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CHAPTER – 1 

Background Study 

1.1 Motivation: 

Semiconductor quantum dots (QDs) are highly regarded nanomaterials because of their unique 

optical/electronic/structural properties that have great potential for optoelectronic devices and 

biological imaging applications. Although inorganic quantum dots such as CdSe (cadmium 

selenide), PbS (lead sulfide), CdS (cadmium sulfide) possess excellent optical/electronic 

properties including tunable bright emission in visible/NIR-I/II region, high extinction co-

efficient, longer lifetimes, considering the complex high cost synthesis process, intrinsic 

cytotoxicity of some inorganic materials up to becoming potential environmental hazard, the 

majority of the inorganic QDs are unsuitable for household optoelectronic or biological 

applications. On the other hand, graphene quantum dots (GQDs) offer comparable 

optical/electronic properties, an eco-friendly/cost-effective/facile/scalable synthesis process along 

with low cytotoxicity and no potential harmful impact on the environment. This combination 

makes GQDs highly desirable material that can be utilized in solution-processable optoelectronic 

and biotechnology industry applications. Our goal was to develop simple, straightforward, and 

cost-effective synthesis routes to produce novel GQDs with novel optical and electronic properties 

that can be used as an active material to fabricate electroluminescence devices, solar cells, 

photodetectors, and a bioimaging probes for in-vitro/in-vivo/ex-vivo imaging. Bottom-up and top-

down synthetic approaches implemented in this work allow synthesizing heteroatoms 
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(Oxygen/Nitrogen/Sulfur) doped GQDs exhibiting fluorescence with high quantum yield in visible 

and near-infrared (NIR) suitable for applications in optoelectronics and biomedicine.  

1.2 Questions that will be answered by this study: 

i. Can we synthesize graphene quantum dots (GQDs) with superior optical properties using 

a simple/scalable/eco-friendly bottom-up approach? 

ii. Can we utilize these solution-processable GQDs for optoelectronic device applications? 

iii. Can we utilize these GQDs for biological imaging applications? 

iv. Can we modify the optical properties of these GQDs for specific applications? 

v. Can we produce GQDs exhibiting visible/near-IR fluorescence using a simple/cost-

effective top-down approach? 

vi. Can these GQDs (prepared from a top-down approach) be used for biological imaging 

applications? 
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1.3  Literature review: 

1.3.1 Graphene 

Graphene is a two-dimensional carbon allotrope which is considered as the building block of 

graphite, reduced graphene oxide, graphene oxide, carbon nanotubes, fullerenes, graphene 

quantum dots, graphene nanoribbons, graphene nanowires, graphene nanoplatelets, etc. It has one 

atomic layer thick sp² hybridized hexagonal/honeycomb-shaped crystal lattice structure (Figure-

1.1) having a bond length of 0.12 nm[3]. In graphene layers, 2s, 2px, and 2py orbitals hybridize in 

a way that each carbon is covalently bonded with three neighboring carbons by sigma bonds 

whereas the 2pz orbital forms a -bond that is shared by the neighboring carbons forming a  

electron system on the graphene surface. Usually, for metals and semiconductors, the valence band 

either overlaps with the conduction band (metals) or it is separated by a small gap from the 

conduction band (semiconductors). Graphene, on the other hand, is known as a zero-bandgap 

semiconductor or a semi-metal. By using density functional theory (DFT), the electronic band 

structure of single-layer graphene can be calculated revealing its unique character (Figure 1.2) 

having conical structures formed by its energy bands called Dirac cones (Figure 1.3). DFT 

indicates that due to the formation of such unique conical band structure, delocalized electrons 

from 2p orbital in graphene can act as massless relativistic particles with, however, electron speeds 

300 times below the speed of light[1]. Graphene’s physical/electronic structure yields remarkable 

electrical/thermal conductivity, high transparency, superior tensile strength, and high thermal/ 

chemical stability[4-8] which has a great potential for wide variety of electronic applications. Those 

include gas and biosensors[9], field emission displays[10], transparent electrodes[11, 12], field-effect 

transistors[13] and lithium-ion batteries[14]. Graphene has been synthesized utilizing both bottom-
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up and top-down approaches. The bottom-up methods include thermal chemical vapor deposition 

(CVD) using camphor as the precursor on nickel foils[15], plasma-enhanced chemical vapor 

deposition requiring lower temperature than thermal CVD[16] within a plasma discharge, ultra-high 

vacuum thermal decomposition on SiC surface[17], and arc discharge methods[18]. On the other 

hand, the top-down methods include mechanical exfoliation of graphite [13], exfoliation–re-

intercalation–expansion of graphite[19], or graphite exfoliation by high-shear mixing[20]. A plethora 

of synthetic approaches yield graphene with different quality, scalability and production yield. 

There is always a trade-off between the scale and quality of graphene production: mechanical 

exfoliation/epitaxial growth methods provide high quality graphene at the smaller scale compared 

to the graphene produced by chemical exfoliation method which is hampered by low uniformity 

of the resulting graphene material.  

There are other graphene-like materials that can be synthesized via a variety of chemical methods 

showing similar structure/properties as graphene with a much lower cost such as reduced graphene 

oxide (RGO) produced by the reduction of graphene oxide (GO) that is in turn synthesized from 

graphene via chemical oxidation.   
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Figure 1.1: Single layer graphene sheet 

Figure 1.2: Band structure of single graphene layer showing 𝜎 bands with solid red lines and π bands with dotted blue lines 

[2]. In the x axis G represents the origin of the first brillouin zone; K and M represents the corner and border points of the first 

brillouin zone, respectively. 
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1.3.2 Reduced graphene oxide 
 

Reduced graphene oxide (RGO) is a graphene-derived material that shows comparable 

mechanical, electrical and chemical properties to graphene. Usually, graphene oxide (GO) is 

utilized as a precursor to producing RGO via thermal reduction [21] or chemical reduction with 

hydrazine[22, 23] or sodium borohydrate[24, 25]. GO has a number of oxygen-containing functional 

groups on its surface, which are reduced via these processes making it more hydrophobic and 

resulting in unstable dispersion in water. However, the stability can be improved by further 

chemical processing such as pH variations along with aqueous ammonia addition that increases 

the stability of hydrazine-treated RGO in aqueous suspension [26]. Although reduction process 

yields the removal of functional groups on RGO graphitic sheet, some residual defects may still 

exist (Figure 1.4) in the place of removed functionalities decreasing the quality of the reduction-

produced graphene. RGO can still be produced with very high conductivity (6300 Scm-1), and 

Figure 1.3: Electronic dispersion in the honeycomb graphene lattice.[1]  
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mobility (320 cm2V-1s-1) synthesized via Joule heating reduction at 3000K[27] which shows great 

promise for electronics applications. However, due to the absence of substantial bandgap (optical 

inertness) it can not be used as an active material for optoelectronic or any other fluorescence-

based applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Single layer reduced graphene oxide (RGO) sheet. The red marked regions represent some defects on RGO.  
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1.3.3 Graphene quantum dots 

Graphene quantum dots are a fragment of graphene sheet with small enough (on the order of 

several nanometers) dot-like shape (Figure 1.5 a,b) to exhibit quantum confinement-induced 

properties. Size-dependent quantum confinement takes place when the size of a semiconducting 

nanomaterial is comparable to the excitonic Bohr radius of the bulk material[28]. Since bulk 

graphene is a zero-bandgap semiconductor and delocalized electrons in graphene behave as 

massless relativistic particles[1, 7], the excitonic Bohr radius of bulk graphene becomes infinite 

indicating any size of graphene sheet may experience quantum confinement[29]. GQDs are 

nanometer-sized 0-D (zero-dimensional) structures where excitons remain confined in all three 

spatial dimensions that, unlike graphene, may exhibit bandgap induced by quantum confinement 

effect[30]. On the contrary, due to the zero-gap semiconductor bandstructure, graphene is optically 

inert, which hampers its use as an emissive material for optoelectronic or bioimaging applications. 

Compared to graphene, derivatives such as graphene oxide (GO), graphene quantum dots (GQDs), 

and graphene nanoribbons exhibit fluorescence (FL)[31-36] due to the presence of band gaps which 

makes them highly desirable for a diverse range of emission-based optical applications. Although 

GO has the advantages of a large heavily-functionalized platform for further modification, it 

exhibits a very broad emission with a lower quantum yield on the order of 1%[37, 38]. Graphene 

nanoribbons are complex in production and can not be modified while retaining their properties. 

