in engineering the electronic 

gap of high quality graphene by lateral confinement point to the extremely challenging 

need to perform atomically precise tailoring of graphene over long distances to obtained 

high quality ribbons for advanced graphene electronic architectures(55-57). 

In addition to these high added value applications, thin films of reduced graphene 

oxide or solvent exfoliated graphene as well as transferred CVD grown graphene possess 

high enough conductivity and an optical transparency to be considered as a viable 

competitor to the industrial standard, Indium Tin Oxide (ITO). ITO has a typical sheet 

resistance of 40 W/sq for visible transparency above 80%(58). As produced graphene 
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oxide (GO) shows insulating transport characteristics but conductivity can be improved 

by reduction of the sp3 carbon atoms in solution. The casting of suspended reduced GO 

flakes into sub-3 nm thick films yield >90% transparent coating with sheet resistance of 

the order of 109 W/sq which can be reduced to 40 kW/sq upon thermal annealing(59, 60). 

Thin films obtained from solvent exfoliated graphene have a sheet resistance of about 6 

kW/sq, which can be further reduced by chemical doping to 50 W/sq. Finally the transfer 

of graphene grown by CVD on nickel from the metallic template to a insulating substrate 

yield large area films of few layer graphene with sheet resistance of about 280 W/sq for a 

transparency in the visible range beyond 80%(61). These selected examples clearly 

illustrate how the remarkable electrical properties of graphene make this material highly 

relevant for both high mobility or even ballistic transport applications as well as low cost 

materials for transparent conductive materials such as liquid crystal cell electrode. This 

particular aspect takes advantage of electronic as well as optical properties of single sheet 

graphene, the latter ones being discussed next. 

Graphene is also a promising candidate of high quality sensors. Sensing is a complex 

function which requires the integration of a number of properties from interface 

accessibility to transduction efficiency, molecular sensitivity and mechanical or electrical 

robustness. It appears that graphene fulfills many of these requirements and the 

implementation of highly sensitive graphene sensors could illustrate how the previously 

described properties can be brought in synergy to this specific objective. Indeed, 

suspended graphene is a pure interface with all atoms exposed to the environment. It is 
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chemically stable yet functionalization towards specific interaction is possible. Moreover, 

local destruction of the sp2 lattice preserves its mechanical robustness and does not 

jeopardize its 2D delocalized transport properties unlike carbon nanotubes. Electronic 

and mechanical properties can be exploited to perform the transduction of the sensing 

signal. Lastly, graphene and its oxidized forms are produced at a much lesser expense 

than other graphitic materials, such as nanotubes, currently considered for sensing 

platforms(62). 

Graphene is the thinnest material ever known, and it is only 1 atom thick. The 

boundary of graphene could be considered as the sharpest edge in the world. Using this 

edge as a detector, one can achieve very high spatial resolution to atomic level. This 

application is quite similar to that of the carbon nanotubes, which is a promising 

candidate for sharp tips such as the probe in AFM(63). This possible resolution could be 

used as single molecule detector, and for DNA detection(64). 

 
Figure 5. (a) The individual bases of a ssDNA molecule (backbone in green, bases in alternating 

colors) sequentially occupy a gap in graphene (b) Schematic representation of the 
transverse conductance technique(65). 

DNA kept its information in the bases and there are 4 kinds of bases: A, T, C, G and 

different bases have different structure so they have different density of state. When a 
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probe with electronic potential came near enough to the DNA, there will be a tunneling 

current through the gap, whose strength is proportional to the density state of the part the 

probe approached. If the probe is as small as atomic size, this method could then be used 

to detect the sequence of single molecule of DNA. 

This work still remained in the simulation period. Though it is just the first step of the 

DNA detector, it gave researchers a new vision of graphene applications(66). 

 
Figure 6. The simulation result of a piece of DNA molecules detected by graphene. And one can 

simply read the DNA sequence from the current signal(65).  
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5. Graphene doping 

In the event of a gas molecule adsorbing onto graphene surface, the local change in the 

carrier concentration induces a doping of the delocalized 2DEG, which can be monitored 

electrically in a transistor-like configuration(67). In contrast to other materials, the high 

mobility, large area ohmic contact and metallic conductivity observed in graphene 

contribute to limit the background noise in transport experiment. This confers to simple 

graphene FET device a high enough sensitivity to detect parts-per-billon levels or even 

single molecular events at a rapid rate, which has been realized experimentally. 

Interestingly, cleaned graphene (i.e., typically after a treatment to remove residual 

lithography resist) showed a much attenuated sensitivity(68). Further, functionalization of 

graphene, or even better reduced graphene oxide, is thus needed to improve sensitivity, 

chemical affinity and selectivity(68). Graphene sensitivity is not necessarily limited to 

chemical species, but it can be generally applied to any phenomena capable of inducing a 

local change in the carrier concentration, such as presence of magnetic field, mechanical 

deformation or external charges. An alternative to electrical detection scheme is to 

exploit the electromechanical behavior of suspended graphene in analogy to carbon 

nanotube nanomechanical sensors that have been demonstrated to reach single atom 

sensitivity(69). The large area and stiffness of suspended graphene and its very specific 

Raman signature plead in favor of developing mechanical mass sensors. 

Intrinsic graphene is a non-bandgap material, for both single layer and few layer 

graphene. To make electronic circuit with graphene based material, electronic switch is 
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needed which means band gap is needed.  

One way to open a bandgap on graphene is using structure engineering method to get 

graphene nano ribbons(5). When the width of graphene nano ribbons get down to several 

nano meters, there will be a bandgap due to quantum effect. However, this structure 

engineering method is good for scientific research, but not good for industrial 

applications since it is really hard and expensive to get identical and well arranged 

graphene nano ribbons. 

Another possible way is to apply gate voltage on bi-layer graphene. By applying a gate 

voltage on bilayer graphene, not only the Fermi level will be tuned, also a small band gap 

can also be achieved. This result is first predicted theoretically, and then be carried out 

experimentally(70). 

 
Figure 7. Band structure of gated bilayer graphene(71). 
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      Figure 8. Graphene electrical resistance as a function of top gate voltage Vt at different fixed    

bottom gate voltages Vb
(71) 

   Figure 8 shows the measured resistance along the graphene plane as a function of Vt 

with Vb fixed at different values, and‘charge neutral points’ (CNPs) can be identified by 

the peaks in the resistance curves, because charge neutrality results in a maximum 

resistance. The peak resistance differs at different CNPs, because the field-induced 

bandgap itself differs. Lower peak resistance comes from a smaller bandgap. 

With this gated bi-layer graphene sample, some IR absorption spectrums are measured to 

study the property of gated graphene sample. And a fano like phonon peak is observed 

around 200meV (~1580cm-1)(71). 

 

20 
 



 

Figure 9. (a) Infrared reflectivity spectra of bilayer graphene on SiO2 (300nm)/Si around the Eu 
peak normalized by the reflectivity of the bare substrate at different gate voltages. (b) 
The same spectra with a baseline subtracted. The curves (except at -100 V) are 
vertically shifted(71). 

    It is not straightforward to interpret the phonon line shapes in the raw reflectivity 

spectra, which are sensitive to the choice of the substrate. In Fig. 9, it’s shown the real 

part of the optical conductivity of graphene. A few interesting observations can be made. 

First of all, the peak intensity grows rapidly as the gate voltage is tuned away from Vg0. 

Second, the phonon peak is clearly asymmetric, with a characteristic Fano line shape. The 

Fano line shape provides evidence of a coupling between this sharp mode and a 

continuum of electronic excitations in the same energy range. 

The location of this Fano-like phonon peak is at 200meV (~1580cm-1), which is the 

location of E1u phonon in graphene layer. There are lots of works before to study this 

phonon in carbon based material, i.e., graphite, CNTs et al(19, 72).  
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    People also tried to use Raman to monitor this phonon peak changes during chemical 

doping process on graphene samples(73).  

 
  Figure 10. G peak Raman spectra of few layer graphenes exposed to bromine(74). 

    Charge transfer from physisorbed bromine species is evident in the graphene G mode 

spectra. The graphene G peak frequency is sensitive to charge doping which shifts the 

Fermi level away from the neutrality point. The pristine graphene G peak at 1580 cm-1 is 

energy up-shifted with increasing doping. This shift has been calibrated in electrical 

devices for 1 L and 2 L graphene. In Figure 10, 1 L graphene exposed to Br2 shows a 

very large energy upshift to 1624 cm-1. The calculated Fermi level shift is about 0.59 eV, 

this value is calculated as described in the caption of Table 1. The G mode full-width at 

half-maximum (FWHM) for 1 L is 6.6 cm-1, which is almost 1 cm-1 larger than those of 2 

L, 4 L, and bulk graphite. This 1 L G mode FWHM for doped samples is about the same 
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as observed in back gate electrical devices, thus indicating that doping homogeneity is 

about the same in the two methods(75, 76). 
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6. Summary 

In summary, graphene shows remarkable electrical vibrational and optical properties. 

Many of these properties can be modified in graphene by means of electrical gating, 

which allows control of the intricate interplay between electrons, phonons and photons. 