On the other hand, GQDs are known to have a more ordered than GO uniform structure with size-

confined band gaps[39-42], can be mass-produced and generally exhibit fluorescence with high 

quantum yields[43, 44] required for optical emissive devices and biological fluorescence probes.  
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(a) 

(b) 

Figure 1.5: (a) TEM (transmission electron microscopy) image of numerous dot-like graphene fragment sheet, (b) Proposed 
single layer graphene quantum dot with oxygen and nitrogen containing functional groups. The carbon, oxygen, nitrogen, and 
hydrogen atoms are assigned with black, red, blue, and white color, respectively.  
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These zero-dimensional carbon allotropes are well-known to have stable fluorescence (FL)[45], 

remarkable photostability[45, 46], low cytotoxicity[47, 48], good general biocompatibility[47, 49], high 

water solubility[48], substantial pH sensitivity[50, 51], and low aggregation affinity. Having all these 

advantageous properties, GQDs show great potential to advance critical areas of modern 

technology including LEDs[52-54], photovoltaics[55-57], fluorescent bioimaging[58, 59], biosensing[60, 

61], pH sensing[62, 63], photoelectrocatalysis[64, 65], photodynamic therapy[66, 67], therapeutics 

delivery[68-70] and fluorescence-based metal ion detectors[71, 72]. There are mainly two different 

approaches to synthesize graphene quantum dots: (1) the top-down approach, which involves 

scission of larger-sized (micrometer) structures into smaller-sized (nanometer) graphitic sheet 

yielding quantum dots, (2) the bottom-up method, that includes step-wise fabrication of GQDs via 

solution chemistry[73], or the synthesis of GQDs by pyrolysis/carbonization of small organic 

molecules (carbon precursors) via a hydrothermal method[74, 75]. The top-down approach can be 

performed either via strong acidic oxidation using carbon nanotubes, graphite, or carbon black[76, 

77] as precursors, or electrochemical exfoliation using graphite rods or graphene films[78, 79] as 

carbon sources. Usually, these methods are time-consuming, complex, and provide no/little control 

over the optical/structural properties of the end products. On the other hand, GQDs synthesized 

via bottom-up approaches provide superior optical properties over top-down approach, but existing 

processes may involve complicated experimental setup, long reaction times, various starting 

materials, little/no control over GQD properties, and thus do not necessarily yield GQDs with 

optimal characteristics.  

Compared to their inorganic counterparts, however, GQDs offer a simple/scalable/eco-

friendly/cost-effective alternative that shows size-dependent bandgap which is inversely 
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proportional to the size of conjugated π domains in the case of graphene and the particle size 

in II-VI materials[42]. Given the mostly surface GQD morphology, the edge/surface also plays 

an important role in the origin of their emission. This allows for a broader size range for the 

emissive GQDs as opposed to their counterparts such as SiQDs (silicon-based QDs) that 

exhibit quantum confinement-induced size-dependent photoluminescence only below 5 nm 

diameter which is comparable to the excitonic Bohr radius of bulk silicon (~5nm)[80, 81], 

whereas for GQDs the limit is up to 20 nm[30] due to the emission originating from surface/edge 

states and their arrangement on GQDs. Depending on the synthetic approach and size-tuning 

of GQDs, the fluorescence can be either strongly excitation wavelength-dependent over a 

broad range (350-800 nm) [82-84] or shows a slight/negligible dependence over a shorter 

wavelength (300-470 nm) range [85, 86]. Excitation dependence arises from the presence of a 

variety of quantum dot sizes in the sample, each emitting at their particular wavelength. 

Excitation wavelength-independent emission can be obtained in more size uniform GQDs 

samples tuned in size and showing single transition with moderate quantum yields[87-90]. 

It is highly desirable to develop GQDs that can be synthesized using a simple, scalable, 

eco-friendly, and cost-effective process. Currently, the production of GQDs is limited as their 

synthesis is generally quite complex and yield GQDs with poor solubility/low production 

yield[91].  Additionally for the field of optoelectronics it is critical to developing a 

multifunctional GQD material with properties allowing utilization as an optically active layer 

to fabricate solution-processed optoelectronic devices such as LEDs, solar cells, 

photodetectors with outstanding device characteristics. Also, the optical properties, especially 

the NIR emission capabilities of these biocompatible GQDs, can be explored further for in-
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vitro/in-vivo/ex-vivo bioimaging applications. Most GQDs exhibit emission in visible which 

only allows performing in-vitro imaging. Therefore, biocompatible GQDs with unique NIR 

emission properties at NIR excitation will enable in-vivo imaging with reduced 

autofluorescence background, less scattering, and high penetration depth. In this work, we have 

developed new synthetic procedures to produce several types of GQDs meeting the 

aforementioned needs which have not been developed so far. Further chapters will describe 

their characterization and utilization in optoelectronic and bioimaging applications.  

1.3.4 Fluorescence 

Upon photo-excitation of nanomaterials/molecules, the ground state electrons absorb the 

photon energy and get excited, leading to an electronic transition of these electrons from ground 

state to excited electronic state (Figure 1.6). After reaching the excited state, the electrons will 

undergo a non-radiative relaxation process via internal conversion and reach the lowest excited 

state. The electrons may release the gained energy from the lowest excited state either in a radiative 

or non-radiative fashion and come back to the ground state. The release of a photon via radiative 

relaxation is known as fluorescence. As a result of this process, the emitted photon is less energetic 

than the absorbed one.  
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The non-radiative relaxation of the excited electron to the ground state does not result in photon 

emission leading to the lowered quantum yield for that particular material. The fluorescence 

quantum yield can be defined as the ratio of number of photons emitted to the number of photons 

absorbed, mainly describing the efficiency of the fluorescence process for a specific fluorophore.  

The fluorescence quantum yield can be measured either using a comparative method which renders 

a relative quantum yield or special instrumentation can be utilized to measure the absolute quantum 

yield. This can be accomplished via the experiment involving an integrating sphere allowing to 

measure absolute quantum yield. Generally, absolute quantum yield is expressed as: 

 

 

The measurement of relative quantum yield of fluorophores using a comparative method was first 

introduced by Parker and Rees in 1960[92] which can be described using the following equation. 

Figure 1.6: A schematic of fluorescence mechanism. 
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In the above expression, Φ𝑟𝑒𝑓 denotes the quantum yield of the reference materials, FLI represents 

the experimentally measured integrated fluorescence intensity, Abs indicates the absorbance of 

materials at the excitation wavelength and 𝜂 is denoted as the refractive index of the solvents. 

Fluorescence has a plethora of  practical applications including fluorescent lamps, fluorescent 

labelling with dyes in biomedicine, a variety of biological assay applications (e.g. flow cytometry, 

plate readers), biological and physical fluorescence microscopy, fluorescence spectroscopy, 

characterization of materials, fluorescence resonance energy transfer (FRET), and other 

technological applications in the area of gemology, mineralogy, optoelectronics etc[93-97].    

1.3.5 Electroluminescence 

Electroluminescence is a combined (electrical/optical) process in which electrical energy can 

be converted to light energy ideally without the generation of thermal energy. If a strong electric 

field or electrical current is applied across an electroluminescent material, the electrons in the 

conduction band will recombine with holes in the valence band, releasing the energy via radiative 

(emission of light) or non-radiative (heat dissipation) recombination. The radiative recombination 

of electrons/holes is regarded as electroluminescence. Electroluminescence can be obtained either 

intrinsically (high-field electroluminescence under the influence of the electric field) or via the 

injection of charge in a semiconducting material[98]. In order to achieve the high-field 

electroluminescence, a bias voltage is applied to develop a high electric field within the phosphor 
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material (could be either fluorescent or phosphorescent) which excites the luminescence species 

resulting in EL emission upon the relaxation of the excited state of the emissive centers. The 

injection of carriers can be performed within the semiconductor materials using a small bias 

voltage resulting in the injection of electrons from the cathode terminal and holes from the anode 

terminal recombining and exhibiting electroluminescence within the semiconducting layers. Like 

fluorescence, electroluminescence also has many important applications such as LEDs (light-

emitting devices), backlights for LCDs (liquid crystal displays), electroluminescent lighting, 

optical logic circuits, etc.  
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CHAPTER – 2 

Photo- and Electroluminescence from Nitrogen-doped and Nitrogen-Sulfur co-

doped Graphene Quantum Dots[46] 

2.1 Overview: 

In this work, a bottom-up approach with single glucosamine hydrochloride (glucosamine-HCl) 

precursor is used for the first time to produce nitrogen-doped graphene quantum dots (N-GQDs) 

and a separate thiourea-driven reaction to synthesize nitrogen/sulfur co-doped graphene quantum 

dots (NS-GQDs), via a microwave-assisted single-step hydrothermal method. Structural and 

optical characterization was performed by TEM (Transmission electron microscopy), AFM 