The optical properties of graphene depend on the Fermi level, which can be controlled by 

doping. Furthermore, the oscillator strength of infrared-active phonon is expected to 

increase because of a strong electron-phonon interaction in graphene. The ability to 

control optical properties of graphene will open the doors to many novel optoelectronic 

applications of graphene. 
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B. Experimental setup, results and discussion 

1.  Graphene synthesis  

     CVD system was used to synthesize graphene samples. Though exfoliated graphene is 

cleaner and the AB stacking between graphene layers is better than CVD graphene, we 

still chose to use CVD graphene. The advantage was significant: we could easily get large 

area of graphene samples with CVD techniques.  

 
  Figure 11. CVD system for graphene synthesis. 

     The synthesis of graphene was under atmospheric pressure. CH4 was used as carbon 

source. Here we used 500ppm CH4, which was diluted by Ar, instead of pure CH4. 

During the synthesis process, firstly the copper foil, which was the catalyst and substrate, 

was cut to proper size and placed in a quartz tube and pushed to the center of the furnace. 

Second, the furnace was heated up to target temperature (typically 950°C-1050°C). Third, 

after the temperature became stable, CH4 was introduced into the chamber and graphene 

starts to grow. Fourth, after graphene growth, the quartz boat with the copper substrate 
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was pushed out of the hot region and started to cool down. 

      According to different purposes, we synthesized different type of graphene samples. 

Right now we are able to synthesize continuous single layer graphene film, few layer 

graphene film, single layer graphene islands and few layer graphene islands, with 

different conditions respectively. 

      For the continuous single layer graphene film synthesis, relatively higher temperature 

was preferred. Typically 1050°C was used as the reaction temperature, and 50-100 sccm 

CH4 (500ppm, diluted with Ar) and 10sccm H2 was used as the reaction gas, with a 

constant total flow rate of 1500sccm and the rest of the gas is Ar. The reaction lasted for 

30min, and then the quartz boat with the substrate was pushed out of the heating zone to 

cool down in a short period of time. This fast cooling process was critical to the synthesis 

of graphene. We tried to compare the synthesis with fast and slow cooling process after 

the reaction gas was turned off, and we found that uniform graphene film could only be 

formed with fast cooling process. 

   

Figure 12. SEM image of Multi- layer graphene (left), and single layer graphene (right). 

     To synthesize continuous multi-layer graphene film, lower temperature was used, 
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typically 950°C-1000°C and 300 sccm CH4 (500ppm, diluted with Ar) and 20sccm H2 

was used as the reaction gas. And the reaction time was 30min. The result we got was 

somehow not quite “multi-layer graphene” as we expected, since most of the samples 

only had a single layer of continuous graphene and another layer of graphene flakes, 

which could not cover the whole substrate. Some groups had claimed that they could get 

clean and pure continuous double layer graphene film, but we could not repeat their 

results. 

     For the single layer graphene islands synthesis, 1050°C was used as the reaction 

temperature, and 10-50 sccm CH4 (500ppm, diluted with Ar) and 10sccm H2 was used as 

the reaction gas, with a constant total flow rate of 1500sccm and the rest of the gas is Ar. 

The reaction lasted for 10-15min, which was shorter than the continuous graphene 

synthesis process, and after the reaction gas was turned off, fast cooling process was still 

needed.  

     Hexagonal shaped single crystal graphene islands were formed on the Cu substrate. 

From the SEM image, we could see that the islands had clear and sharp edges, which 

indicated a single crystal structure. 
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Figure 13. SEM image of double layer graphene islands (left), and single layer graphene islands 

(right). 

     When we synthesized single layer graphene islands, some double layer graphene 

islands were found on some of the samples. From the SEM images we could easily see 

that the two layers of graphene islands both had good hexagonal shape with clear edges.  

     Unfortunately, for the double layer graphene islands synthesis, it was really hard to 

control the synthesis result precisely. The result was not easily repeatable. 
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2. Graphene transfer 

    After synthesis, graphene samples could be transferred onto other substrate for the 

optical and electrical property measurements. The substrates we had used were SiO2/Si, 

ZnSe ATR, Ge ATR and CaF2 window.  

 

   Figure 14. Graphene transfer process. 

      A typical wet transfer process was used for graphene transfer. To transfer graphene, 

first a thin layer of PMMA was spin coated on top of the graphene film on the copper 

foil. Second, the graphene on the other side of the copper foil was etched away with O2 

plasma. Third, the copper foil with graphene and PMMA film on top was put onto the 

surface of iron nitrate solution over night, the copper would be etched away. Fourth, a 

substrate was used to take the graphene and PMMA film out of the solution. Fifth, the 

PMMA film was washed away and then only graphene film would be left on top of the 

target substrate.  

     This wet transfer process was now the most widely used method to transfer graphene 
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to another substrate, the advantage of this method was that it was easy to carry out and it 

could manage wafer sized graphene transfer. A roll to roll graphene transfer method was 

developed from this wet transfer process and it could manage a graphene sample as long 

as hundreds of inches or even larger.  

     But there were also some disadvantages and technique limits that was not yet resolved 

right now. Since PMMA layer was used as a protecting layer during the wet transfer 

process, it was necessary that the PMMA layer would directly touched the graphene 

sample, which would naturally dope the graphene sample. And after cleaning the PMMA 

layer from the graphene surface, there would always be some PMMA residues left on top 

of the graphene layer, which cause lots of problems, if making devices with these 

transferred graphene samples. 

     There were some groups all over the world did some study on how to remove the 

PMMA residues on the graphene surface, and we also made some efforts in this aspect. 

We had tried to anneal the sample under the temperature as high as 400°C, with a 

protection gas flow of 300sccm Ar and 20sccm of H2, and the annealing time varied from 

0.5 to 6 hours, but the PMMA residue did not get away obviously after the annealing 

process. 
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  Figure 15. Transferred graphene before (left) and after (right) annealing. 

     There were several factors during the wet transfer process: different molecular weight 

of PMMA, etchant to remove copper foil, baking temperature and baking time after spin 

coat the PMMA layer over graphene. We have tried to compare the amount of PMMA 

residue left on the graphene samples after the transfer process with different transfer 

conditions. 

               
   Figure 16. Graphene transferred with PMMA with molecular weight of a) 495kg/mol b)  
                    950kg/mol. 

      For different molecular weight of PMMA used during the transfer process, the sample 

transferred with PMMA 495 (Figure 16. left) had less PMMA residue than the sample 

transferred with PMMA 950 (Figure 16. right). 

a) b) 
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  Figure 17. Graphene transferred with a) Fe(NO3)3, b) Fe(NO3)3+HCl, and c)  (NH4)2S2O8. 

     For the same PMMA molecular weight and different etchant of Fe(NO3)3, 

Fe(NO3)3+HCl, and (NH4)2S2O8, the sample treated with Fe(NO3)3+HCl had the least 

PMMA residue. And since in Fe(NO3)3+HCl, there was HNO3 in the solution, so we also 

tried to use HNO3 as the etchant, with different HNO3 concentration. 

              

a) b) 

c) 

b) a) 
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Figure 18. Graphene transferred with of a)1.5% HNO3 for 6hours, b) 1% HNO3 for 6hours, c) 1%  
                 HNO3 for 3hours. 

     The graphene samples treated with HNO3 was much cleaner but the sample got 

damaged obviously after the transfer process, and the higher concentration of HNO3, the 

more holes generated on the graphene sample. It might due to the bubbles generated 

when HNO3 reacted with Cu during the etching process. 

     According to this reasonable guess, we got another idea, which was to divide the 

etching process into two steps, for the first step, Fe(NO3)3 was used to remove most of 

the Cu foil, which would not generate bubbles in the reaction, then for the second step, 

add some HNO3 into the solution, which might be helpful to remove the residues. 

             

c) 

a) b) 
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Figure 19. Graphene etched with Fe(NO3)3 over night, and then with HNO3 for a) 4 hours, b) 1  
                 hour, c) 0.5 hour. 

     For these samples, we first etched the Cu foil with Fe(NO3)3 over night, and then add 

HNO3 into the solution for 4 hours, 1 hour, 0.5 hour respectively. And from the result we 

could see that the sample treated with HNO3 for 4 hours was broken a little bit, and all 

the three samples was much cleaner compared with the samples treated with other 

methods. 

     We also tried different baking time, baking temperature after spin coat the PMMA 

layer over graphene samples, and also tried to use Ar plasma instead of O2 plasma to 

remove graphene on the other side of the graphene samples, and we found that the baking 

time and baking temperature did not influent the residue amount obviously, but using Ar 

plasma was helpful to reduce the PMMA residue after the wet transfer process.  

  

c) 
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3. Graphene doping experiment 

    FTIR spectroscopy has been experiencing increased popularity over past decades 

because various sampling techniques have been developed in order to improve detection 

sensitivity and to accommodate different samples and conditions. However, the obtained 

line-shape as well as intensity is strongly dependent on the detection configuration and 

sample conditions, which makes it difficult to interpret the obtained spectra. In order to 

understand the observed spectrum, we measure and calculate the phonon spectra of 

graphite under the similar configuration. Fig. 20 shows phonon spectra of graphite using 

reflection and ZnSe ATR configurations. Both phonon modes can be clearly seen, but 

their spectra show two distinct features that are not observed in typical FTIR transmission 

spectrum, in which an absorption band appears as a transmission minimum. First, two 

vibrational modes have opposite polarity, the in-plane mode shows an upward peak, but 

the spectrum becomes a dip for out-of-plane mode. Second, the intensity of out-of-plane 

mode depends strongly on the detection configuration, getting much enhanced when 

ZnSe ATR is used. The Out-of-plane A2u mode is observed in both cases because the 

infrared light is not polarized, it has a component of electric field normal to the graphite 

surface. 