(Atomic force microscopy), SEM (Scanning electron microscopy), FTIR (Fourier-transformed 

infrared spectroscopy), EDX (Energy dispersive x-ray spectroscopy), Raman, fluorescence, and 

absorbance spectroscopy. GQDs appear to be well-dispersed and distributed at 5.50±0.20 nm (N-

GQDs), and 3.90±0.10 nm (NS-GQDs) average sizes with distinct crystalline structure detected 

by HRTEM (high-resolution transmission electron microscope). The composition of QDs is 

assessed via FTIR and EDX indicating a variety of oxygen-containing functional groups with 

nitrogen (N-GQDs) and nitrogen/sulfur (NS-GQDs) doping of the graphene structure. The 

synthetic procedure of N-GQDs/NS-GQDs is straightforward, scalable, reproducible, less time 

consuming, and requires fewer resources than other bottom-up or top-down approaches, allowing 

for mass GQD production for device and biomedical applications. Also, the source of precursor 

material used in this work is widely available and inexpensive. 
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What makes this material novel in addition to a simple/scalable/cost-effective synthesis is the 

excitation-dependent fluorescence emission that GQDs exhibit both in the visible and near-infrared 

regions of the electromagnetic spectrum, which is unique as compared to their existing 

counterparts[99-101]. Although a number of researchers have studied GQD photoluminescence, its 

origins are still debatable. Some of the well-regarded mechanisms include it is  recombination of 

electron-hole pairs originating from localized sp2 graphitic carbon platform surrounded by 

functionalized sp3 carbon [102], size-dependent quantum confinement effects[103, 104], emissive 

defect states[85, 103, 105], or selective surface passivation[83, 85]. We propose that N-GQD/ NS-GQD 

emission originates from the combination of quantum confinement effects (size-dependent band 

gap) and potentially, as in graphene oxide, due to the types/arrangements of emissive trap states 

associated with functional groups. This also includes states originating from surface passivation 

of the GQD surface by amino/thiol groups originated during the hydrothermal reaction. 

The structural composition of these GQDs manifests in unique optical properties with high (10 

to 60%) quantum yield, blue/green excitation-dependent fluorescence in the visible attributed to 

size-dependent band gaps, and a second emission feature in the near-IR at 800-900nm potentially 

arising from the edge/defect states and their arrangements. In the present work, we have utilized 

these remarkable optoelectronic properties of GQDs in device applications. Electroluminescence 

devices were fabricated with these GQDs in a simple solution-processed method involving spin-

coating of materials on ITO (Indium-doped tin oxide) electrodes with silver paste anode. N-GQDs 

serve as a recombination layer between PEDOT:PSS (poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate)) and silver. These devices show observably bright 

electroluminescence emission in green/yellow for N-GQDs both at cryogenic and room 
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temperature. N-GQDs and NS-GQDs have excellent aqueous solution stability as well as tunable 

electronic structure, which allows for inexpensive fast-produced LEDs (light-emitting devices), 

providing potential advantage over inorganic GaN-devices[106]. Additionally, the use of highly 

fluorescent nitrogen and sulfur-doped GQDs in organic electroluminescence devices may avoid 

the use of rare earth element-based Iridium complex as a dopant material[107]. In this chapter, we 

will describe these devices from fabrication to testing. 

2.2 Experimental methods and procedures: 

2.2.1 Synthesis/purification/characterization of N-GQDs and NS-GQDs 

A commercially available microwave (Hamilton Beach, model: HB-P90D23AP-ST) was 

utilized to synthesize N-GQDs and NS-GQDs via a hydrothermal method. In a standard procedure, 

a 0.14 M aqueous solution of glucosamine-HCl was placed in a microwave for 40 min at 450 W 

(Power level 3). Additionally, for the synthesis of NS-GQDs, thiourea was used as a source of 

sulfur, with a 1:1 ratio of thiourea to glucosamine-HCl. As prepared graphene quantum dots were 

collected and purified utilizing bag dialysis with 0.5–1 kDa MWCO (molecular-weight-cutoff) 

membrane for seven days as the DI water dialyzed against was replaced daily. After such 

purification, a synthesis yield of (15-20) % was achieved.  To verify the efficiency of this 

purification process, Benedict’s test[108, 109] was utilized to detect the presence of glucosamine 

precursor in GQDs. For as-prepared GQDs, the concentration of glucosamine assessed via the pre-

quantified detection range of this test was observed to be over 0.15 mg/ml (Figure 2.3a) showing 

the presence of glucosamine precursor. However, a negative result was observed for the purified 

GQDs suggesting minimal/negligible presence of unreacted materials in the suspension of bag-

dialyzed GQDs (Figure 2.3b). 
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Transmission Electron Microscopy (Model: TEM JEOL JEM-2100) was utilized for the 

morphological characterization of N-GQDs and NS-GQDs. Samples for TEM were prepared on 

the carbon-coated 200-mesh copper grid under ambient conditions. Optical characterization was 

performed via absorption and fluorescence spectroscopy. Fluorescence spectra were measured 

using SPEX NanoLog, Horiba Scientific spectrofluorometer in the regions of 300 nm to 1000 nm 

with the excitation varied from 280 to 800 nm. Absorbance was recorded in the range of 200 to 

800 nm with Agilent Technologies (Cary 60 UV-Vis) absorption spectrometer. Chemical 

composition of N-GQDs and NS-GQDs was assessed via the ATR (attenuated total reflection) 

mode of the Thermo Nicolet Nexus 670 FTIR. The samples for FTIR were freeze-dried using a 

Labconco, FreeZone 4.5 lyophilizer to reduce the water background. Raman spectrometer 

(DeltaNu) was used to characterize the GQDs with 785 nm excitation at 100 mW peak power. The 

solution-based GQDs Samples for Raman spectroscopic measurements were spin-coated on a 

silicon wafer at 1000 rpm for 30 seconds. Finally, in order to assess the thickness profile of both 

GQDs, a tapping mode AFM (Atomic Force Microscope: NT-MDT nanosolver) was utilized. For 

AFM measurements GQDs from suspension were spin-coated three times at 3000 rpm for 30 

seconds (each time) on a silicon substrate. 

2.2.2 Preparation of Benedict’s Solution  

Benedict’s reagent was prepared by mixing sodium carbonate, sodium citrate, and copper-

II sulfate in DI water. A known amount of glucosamine/N-GQDs was mixed in 1 mL of Benedict’s 

reagent followed by heating the final solution at 90°C for 20 minutes. Any change of 

color/precipitation indicates the presence of reduced sugars (free aldehyde group) from 
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glucosamine precursors (positive result). Different concentrations of glucosamine were tested with 

Benedict’s reagent showing color change/precipitation starting from 50 mg/ml down to 0.15 mg/ml 

indicating positive results (Figure 2.3a). Any concentration of glucosamine below 0.15 mg/ml 

showed neither color change nor precipitation (Figure 2.3a). After testing only glucosamine, 

unpurified quantum dots were tested with Benedict’s reagent and showed a slight color change 

along with precipitation indicating the presence of non-reacted glucosamine with a concentration 

of ≥ 0.15 mg/ml. The purified quantum dots tested with the same reagents show no color 

change/precipitation suggesting either the absence of non-reactant glucosamine or the presence of 

only a low amount of impurity (Figure 2.3b). In order to avoid a false-positive result, three samples 

of the same concentration were tested at the same time yielding similar results. 

2.2.3 Calculation of Quantum Yield (QY) 

A comparative approach was followed to calculate the quantum yield of N-GQDs/NS-GQDs 

choosing Coumarin-153 in ethanol (47% QY at 400 nm excitation) and Fluorescein in 0.1 M 

NaOH (92% QY at 360 nm excitation) as reference materials. We use the following formula 

to find the QY of both GQDs. 

  

 

In the above expression, Φ𝑟𝑒𝑓 denotes the quantum yield of the respective materials, FLI 

represents the experimentally measured integrated fluorescence intensity, Abs indicates the 

absorbance of materials at the excitation wavelength and 𝜂 is denoted as the refractive index of the 

solvents. The refractive indexes of water, Coumarin-153, and Fluorescein are considered as 1.33, 
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1.36, and 1.33, respectively. In order to verify the quantum yield of N-GQDs assessed via a 

comparative method, an absolute quantum yield of N-GQDs was also measured using a Newport 

819C-SL (with spectralon coating) integrating sphere at 405 nm laser excitation.  