     The abnormal transmission near 1590 cm-1 can now be assigned to the Fano resonance 

of E1u phonon. If phonon doesn’t couple to continuum electronic transition, we should 

only observe a transmission dip. On the other hand, we don’t observe a clear absorption 

for the out-of-plane mode. 
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     NH3 is used in this work to n-dope the graphene, and NH3 has long been used to dope 

carbon nanotubes. However, the doping mechanism is still a topic of current research. It 

is suggested that n-doping is due to the charge transfer from adsorbed NH3 to graphene, 

and NH3 molecules are oriented on graphene surface in such a way that H atoms are 

pointed away from the graphene surface. Our FTIR spectrum of adsorbed NH3 supports 

this theory. Fig. 20 shows a series of spectra as NH3 molecules diffuse away from 

graphene surface. We can observe a direct correlation between the Fano resonance and 

the absorption band at 3200 cm-1. This broad absorption band is the vibrational spectra of 

–NH3, in which the N atoms are attached to the surface and H atoms are free to move. 

This concurrent measurement of doping level and spectrum of adsorbed chemical species 

can help to understand sensing and doping mechanism of other chemicals. 

 
      Figure 20. NH3 doped graphene, different doping time(77). 
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To understand the time scale for the NH3 doping on the graphene surface, we used a 

chamber over our M-ATR which can help us to measure the FTIR spectrum while doping 

was taken place. This real time experiment could help us to study the doping process 

more precisely in time sequence (Figure 21).  

 

Figure 21. NH3 doped graphene, with different doping time. 

After doping with NH3, we also tried to remove NH3 from the graphene surface. We 

tried to use N2 to let NH3 desorb from the graphene surface, but the results showed that 

N2 was not helpful for desorption of NH3 (Figure 22). 
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Figure 22. NH3 doped graphene, N2 purge 0-15min. 

If we used air instead of dry N2 to remove the NH3 doping on the graphene surface, 

the situation was different. The enhancement of the fano peak would reduce fast, which 

indicated desorption of NH3 or neutralization of NH3 molecules adsorbed on graphene 

surface (Figure 23).  

 

Figure 23. NH3 doped graphene, Air purge, 5-50min. 

After doping graphene with NH3, Br2 is also used to get p-doped graphene. Br2 
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would lead to heavily p-doped graphene. The IR spectrum was measured before and after 

Br2 doping, In this experiment, transmittance mode was used for the FTIR measurement. 

Enhanced fano-like phonon resonance was clearly observed after Br2 doping (Figure 24). 

The doped graphene exhibited much larger phonon intensity than undoped graphene. The 

asymmetric line shape was similar to Fano resonance observed in gated double-layer or 

doped graphene. The enhanced phonon strength originates from the strong electron 

phonon interaction in graphene, while similar phonon behaviors have been observed in 

electron-doped alkali-C60 compounds and is attributed to the charged-phonon effect. It is 

anticipated that more pronounced phonon intensity will be observed in more heavily 

doped graphene. 
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    Figure 24. FTIR spectrum of  Graphene before and after doped with Br2

(77)
. 

      To study the stability of Br2 doped graphene, different ways are tried to remove Br2 

from graphene. The first way is to expose the sample in atmosphere for a long time. After 
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1 day, we take the spectra again and found the spectra looks similar to that 1 day ago. The 

second way is to pump down to vacuum. And after the sample is taken out of the vacuum 

chamber, the spectra still does not change. And last we try to anneal the sample at high 

temperature, from 400°C, 600°C, 800°C, up to 1000°C, and after annealing the spectra 

still looked similar. (Figure 25) 

 
  Figure 25. FTIR spectrum of double layer graphene sample doped with Br2 (purple line), then 

annealed at   different temperature, 400, 600, 800, 1000 °C (red line). 

     This may because the Br2 on graphene surface is very stable or it may due to Br2 

permanently change the structure of graphene.  
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  Figure 26. (a) Graphene doped with Br2, different doping time. (b) Graphene doped with Br2, 

different doping concentration. 