2.2.4 Device fabrication 

Indium doped tin oxide-coated glass (ITO) was used as a substrate for device fabrication 

due to its excellent transparency and substantial conductivity[110]. ITO substrates were submerged 

in 10% HCl for 1 hour which was followed by cleaning in acetone for 1 hour using ultrasonic 

treatment in preparation for further layer deposition and blow-dried by N2 gas. Prior to deposition 

on the ITO glass substrate, PEDOT: PSS at a concentration of 1.1 wt % in water with a ratio of 

1:1 PEDOT to PSS was filtered using a 0.45 µm pore size syringe filter, and dispersed in an 

ultrasonic bath for 30 min. After that, 200 µl of PEDOT: PSS solution was spin-coated on treated 

ITO glass at 3000 rpm for 20 seconds, which was further oven-baked for one hour at 120 °C. This 

was followed by the deposition of N-GQDs on the ITO-PEDOT:PSS via spin-coating (300 µl of 

5 mg/mL aqueous suspension of N-GQDs at 3000 rpm for 20 s). The spin-coated sample was 

further annealed at 120 °C for one hour. Finally, a conductive silver paste was deposited on the 

top of the device to make the electrical contacts. Before testing the device, the morphological 

characterization of the LEDs was performed via Scanning Electron Microscopy (JEOL-JSM-

7100F). In device testing experiments, a 15V (Harrison 6205B DC power supply) bias voltage was 

used for the electroluminescence experiments providing electron and hole current. We further 

utilized the Keithley 2420 Source Meter Unit (SMU) instrument to measure the turn-on voltage of 

both devices. Finally, in order to record electroluminescence under the application of DC bias 

voltage, the devices were placed inside a Horiba Spex Nanolog fluorescence spectrometer and the 
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spectra were recorded continuously as a function of applied bias. In order to confirm the electronic 

nature of the emission this experiment was repeated under liquid nitrogen temperatures and the 

photoluminescence of the devices was also measured using the Ocean Optics (S2000) spectrometer 

at 365 nm excitation wavelength.  

2.3 Results and Discussion: 

Aqueous glucosamine-HCl or glucosamine-HCl with thiourea was used as low-cost 

starting materials for the synthesis of N-GQDs or NS-GQDs. These precursor materials undergo a 

microwave-assisted hydrothermal process in the presence of continuous uniform microwave 

treatment for 40 min yielding well-distributed GQDs in a stable aqueous suspension. We utilized 

glucosamine-HCl as a single precursor for the source of carbon and nitrogen dopants to synthesize 

N-GQDs and both glucosamine/thiourea as a source of carbon/nitrogen and only thiourea as a 

source of sulfur to produce NS-GQDs. In addition to that, thiourea works as a catalyst for the 

dehydration process and provides nitrogen and sulfur for doping. With continuous microwave 

treatment, inter-molecular dehydration takes place, resulting in a polymeric chain to produce N-

GQDs (Figure 2.1). After this polymerization process, at a supersaturation condition, a burst of 

nucleation takes place followed by the doping of nitrogen/nitrogen-sulfur to form N-GQDs/NS-

GQDs. This growth mechanism of GQDs is illustrated in figure 2.1 via a schematic diagram. The 

formation/growth of carbon nuclei is verified by the crystalline lattice structure images of GQDs 

captured by HRTEM indicating the presence of graphene structure and thus characterizing the 

product as graphene quantum dots as opposed to just carbon dots produced by a variety of similar 

hydrothermal methods. It is expected that higher powers (> 450W) of microwave radiation may 

significantly increase the reaction rate to produce GQDs. However, a power level greater than 3 
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(over 450W) is not considered to avoid the possibility of rapid water evaporation and 

spill/overflow of the precursor containing aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic of the growth mechanism of (a) N-GQDS and (b) NS-GQDs.  
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Figure 2.2: TEM images showing the distribution of (a) N-GQDS, (d) NS-GQDs. HRTEM images of (b) N-GQDs, (e) 
NS-GQDs. Inset: separation between lattice fringes and FFT images of selected area. Size distribution of (c) N-GQDs, (f) 
NS-GQDs. Inset: As prepared respective GQD samples. AFM height profile for (g) N-GQDs and (h) NS-GQDs. 
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A dramatic change of physical color from starting water-like transparent solution to yellow (N-

GQDs) and pink/orange (NS-GQDs) (Inset of Figure 2.2c,f) is observed after the 40 min 

microwave treatment, suggesting the formation of new materials including a change in the 

structural/optical properties compared to the starting ones. Prior to further characterization, GQDs 

are dialyzed in a 0.5-1 kDa MWCO (molecular-weight-cutoff) dialysis bag for a week to remove 

the unreacted precursor materials. Dialyzed GQDs are further tested to verify the purification 

process via Benedict’s test showing a minimal/negligible presence of glucosamine precursor 

(Figure 2.3). 

The morphological characterization/distribution of N-GQDs/NS-GQDs is assessed via 

HRTEM in order to characterize the form, structure, and composition of this novel material. The 

TEM study indicates that the GQDs are individualized, well-dispersed (Figure 2.2a,d) as well as 

well-distributed, which is shown by the histogram plot describing GQDs size distribution analysis 

(Figure 2.2c,f). We consider ~100 of GQDs to calculate the average size (diameter) of each type 

yielding an average size of 5.50±0.20 nm with a range of 1.61 nm to 9 nm for N-GQDs and a 

3.90±0.10 nm average size within a range of 1.91 to 6.22 nm for NS-GQDs. Both N-GQDs (Figure 

2.2b) and NS-GQDs (Figure 2.2e) show distinguishable lattice fringes with a lattice spacing of 

0.21 nm (inset of Figure 2.2b,e) corresponding to (100) plane of graphene[40]. A high crystalline 

lattice structure is apparent in the fast-Fourier-transform (FFT) images of the chosen area (inset of 

Figure 2.2b, 2.2e) captured by HRTEM. A qualitative assessment of GQDs atomic percentage is 

performed using EDX (energy-dispersive X-ray spectroscopy), showing the presence of ~11% 

nitrogen in N-GQDs (Figure 2.4a,c) and ~8% nitrogen/~2.5% sulfur in NS-GQDs (Figure 2.4b,c). 

Additionally, AFM (atomic force microscopy) is used to measure the thickness of GQDs, showing 
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on average up to ~2.5 nm for N-GQDs (Figure 2.2g) and ~1.75 nm for NS-GQDs (Figure 2.2h) 

which suggests the multilayered and potentially spherical structure of GQDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Benedict’s solution (a) with a different concentration of glucosamine precursor starting from 50 mg/ml (rightmost) 

down to 0.15 mg/ml showing a change of color/precipitation compared to the control solution (leftmost) but no color 
change/precipitation for 0.05 mg/ml concentrated solution. (b) with a different concentration of only glucosamine and unpurified 
quantum dots showing color change/precipitation (except 0.05 mg/ml glucosamine sample) whereas purified quantum dots/low 
concentrated glucosamine (0.05 mg/ml) exhibiting no color change/precipitation. 

(a) 

(b) 

Purified 
Quantum dots 

Un-purified 
Quantum dots 

Control 0.05 mg/ml 0.5 mg/ml 20 mg/ml 50 mg/ml 

Control 0.05 
mg/ml 

0.3 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 20 mg/ml 50 
mg/ml 

0.15 
mg/ml 



27 

 

 

The functional groups present on the GQD surface are best assessed via Fourier Transform 

Infrared Spectroscopy (FTIR). FTIR spectra of N-GQDs/ NS-GQDs show the presence of well-

pronounced stretching vibrations of O-H and N-H groups at 3275 and 3090 cm-1[111] (Figure 

2.5a,b). The peaks centered at 2935, 1602, 1530, and 1412 cm-1 correspond to the vibrational 

transitions of C-H, C=O of COOH, C=C, C-O-C. Additionally, stretching vibrations of C-OH, C-

N/ N-H/ C-H, and C-O are detected at 1330, 1240, and 1021 cm-1, respectively[85, 111]. These peaks 

are typical for both types of GQDs except C-S, S-H stretching peaks/shoulders at 1159, 2557 cm-

1 [112-114]for NS-GQDs that are very weak in intensity because of the low sulfur content detected 

qualitatively by the EDX. The presence of these transitions supports the proposed structural 

schematic containing oxygen/nitrogen-based addends in Figure-2.1. Raman spectroscopy is 

utilized to characterize the graphitic structure within the GQD platform showing a sharp G-band 

at ~1537 cm-1 corresponding to the sp2-hybridized carbons and a weak shoulder at ~1330 cm-1 (D 

band) suggesting the presence of some disordered structures (Figure 2.6a,b). 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: EDX measurement of (a) N-GQDs and (b) NS-GQDs (c) Table shows the percentage of elements in N-GQDs and NS-
GQDs 
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Figure 2.6: Raman spectra for (a) N-GQDs and (b) NS-GQDs 

 

 

 

 

Figure 2.5: FTIR spectrum of (a) N-GQDs and (b) NS-GQDs  

a b 

a b 
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UV-vis and fluorescence spectroscopy techniques are utilized to characterize the optical 

properties of N-GQDs/NS-GQDs which can be dictated by the synthesis conditions along with the 

structural properties and the types of functional groups present on GQDs surface. Absorbance 

measurements of aqueous NGQD show four major features peaking at ~215, 239, 283, ~317 nm 

(Figure 2.7e) that are attributed to the π-π* electronic transitions of C=C[114], n-π* electronic 

transitions of C=C, C=O[115], and π-π* transitions of C=N[116], respectively. NS-GQDs show 

absorption band (Figure 2.7e) at 236 nm consistent with π-π* transition of C=C bond[114] and weak 

shoulders at 276, 300, 370 nm as the potential signature of n-π* transitions in C=O and C=N bonds. 

The shifts in absorption peaks between NGQDs and NS-GQDs are likely due to the presence of 

sulfur dopants in NS-GQDs indicating the interaction of the major absorbing species on the sp2 

platform with the dopants. Such interaction mechanisms govern the fluorescence emission in these 

QDs as the fluorescing species appear not to be the major absorbers: bright fluorescence in visible 

is observed with an excitation far from major absorption transitions. 

We observe fluorescence in visible and considerable emission features in the near-infrared 

(NIR) region from both N-GQDs/NS-GQDs measured via fluorescence spectrofluorimeter. In 

order to consider the emission contributed by π-π* and n-π* absorption transitions[117], excitation 

wavelengths ranging from 280 to 340 nm are utilized, showing multiple emission peaks (Figure 

2.9a,b). As the excitation wavelength increases, these additional peaks get weaker/disappear 

indicating less fluorescence contribution from π-π* and n-π* transitions. Finally, starting from 

330/340 nm excitation wavelength, one main broad fluorescence feature remains which is further 

explored in this work. This broad emission feature shows direct excitation dependence: scanning 

excitation from 350 to 475 nm allows to tune the emission in the visible from 425 to 531 nm for 
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N-GQDs (Figure 2.7a) and 448 to 539 nm for NS-GQDs (Figure 2.7c). Similar behavior is 

observed for NIR emission (Figure 2.7b,d) with excitation wavelengths ranging from 700 to 800 

nm, inducing fluorescence ranging from ~800 to 890 nm (Figure 2.7b,d). Such excitation-

dependent emission and intensity variation for both GQDs in the visible and near-IR region with 

the excitation wavelength indicates a presence of multiple sizes/types of emissive features or 

structures. Observed blue/green emission occurring with >330nm excitation is usually attributed 

to the confinement-induced band gap dictated by the size of the quantum dots [118] and thus the 

emission band is expected to vary with GQDs size. As excitation is shifted, different sizes are 

excited in resonance, therefore providing shifted emission with the possibility of exciting more 

species at higher excitation energies. As seen from the GQD size histogram, the size distribution 

is limited to the GQD diameters, potentially contributing to the emission in the visible. Larger 

structures would be expected to result in confinement-related NIR emission[119].  Thus it can be 

assumed that the excitation-dependent near-IR emission could potentially arise from different 

distribution/arrangements of emissive trap states [120, 121]. Such defect trap states can be associated 

with functional groups present in both N-GQDs/ NS-GQDs[120, 121]. Although in the process of 

thiourea-driven NS-GQDs synthesis, amino/thiol groups are expected to passivate the non-

emissive trap states[122] on the surface to diminish the excitation dependent emission 

characteristics, the potential high local temperature produced by high power microwave treatment 

may prevent the surface passivation some functional groups may get unstable at higher 

temperatures leaving the surface of GQDs[122] with defects in their place. The distribution of these 

defects may therefore result in excitation-dependent emission observed for both N-GQDs/NS-

GQDs in NIR. In both spectral regions GQDs show excellent photostability for several hours 
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without any signs of photobleaching. Under 365 nm 100 W UV illumination, a cyan-like, and blue 

fluorescence are also observed visually (Figure 2.7f) for N-GQDs and NS-GQDs, respectively, 

suggesting a high fluorescence efficiency. 

Fluorescence quantum yield (QY) of N-GQDs/NS-GQDs is calculated using a comparative 

method [123] choosing Coumarin-153 and Fluorescein as two standard materials with excitation and 

emission wavelengths similar to the GQDs by using the following formula. 

 

 

In the above expression, Φ𝑟𝑒𝑓 denotes the quantum yield of the reference materials, FLI represents 

integrated fluorescence intensity measured experimentally, Abs indicates the absorbance of 

materials at the excitation wavelength and 𝜂 is denoted as the refractive index of the solvents. The 

refractive indexes of water, Coumarin-153, and Fluorescein are considered as 1.33, 1.36, and 1.33, 

respectively. Both standards show similar results with estimated QY ranging from 50 to 60% for 

N-GQDs and from 10 to 22% for NS-GQDs (Table-2.1a,b). The lower quantum yield of NS-

GQDs, compared to N-GQDs, can be potentially caused by the additional non-radiative pathways 

introduced by sulfur dopants. Therefore, at the same concentration of both types of GQDs, NS-

GQDs exhibit fluorescence with less peak intensity along with no significant difference in 

absorbance compared to N-GQDs resulting in lower quantum yield. The absolute quantum yield 

of N-GQDs was measured as 57±4% at 405 nm laser excitation showing good agreement with the 

values assessed via a comparative method. 
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a b 

c d 

N-GQDs NS-GQDs 

f 

Figure 2.7: Excitation-dependent-emission in (a) visible, (b) NIR from N-GQDs and in (c) visible, (d) NIR from NS-
GQDs. (e) Absorbance spectra of N-GQDs and NS-GQDs (f) Cyan and blue emission from the respective as prepared N-
GQDs and NS-GQDs under the illumination of a 365 nm UV lamp. 

e 
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Table-2.1: Quantum yield of N-GQDs and NS-GQDs 

 

(a) Using Coumarin-153 as a reference material which has 47% quantum yield in ethanol at 

400 nm excitation 

 

Types of GQDs Quantum Yield (%) 

N-GQDs 60% 

NS-GQDs 22% 

 

(b) Using Fluorescein as a reference material which has 92% quantum yield in 0.1M NaOH at 

360 nm excitation: 

 

Types of GQDs Quantum Yield (%) 

N-GQDs 50% 

NS-GQDs 10% 

 

The absolute QY of N-GQDs measured further utilizing an integrating sphere at 405 nm excitation 

providing 57±4% absolute QY (Figure 2.8) which was calculated by using the following formula.  

 

 

 

 

 

Figure 2.8: Utilizing an integrating sphere, (a) Signal measured with reference (water only); (b) Scattered signal from aqueous 
NGQDs sample; (c) Enhanced fluorescence emission with NGQDs at 405 nm laser excitation. 
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Substantial quantum yield and multicolor emission (green, blue, and near-infrared) observed from 

these QDs, suggest a great promise for optoelectronic and biomedical imaging applications. 

We have also explored the routes to adjust the optical (photoluminescence) and structural 

(size) properties of these GQDs with a variation in microwave treatment time. N-GQDs/NS-GQDs 

synthesized with 20, 40, and 80 minutes of microwave treatment time show an increase in average 

NGQDs size from 3.60±0.13 to 9.70±0.40 nm (Figure 2.10) and NS-GQDs size from 2.30±0.07 

to 5.02±0.14 nm (Figure 2.11). This size increase is complemented by a red-shift in visible 

emission band with more prolonged microwave treatment. The fluorescence intensity also 

increases with treatment time suggesting an increase in the concentration of GQDs confirmed 

qualitatively with TEM.  
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Figure 2.9: Emission spectra within the excitation range of 280-340 nm for (a) N-GQDs and (b) NS-GQDs 
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Figure 2.10: TEM images showing the distribution of (a) 20, (c) 40, (e) 80 min microwave treated N-GQDs. Statistics of the size 
distribution (in nm) of N-GQDs microwave treated with (b) 20, (d) 40, (f) 80 min. Inset: The mean, standard deviation, minimum, 
and maximum sizes of N-GQDs in nanometer. 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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Figure 2.11: TEM images showing the distribution of (a) 20, (c) 40, (e) 80 min microwave treated NS-GQDs. Statistics of the size 
distribution (in nm) of NS-GQDs microwave treated with (b) 20, (d) 40, (f) 80 min. Inset: The mean, standard deviation, minimum 
and maximum sizes of NS-GQDs in nanometer. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Although the fluorescence peak maxima show considerable red-shift ~30 nm for N-GQDs 