      Then some controlled experiment is done with different Br2 concentration and 

different doping time (Fig. 26). From Fig. 26a, we can see that the spectra does not 

change much with time. And less than 1min after Br2 vapor is introduced into the 

chamber, the enhanced phonon peak already exists. And when increasing the doping time, 

the spectra doesn’t change much. Fig. 26b shows the result that when increasing Br2 

vapor concentration in a small range, the spectra does not change much. And when very 

condensed Br2 vapor is introduced into the chamber, the phonon peak has a great 

(a) 

(b) 
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enhancement again. 

 
  Figure 27. Raman spectra before and after Br2 doping experiment 

     We also use Raman spectra to monitor the phonon behavior of graphene sample. The 

result is similar as reported: G peak is shifted to larger wave number after Br2 doping.  
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4. Conclusions  

    In conclusion, we had achieved synthesis of continuous single layer and multilayer 

graphene film, single layer and multilayer graphene islands with CVD system under 

atmospheric pressure. 

     And during graphene transfer process, using lower molecular weight of PMMA, two 

steps etching process with Fe(NO3)3 and HNO3, and Ar plasma to remove the graphene 

on the backside could be helpful to reduce PMMA residue after wet transfer process. 

     We had observed the in-plane lattice vibrational mode of few-layer graphene, we had 

also demonstrated tunable Fano resonance and enhanced charged-phonon by chemical 

doping. FTIR spectra revealed that charge transfer from adsorbed NH3 was responsible 

for the electron doping of graphene. 

     The IR spectra showed a fano-like peak around the location 1580cm-1. There was an 

enhancement after Br2 doping on double layer graphene sample while there was no such 

enhancement on single layer graphene. Br2 doping can also cause positive shift in raman 

spectra. Br2 doping process on graphene was very fast. Also Br2 doping was stable on 

graphene. 
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II. Twinning Si nanowires synthesis and optical property 

measurement 

A. Background 

    Silicon, as the base stone of the modern electronic applications, still draws great 

interest for research on different applications. The Si we use today is an indirect bandgap 

semiconductor with a weak optical response. The emission efficiency of defect free bulk 

Si is low. There are lots of studies to make Si more active in optical emission. Silicon in 

various forms has now been created, including porous silicon, silicon nanocrystals, 

impurity-incorporated silicon, and defect-engineered silicon to enhance its emission. 

Creating nanocrystals of silicon is probably the most successful approach to engineering 

silicon for visible light above the bandgap(1, 78, 79). The emission spectrum can be further 

tuned by varying the size of nanocrystals. In contrast, it is more difficult to modify silicon 

for sub-bandgap infrared light emission, especially at room temperature. One approach is 

to incorporate impurity elements into silicon, such as Er or C to create optically active 

extrinsic defects(80, 81). Another approach is to make use of intrinsic defects of silicon, 

such as point defects, rod-like defects, dislocations or line defects(80, 82-84).  

     However, unlike silicon nanocrystals, emission spectra from these impurities or 

defects exhibit characteristics of these defects, and can be hardly tuned. Furthermore, 

most of these infrared emissions are strong only at low temperature, and become 

quenched at room temperature.  
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B. Experiments and results 

    We had observed room-temperature broadband infrared photoluminescence from a new 

type of intrinsic defects: stacking fault, which were created during chemical synthesis of 

Si nanowires. The emission covers a wide spectrum from 1.2 to 1.5 µm, which is very 

different from those observed in dislocations or Si/SiO2  interfaces(85, 86). The 

photoluminescence shows a nonlinear dependence on the excitation laser power, becomes 

much stronger and blue-shifted at higher laser excitation powers. These observations can 

be qualitatively understood from polymorphic heterostructures between wurtzite silicon 

and cubic silicon induced by stacking faults in silicon nanowires.  

 
  Figure 28. Scanning electron microscope (SEM) images of Si nanowires synthesized using 

chemical vapor deposition (CVD).(1) 

     Silicon nanowires were synthesized via chemical vapor deposition (CVD) at 550 °C in 

a tube furnace. Au nanoparticles were used as catalysts and SiH4 (100 sccm, 2% diluted 

in H2) was used as silicon source. A growth pressure of ~100 Torr was maintained by 

mechanically adjusting the pumping speed through a vacuum valve. Fig. 28 shows 
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scanning electron microscope (SEM) pictures of silicon nanowires. Unlike typical CVD 

nanowires, these nanowires have chain-like structure due to periodic instability(86-88). 