(Figure 2.12a) and ~24 nm for NS-GQDs (Figure 2.12c) in the visible, no significant shift is 

detected in the NIR region (Figure 2.12b,d) for both GQDs. As GQDs exhibit size-dependent 

emission in the visible part of the electromagnetic spectrum, the redshifted peak maxima can be 

attributed to the increase in GQDs size with microwave treatment time. The insignificant change 

of NIR response suggests that NIR emission does not originate from quantum confinement-

induced bandgap instead as suggested above potentially arising from the localized electronic 

environments influenced by the defect states at the functional groups that are unaffected by GQD 

size increase. 
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Figure 2.12: Fluorescence spectra of N-GQDs in (a) visible and (b) NIR and NS- GQDs in (c) visible (d) NIR region prepared 
with 20, 40, and 80 min microwave treatment time. 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Besides changing microwave treatment time, the concentration of the initial dopant-containing 

precursor is also varied to find its potential effect on the GQD optical properties. As the synthesis 

of N-GQDs requires a single glucosamine precursor and nitrogen atoms get self-doped in the 

synthesis process, it is observed that with the increase of glucosamine precursor concentration, 

only the concentration of N-GQDs increases which leads to a higher emission intensity in 

visible/NIR without any significant shift in fluorescence maxima (Figure 2.13a,b). On the other 

hand, for the production of NS-GQDs, the initial concentration of thiourea precursor can be 

changed showing a decrease in visible emission intensity (Figure 2.13c), and on the contrary, an 

enhancement of NIR emission up to glucosamine/thiourea molar ratio of 1:1 (Figure 2.13d), while 

further it diminishes. However, with such variation of the precursor/dopant concentration, still no 

significant shifts in the emission maxima (visible and NIR) are observed. The decrease in emission 

intensity (visible) with the increase of sulfur dopant concentration can be potentially caused by the 

creation of more defect sites, which may introduce additional non-radiative pathways in NS-GQDs 

(Figure 2.13c) leading to lower quantum yield from NS-GQDs compared to N-GQDs. However, 

a higher number of defect states could lead to an increase in NIR emission potentially arising from 

those states (Figure 2.13d) competing with non-radiative quenching.  
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Figure 2.13: Fluorescence spectra of N-GQDs (a) in the visible and (b) NIR region with the change in precursor concentration 
from 2 to 6 g. Fluorescence spectra of NS-GQDs (c) in the visible and (d) NIR region with the variation in a precursor to dopant 
concentration from 1:0.5 to 1:1.5. 

 

 

(a) (b) 

(c) (d) 
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We fabricate light-emitting devices to explore the optoelectronic applications of NGQD using 150 

nm Indium tin oxide (ITO)-coated glass as anode topped by a hole injection layer of poly(3,4-

ethylene dioxythiophene):poly(styrene sulfonate) (abbreviated as PEDOT:PSS) with a thickness 

of 200 nm. On top of this, the active emissive dopant layer of N-GQDs is deposited via spin-

coating. Finally, a silver-based cathode is used to complete the device geometry (Figure 2.14a) as 

a top layer. The multi-layered structure of this device is verified by a cross-section of the LED 

captured with the Scanning Electron Microscope (SEM) (Figure 2.15). The schematic of the 

energy band diagram of N-GQDs (Figure 2.14b) shows the feasibility of transporting electron and 

hole from one electrode to the other through the emissive NGQD layers. With the application of a 

particular bias voltage, holes can be injected from the PEDOT: PSS and electrons from the silver 

into the recombination layer consisting of N-GQDs. 

As a result of this process in the experiment bright electroluminescence emission (inset of 

Figure 2.14c) is observed from the N-GQD-based device through transparent ITO electrodes. The 

electroluminescence spectra (Figure 2.14c) are measured by placing the device 

(ITO/PEDOT:PSS/N-GQDs/Ag) inside the spectrofluorometer at a fixed bias of 12V under 

ambient conditions. The same peak positions are observed in the EL spectra under liquid nitrogen 

(LN) at a fixed bias of 12V (Figure 2.14d) confirming that the nature of the observed transitions 

is electronic rather than thermal. Additionally, a separate measurement is performed to observe the 

photoluminescence emission from this device showing a number of peak maxima in PL spectra 

resemble those in EL spectra (Figure 2.14f) with minor to no spectral shifts between the two. 
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In this EL process, the holes in the HOMO (higher occupied molecular orbital) recombine 

with electrons in the LUMO (lower unoccupied molecular orbital) of the quantum dots. There are 

O, N, and S states in the LUMO that are related to π * orbitals of C=O, C=N, while the holes in 

HOMO are localized in the n orbitals of C=O, C=N and π orbitals in C=C[113]. The observed 

electroluminescence, therefore, originates from the electronic transitions between these states. 

Consistent with this mechanism, EL spectra of ITO/PEDOT: PSS/N-GQDs show four main peaks 

(Figure 2.14c) at 400 nm (3.09 eV), 441 nm (2.81 eV), 524 nm (2.37 eV) and 600 nm (2.07 eV). 

The peaks around 3 eV for ITO/PEDOT: PSS/N-GQDs correspond to the bandgap of PEDOT: 

PSS, while the other three main peaks at 2.81 eV, 2.37 eV, and 2.07 eV are then expected to 

correspond to the O and N states[113].  
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a b 

c d 

e f 

Figure 2.14: (a) Schematic and (b) Illustrative energy band diagram for N-GQDs based LED device. Electroluminescence 
response from N-GQDs based device under (c) room temperature (d) cryogenic temperature. (e) Current density-voltage (J-V) 
characteristics for the device fabricated with N-GQDs. (f) Comparison of Photoluminescence (PL) and Electroluminescence 
(EL) measurement spectra of LEDs fabricated with N-GQDs. 

 



46 

 

 

Here we consider 4.74 eV as the Fermi level of the GQDs based on the Kelvin Probe analysis 

reported by Kwon et al. [90] shown to be independent of QDs size for similarly-structured graphene 

quantum dots. Values of HOMO and LUMO are assessed with respect to the mid-gap Fermi energy 

and the bandgap size is calculated directly from fluorescence peak maxima of GQDs produced in 

this work. The devices are tested at different bias voltages showing a moderate turn-on voltage of 

~ 7V (Figure 2.14e) with a variation in the EL peak intensity but no apparent spectral shifts. This 

work offers a new one-step/scalable/cost-effective synthesis of N-GQDs/NS-GQDs with 

visible/NIR emission for a variety of fluorescence applications and also presents a versatile, low-

cost alternative for the fabrication of effective EL devices. 

 

 

 

 

 

 

Figure 2.15: Cross-section SEM at 30° tilt of Glass/ITO/PEDOT:PSS/GQDs 
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2.4 Summary of chapter-2: 

In this part of the work, we have for the first time synthesized novel nitrogen-doped 

graphene quantum dots (N-GQDs: average diameter size 5.5±0.19 nm) and nitrogen-sulfur co-

doped graphene quantum dots (NS-GQDs: average diameter size ~3.9±0.09 nm) using an 

inexpensive single glucosamine precursor for N-GQDs and glucosamine/thiourea for NS-GQDs 

via a single-step microwave-facilitated hydrothermal method. These novel quantum dots are 

capable of forming stable water suspensions and exhibiting bright/stable fluorescence in the visible 

and near-infrared with high visible quantum yields of up to 60%. It has been proposed that 

excitation-dependent visible emission is governed by the QDs size-dependent band gaps induced 

by quantum confinement effects, whereas the near-IR emission can be potentially attributed to the 

functional groups-related trap states and their arrangements on GQDs surface. These quantum dots 

are further utilized as an active emissive layer due to their suitable energy level structure to 

successfully fabricate light-emitting devices showing bright electroluminescence in the visible. 

Considering their high quantum yield, the ability to emit photo- and electroluminescence and low-

cost one-step preparation, N-GQDs/NS-GQDs produced in this work can be potentially used for 

biological imaging probes or, as shown in this work, as a basis for novel optoelectronic devices 

suitable for lower-cost production. 
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CHAPTER - 3 

Nitrogen-doped Graphene Quantum Dots: Modification of Optical Properties 

and Photovoltaic Applications[124] 

 

3.1 Overview 

In this chapter, we focus further on the photovoltaic applications of N-GQDs. Solar cells 

fabricated with as-prepared N-GQDs as a photoactive layer show power conversion efficiency of 

~0.41% along with moderate current density, open-circuit voltage, and fill factor. Although there 

are reports of devices prepared with other graphene quantum dots as photoactive layer[125-129], it is 

expected that alteration of the optical properties of as-prepared N-GQDs developed in our 

laboratory may significantly enhance their photovoltaic performance. A number of methods are 

utilized to date to modify the optical properties of GQDs including doping with potassium[130] or 

other heteroatoms (nitrogen, sulfur, boron, phosphorus), hydrazine-mediated reduction of 

graphene oxide quantum dots[131], band-gap modulation of  GQDs via functionalization with amine 

groups [132], application of an external electric field[133], surface functionalization with carboxylic 

moieties[134], nitric acid-induced oxidation of graphene oxide[135], variation of temperature[136],  

redox processing[137] or photochemical fluorination[138]. However, all these methods require 

complicated design/set-up along with multi-step reaction phases. In our previous work, the optical 

properties of reduced graphene oxide (RGO) and graphene oxide (GO) were controllably modified 

in aqueous suspension using a simple in-situ ozone treatment [32, 118]. Here the same straightforward 

technique is utilized to alter the optical properties of as-prepared nitrogen-doped graphene 
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quantum dots in aqueous suspension. This is the first report of modifying optical properties of N-

GQDs via ozone treatment to enhance the photovoltaic characteristics of GQDs-based solar cells. 

Additionally, thermal treatments are applied to provide the means for further adjustment of GQD 

optical properties. 

With controlled ozone treatment, the amount of oxygen-containing functional groups on N-

GQD surface increased in an efficient way which may potentially enhance charge transfer between 

TiO2 and GQDs in a device state. This favorable mechanism is utilized in solar cell devices 

fabricated using the ozone-treated NGQDs (Oz-NGQDs) as a photoactive layer providing the best 

performance reported for this type of GQD solar cell configuration. Besides that, a one-step 

simple/scalable/cost-effective/eco-friendly synthesis process and organic structure of N-GQDs 

make them an advantageous alternative to existing counterparts utilized in solar cells. 

3.2 Experimental Methods and procedures: 

3.2.1 Synthesis/Characterization of N-GQDs and Oz-NGQDs: 

The hydrothermal method which has been described in chapter 2 was used to prepare the 

N-GQDs utilizing a commercially available microwave (Hamilton Beach, model: HB-P90D23AP-

ST) from an aqueous suspension of glucosamine-HCl (purchased from Sigma-Aldrich) at 

concentration of 0.14 M treated in the microwave for 60 min at 1350 W (Power level 3). As-

prepared N-GQDs were purified utilizing MWCO (molecular-weight-cutoff) 0.5–1 kDa bag 

dialysis for 24h against DI water that was changed every after 6h. The purified NGQDs were 

further processed using an Enaly (Model: 5000BF-1) ozone generator fed by oxygen, producing 

ozone at a concentration of 0.3 gL-1 (10% of maximum ozone level -3 gL-1). The N-GQDs were 
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subjected to ozone treatment in aqueous suspension over the periods of 0 to 65 min to produce 

ozone-oxidized N-GQDs. The morphological characterization of untreated N-GQDs and Oz-

NGQDs was completed by Transmission Electron Microscopy (TEM JEOL JEM-2100). The 

samples for TEM characterization were prepared on the carbon-coated 200-mesh copper grid 

under ambient conditions. The optical characterization of N-GQDs/Oz-NGQDs samples was 

performed utilizing Horiba Scientific SPEX NanoLog Spectrofluorometer for measuring 

fluorescence with 400 nm excitation used previously[32] for visible emission, as well as 730/800 

nm excitation for NIR emission and a Cary 60 UV-Vis (Agilent Technologies) absorption 

spectrometer for measuring the absorption within the range of 200 to 1000 nm. In order to 

eliminate the water content from the samples for the FTIR (Fourier transformed infrared 

spectroscopy) measurements, a Labconco, FreeZone 4.5 freeze-dryer was utilized to lyophilize 

purified N-GQDs/Oz-NGQDs. The functional groups on the untreated N-GQDs/Oz-NGQDs 

surface were further detected using the ATR (Attenuated total reflection) mode of the Thermo 

Nicolet Nexus 670 FTIR. The graphitic structure of untreated N-GQDs/Oz-NGQDs was further 

analyzed using a Raman spectrometer (DeltaNu) with 785 nm excitation at 100 mW maximum 

power and their topology – by tapping mode Atomic Force Microscopy (NT-MDT nanosolver 

AFM). The samples for Raman measurements as well as for AFM were prepared via spin-coating 

of aqueous suspension of N-GQDs/Oz-NGQDs on a silicon wafer at 1000 rpm. 

3.2.2 Device fabrication: 

The solar cells were fabricated using Fluorine doped tin oxide (FTO)-coated glass as a 

substrate. Before depositing other materials on the substrate, it was cleaned by 10% HCl for 1 hour 
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followed by an additional ultrasonication cleaning in acetone for 1 hour. After that, the FTO glass 

was blow-dried by nitrogen gas. In order to deposit a layer of TiO2 (titanium dioxide) on the FTO 

glass substrate, TiO2 was prepared from a solution containing titanium isopropoxide at 0.4 M in 

ethanol and 0.3 M of acetic acid which was spin-coated at 3000 rpm followed by baking at 500°C 

for two hours. We deposited 300 µl volume of 5 mg/ml aqueous suspension of NGQD by spin-

coating at 3000 rpm for 20s followed by annealing at 120°C for one hour onto the FTO-TiO2 film. 

To make electrical contacts, a conductive silver paste was deposited on top of the devices (each 

contact area is ~5 mm2). The morphological characterization of the devices was carried out using 

a Field Emission Scanning Electron Microscope (JEOL-JSM-7100F) and the 

electrical/photovoltaic characterization of the devices was performed under one full sun 

illumination (solar simulator at one sun) using a Keithley 2420 Source Meter unit instrument. 

3.3 Results and discussion: 

In this work, we develop nitrogen self-doped GQDs (N-GQDs) using a straightforward 

synthetic route inside a commercially-available microwave oven from an aqueous glucosamine-

HCl precursor. Glucosamine molecules dehydrate due to the hydrothermal reaction with 

continuous microwave treatment forming a chain of polymers and aromatic clusters. As the 

reaction time increases, condensation followed by carbonization along with self-doping of nitrogen 

takes place forming a limited range of well-distributed NGQD (Figure 3.1a). The size-distribution 

of untreated NGQD assessed by the TEM shows an average diameter of 6.01±0.22 nm considering 

over a hundred individual NGQD (Figure 3.1c). The HRTEM (high-resolution transmission 

electron microscope) images indicate the formation of carbon nuclei and crystalline lattice 

structure, which was verified by the FFT (fast-Fourier-transform) images (inset of Figure 3.1b) of 
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selected areas showing discernible lattice fringes with a lattice spacing of 0.21 nm (inset of Figure 

3.1b) corresponding to the (100) plane of graphene[40]. 

These purified quantum dots are further processed by solution-processing ozone and thermal 

treatment to develop a technique for achieving optimized optical properties for photovoltaic 

applications. The aqueous NGQDs are subjected to the controlled ozone treatment for the periods 

of 0 to 65 min exhibit a substantial suspension color change from dark to light yellow with 

prolonged ozone exposure. 

The crystallinity, size distribution, and morphology of ozone-treated NGQDs (Oz-NGQDs) 

characterized by HRTEM (Figure 3.1d) show significant changes including a decreased average 

size of 5.53±0.35 nm (Fig. 1(f)) for 16 min ozone-treated sample along with a less pronounced 

crystalline lattice structure (inset of Fig. 1(e)). This morphological change continues with the 

increase of ozone treatment time up to  65 min (maximum ozone treatment used in this study) 

which shows (Figure 3.1g,h,i) further substantial decrease in average GQD size down to 5.23±0.14 

nm along with a higher degree of disorder in the graphitic structure.  
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(g) 

Figure 3.1: (a) TEM images showing the distribution of Un-NGQDS. (b) HRTEM images of Un-NGQDS. Inset: separation 
between lattice fringes (left side) and FFT images of the selected area (right side). (c) Size distribution of Un-NGQDs. (d) 

TEM images showing the distribution of 16 min Oz-NGQDS. (e) HRTEM images of 16 min Oz-NGQDS. Inset: separation 
between lattice fringes (left side) and FFT images of the selected area (right side). (f) Size distribution of 16 min Oz-NGQDs. 
(g) TEM images showing the distribution of 65 min Oz-NGQDS. (h) HRTEM images of 65 min Oz-NGQDS. Inset: FFT 
images of the selected area (left side). (i) Size distribution of 65 min Oz-NGQDs.   
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(d) (e) (f) 
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The decrease in average GQD size along with narrower size distribution range suggests the 

scission of N-GQDs and a change in crystallinity/shape of GQDs compared to the untreated 

NGQDs indicates the introduction of defects induced by prolonged ozone-oxidation. Although 

ozone treatment introduces a change in the lateral dimension of N-GQDs, the height profile 

analysis performed via AFM shows similar thickness (up to ~3 nm) for both NGQDs (Figure 3.2a) 

and Oz-NGQDs (Figure 3.2b) indicating that quantum dots still possess multi-layered (potentially 

spherical-shaped) structure. As HRTEM images show change in average size, lateral dimension, 

lattice structure with timed ozone treatment, it is expected to observe potential changes in type and 

abundance of particular functional groups, which is later verified by FTIR (Fourier-transform 

infrared spectroscopy) measurements.  