Cross-sectional transmission electron microscope (TEM) micrographs in Fig. 29 indicate 

that nanowires contain a high density of stacking faults. High resolution TEM and 

electron diffraction (through fast Fourier transform (FFT)) reveal the existence of 

twinning and high density stacking faults (SFs) areas. Based on the FFT diffraction 

patterns (26c and 26d), area b-1 is a typical cubic structure across a twin interface with 

very strong (111) diffraction dots (marked in 26c). Instead, area b-2 has a distinctive 

rectangular diffraction pattern with stronger diffractions indexed as (0002) and (11 2 2), 

as marked in 26d.   These diffraction features suggest a local wurtzite structure caused by 

the high stacking faults in the area(89). The chain-like morphology and high density 

stacking faults are induced mainly by the relatively high growth temperature and 

pressure(90, 91).  

     Photoluminescence measurements were performed at room temperature using a 

backscattering configuration with a 532-nm laser as an excitation source. Emitted light 

was collected and analyzed by a single-grating spectrometer (Horiba iHR320) equipped 

with two separate detectors: a silicon charge coupled device (CCD) for visible spectrum, 

and an InGaAs array detector for infrared light from 1000 to 1600 nm. The same 

experimental configuration was used for all the samples presented in this work. 
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Figure 29.  Cross-sectional TEM study of Si nanowires: (a) high-density stacking faults in 
low magnification, (b) twin boundaries in high resolution TEM with obvious 
stacking fault areas marked; (c-d) fast Fourier transforms (FFTs) of area b-1 and 
b-2 showing cubic and wurtzite diffractions, respectively.(1) 
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  Figure 30. (a) Visible and (b) infrared photoluminescence spectra of CVD silicon nanowires at 

several different excitation powers. The infrared spectrum at 140 mW is enlarged by 
8. The absorption near 1.4 µm is due to water in air.(1) 

     Photoluminescence was first studied in the visible spectrum. As can be seen in Fig. 

30a, the nanowires exhibit a broad emission centered at 650 nm. The integrated intensity 

increases with incident light at low powers, but the intensity starts to saturate at 110 mW. 

Further increase in incident power only makes the peak luminescence weaker, but the 

emission at longer wavelength begins to appear. The infrared emission is confirmed in 

Fig. 30b using the InGaAs detector, it is a broad spectrum extended to 1.6 µm. Different 

from visible spectra, the integrated intensity increases super-linearly with increase in the 

incident power. The infrared emission below 140 mW was too weak to be measured, it 

also became weaker and broader, showed slight redshift when the incident power 

exceeded 200 mW. 

     Sub-bandgap infrared emissions have been observed in different silicon 

nanostructures. Jia et al. reported infrared cathode luminescence in silicon nanowires 

synthesized using thermal evaporation of SiO(92, 93). They attributed the emission to 

dislocations because of the distinctive spectral features. The same group also reported 
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broad-band infrared photoluminescence peaked at 1.5 µm in porous silicon, and they 

ascribed the emission to Si/SiO2 interfaces(94). As shown in Fig. 30b, our infrared 

emission spectra are centered at 1350 nm, and are different from those reported. Infrared 

photoluminescence was also observed in silicon nanocrystal thin films, but the origin of 

the emission was not clearly identified(95). It should be noted that the contribution of 

blackbody radiation to the infrared emission due to laser heating can be totally neglected 

in our case. Based on the position of silicon optical phonon, we estimated that the 

temperature of nanowires increased to less than 200 °C under the strongest 200 mW 

excitation. We believe this increase in temperature was responsible for the quenching of 

visible emission at a higher incident power shown in Fig. 31a.  

 
 Figure 31. (a) Visible and (b) infrared photoluminescence spectra of electroless etched silicon 

nanowires. No infrared emission is detected. As comparison, band gap 
photoluminescence at 1100 nm can be observed in a silicon substrate.(1) 

     In order to identify the origin of both visible and infrared emissions in CVD silicon 

nanowires, we measured photoluminescence in defect-free silicon nanocrystals (SiNCs) 

and etched silicon nanowires(96-98). Both nanostructures contain considerable amount of 

Si/SiO2 interfaces as CVD nanowires. Fig. 31 shows photoluminescence spectra of 
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electroless etched silicon nanowires (EE SiNWs). A similar broad band visible emission 

can be found, but no infrared emission can be detected. The nanowires have an average 

diameter of 170 nm. Since these EE SiNWs were obtained from p-type high quality 

silicon wafers, they are almost free of any defects such as stacking fault(99). Fig. 32 shows 

photoluminescence spectra of silicon nanocrystals embedded in oxide matrix(100). Very 

strong photoluminescence can be seen in the visible and near infrared regions above the 

band gap. Again, like EE SiNWs, infrared emission below the band gap was not detected 

in a similar range of excitation powers. The shift in the peak position is due to the change 

in the size of nanocrystals.  

 
 Figure 32. (a) Visible and (b) infrared photoluminescence spectra of silicon nanocrystals with 

large (in red) and smaller (in green) sizes under excitations of two representative laser 
powers: 20 mW (dashed lines) and 180 mW (solid lines).(1) 

     The above control experiments have helped us to understand the origins of 

luminescence in different silicon nanostructures. Let’s first look at the visible spectra. 

The size-dependent visible emission in SiNCs is clearly a result of quantum confinement, 

and the broad visible emission in CVD NWs and EE NWs come from Si/SiO2 interface. 
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Both types of nanowires are too big to exhibit any quantum confinement effect, and 

photoluminescence from Si/SiO2 interfaces in silicon NC/SiO2 matrix is too weak to be 

observed due to much stronger size-dependent emission from silicon nanocrystals. 

Compared with photoluminescence of an ordinary silicon substrate shown in Fig. 32b, 

neither CVD nor EE nanowires exhibit band-gap photoluminescence at 1.1 µm, 

apparently due to large surface recombination velocity associated with the large surface 

to volume ratio of nanowires. The reason why visible photoluminescence in EE SiNWs 

did not suffer from thermal quenching was because EE SiNWs were in intimate contact 

with the silicon substrate so that laser heating was not as significant as in CVD 

nanowires. 

     Based on above observation that no infrared emission was detected in both EE SiNWs 

and SiNCs, we can conclude that the broad band infrared emission must be related to the 

unique stacking fault crystal structures in CVD SiNWs. Stacking faults, especially 

twinning, can create a mixed structure of wurtzite and cubic silicon lattices. The effect of 

twinning on the optical properties was first reported by one of the authors(101). The same 

mechanism can qualitatively explain main features of the observed infrared 

photoluminescence spectra in CVD silicon nanowires. A twinned nanowire is different 

from a defect-free nanowire because a twin plane has wurtzite symmetry locally: it is one 

unit of wurtzite crystal that is different from the neighboring cubic or diamond 

structure(83, 84). Thicker wurtzite crystal can be created by consecutive twinning. Previous 

calculation and photoconductivity measurement indicated that wurtzite silicon is an 
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indirect  semiconductor  with  a  bandgap  of  ~  0.8  eV(92, 93, 95, 102).  It  was  also  

confirmed  by  recent cathodoluminescence  study  of  wurtzite  silicon  nanowires  at  

room  temperature.  Because wurtzite silicon and conventional cubic silicon form a type-I 

band alignment, a randomly twinned silicon nanowire can be regarded as a mixture of 

wurtzite/cubic quantum wells with a random distribution of well thickness. 

     The effect of wurtzite/cubic quantum well heterostructure on the optical property is 

two-fold. First, quantum confinement can create localization of photoexcited carriers, 

thus enhancing the radiative recombination. Because of nature of indirect band gap of 

wurtzite silicon, such enhancement is important for strong light emission. Second, 

depending on the thickness of wurtzite/cubic quantum well, the emission wavelength can 

be varied in a wide range between wurtzite and cubic bandgaps. We believe that the broad 

infrared emission is due to the random distribution of wurtzite/cubic quantum well 

thickness. The blue-shift of the peak position under higher excitation powers is due to the 

band filling effect. Because of high density of non- radiative channels associated with 

large surface to volume ratio as well as a large number of structural defects, infrared 

emission was only observed at a relatively large excitation power, resulting in a super-

linear increase of infrared emission intensity. 

     Twinning is the simplest form of stacking faults. Although it can alter the crystal 

structures, it will not create non-radiative defects because it doesn’t change the local 

bonding between silicon atoms. Due to the unstable growth condition, we believe many 

stacking faults are not simple twinning, and they will induce many non-radiative defect 
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centers, which make the infrared emission very weak under low excitation powers. 

     Wurtzite Si (Si IV) was initially created using high-temperature indentation of 

diamond (cubic) Si(91, 103), it was later prepared by pulsed laser-beam annealing or laser 

ablation(85, 89). Wurtzite Si structure was also identified in CVD Si nanowires. Recently, 

uniform wurtzite silicon shells were epitaxially grown on hexagonal GaP nanowire 

cores(89). Despite these developments in the synthesis of wurtizte silicon, a bandgap 

confirmation using photoluminescence has not been reported. 
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C. Conclusions 

    In conclusion, we have observed room-temperature broad-band sub-bandgap 

photoluminescence in stacking faulted silicon nanowires. The infrared emission comes 

from wurtzite/cubic silicon heterostructures. A narrow band infrared emission can in 

principle be obtained by creating a pure structure of  wurtzite  silicon  lattice.  Because 

wurtzite silicon is  intimately  integrated  with conventional cubic silicon, nanowires with 

embedded wurtzite strutures can be used to make sub-bandgap infrared light sources or 

photodetectors for integrated silicon photonic circuits. 
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