Figure 3.2: AFM height profiles for (a) Un-NGQDs and (b) Oz-NGQDs 

 

(a) (b) 
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Figure 3.3: FTIR spectra of (a) untreated and 16 min ozone-treated NGQDs. EDX spectra of (b) untreated, (c) 16 min ozone-

treated, (d) 65 min ozone-treated NGQDs (d) Table of elemental weight and atomic percentages of untreated, 16 min ozone-
treated, and 65 min ozone treated NGQDs.  

 

(a) 

(b) 

(c) 

(d) 

(e) 
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Ozone treatment introduces a distinct increase in absorbance for the vibrational transitions of O-H 

groups centered at 3275 cm-1 (Figure 3.3a), suggesting the introduction of hydroxyl groups. The 

stretching vibrations of C-H, C=O of COOH, C=C, C-O-C peaking at 2935, 1602, 1530, and 1412 

cm-1 (Figure 3.3a), also show a slight increase of intensity for Oz-NGQDs. However, no significant 

intensity change is observed for the bands at 1240 cm-1 corresponding to the stretching vibrations 

of C-N/N-H and with only a moderate variation of C-O transition at 1021 cm-1 (Figure 3.3a)[85, 111]. 

These functional group-dependent characteristic changes of vibrational transitions are further 

supported by EDX (Energy dispersive x-ray spectroscopy) measurements which show a significant 

increase in oxygen and a very moderate decrease in carbon/nitrogen atoms (atomic percentage) 

(Figure 3.3b,c,d,e) verifying the addition of oxygen-containing functional groups in NGQD 

surface detected by FTIR. A change in the intensities of D and G bands observed via Raman 

measurements and a much higher ID/IG ratio (0.99) for Oz-NGQDs (Figure 3.4b) than for Un-

NGQDs (ID/IG=0.7) (Figure 3.4a) suggests the introduction of defects during ozone-oxidation. It 

is evident from the FTIR, EDX, and Raman data that timed ozone treatment introduces/transforms 

oxygen/nitrogen-containing functional groups. Based on this concept, a qualitative schematic 

(Figure 3.5) is envisioned reflecting ozone-induced structural and functional group changes 

observed at 16 min treatment followed by the next step of 65 min deteriorative over-oxidation. 
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Figure 3.4 Raman spectra of (a) untreated NGQDs and (b) Ozone treated NGQDs. 

 

(a) 

(b) 
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It is also apparent that the color of NGQD suspension changes from dark to light yellow (more 

transparent) with prolonged ozone treatment (Figure 3.6b) due to the considerable variations in its 

UV-visible absorption. We observe two absorption peaks at 239 and 283 nm (Figure 3.6a) 

corresponding to the π-π* and n-π* electronic transitions of C=C and C=O[115] and a shoulder at 

~317 nm (Figure 3.6a) ascribed to the π-π* transition of C=N[116] for untreated NGQDs. With 

timed ozone treatment, the absorption peaks at 239, 283 and 317 nm decrease substantially (by the 

factors of ~9.9, ~2.5, and ~10 respectively after 65 min ozone treatment) suggesting a significant 

alteration in dominant absorbing species along with the disappearance of absorption features for 

239 nm peak indicating modification/deterioration of the GQDs graphitic structure. Additionally, 

prolonged ozone-oxidation induces ~8 nm blue shift of the 283 nm peak spectral feature suggesting 

the increased electronegativity from additional oxygen atoms with the introduction of new 

functionalities. No significant absorption is observed for untreated NGQDs or Oz-NGQDs within 

the range of 350-950 nm (Figure 3.7) at the same concentrations.  

Figure 3.5: A schematic of untreated NGQDs chemical structure and their change due to ozone-induction and over-oxidization. 
Green circles denote the introduction of new functional groups during the ozone-oxidization step whereas purple colored circles 
highlight functional groups transformed due to over-oxidation. 
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Although a change in color is observed upon ozone treatment under daylight condition, no 

apparent color change is seen with the naked eye under UV illumination as both untreated NGQDs 

and Oz-NGQDs retain their usual cyan like emission (Figure 3.6b). Similarly to absorption spectral 

features, we observe a significant change in the fluorescence upon ozonolysis. An excitation-

dependent visible and NIR emission is observed from untreated NGQDs which has been studied 

thoroughly in the previous chapter[46]. With timed ozone treatment for the periods of 0-16 min at 

an ozone concentration of 0.3 g l-1, the fluorescence intensity increases along with a slight blue 

shift of ~6 nm (Figure 3.6c,d) suggesting potential transformation/rearrangement of some oxygen-

containing functional groups into the emissive species indicated by the FTIR/absorbance 

measurements. Also, the slight blue shift can be potentially originated from the decrease of average 

GQD diameter with prolonged ozone exposure as detected by TEM, since GQD optical bandgap 

is inversely proportional to their size[118]. However, with further ozone processing (more than 16 

min ozone treatment), the fluorescence emission starts to show irreversible quenching (Figure 

3.6c,d) potentially due to the introduction of charge traps which is considered as destructive over-

oxidation[32]. It is observed that a slight increase in ozone concentration or treatment time may 

over-oxidize the NGQDs resulting in a significant change in optical/structural properties. 

Therefore, it is imperative to have control over ozone concentration to obtain optimized visible 

emission intensity. Unlike the decreased emission intensity in the visible region exhibited by over 

16 min-treated Oz-NGQDs, the NIR emission intensity continues to increase up to 45 min 

treatment followed by intensity drop for over 45 min treatment (Figure 3.6e,f).  
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Daylight 

UV light 

Untreated 

N-GQDs 

16 min Oz-

NGQDs 

Figure 3.6: (a) Absorbance of 0 to 65 min ozone-treated NGQDs over the scanning range of 200 to 352 nm. (b) Physical color 
of untreated and 16 min ozone-treated NGQDs under the daylight and irradiation of a 365 nm UV lamp. Emission of 0 to 65 
min ozone-treated NGQDs in (c) visible region at 400 nm excitation and (d) a corresponding 3-D plot. (e) Emission in NIR 

region at 730 nm excitation and (f) a corresponding 3-D plot. 

 

(a) 

(c) (d) 

(e) (f) 

(b) 



61 

 

 

 

 

 

 

 

 

 

Since the NIR emission was thought to be defect state-related as described in Chapter 2[46], the 

increase of NIR emission intensity can be ex by the creation of additional defects in GQDs surface 

through oxygen functionalities with prolonged ozone-oxidation which is verified by the 

FTIR/EDX/Raman studies. We can further suggest that with over 45 min ozone treatment, over-

oxidation may take place, which can transform the NIR-emissive defect states into non-emissive 

species which may result in the observed further decrease in the emission intensity (Figure 3.6f).  

The optical properties of NGQDs can also be controllably altered using stepwise thermal 

treatment leading to irreversible monotonic fluorescence quenching in the visible and NIR with a 

variation of temperature from 27 to 90°C (Figure 3.8a,b). Similarly to graphene oxide[32], this 

fluorescence quenching can be caused by the thermal reduction of oxygen-containing functional 

groups. The ability to controllably enhance or diminish fluorescence intensity either by ozone or 

Figure 3.7 Absorbance of 0 to 65 min ozone-treated NGQDs over the scanning range of 352 to 950 nm. 
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thermal treatment ensures the adjustment of NGQD optical response for potential optoelectronic 

applications. 

 

 

 

 

 

 

 

 

 

 

The N-GQDs with optical properties optimized via controlled ozone treatment are further 

utilized as a photoactive layer for the fabrication of solar cells. As maximum visible emission 

intensity is observed for 16 min Oz-NGQDs followed by overoxidation, resulting in structural 

deterioration for more than 16 min ozone-treated N-GQDs, we consider 16 min-treated material 

as most suitable for an optimal emission-enhancement for NGQDs-based devices. Less oxidized 

and thermally reduced NGQDs are also utilized as an active layer to produce solar cells yielding 

lower photovoltaic performances similar to those of untreated NGQDs. Thus here we compare the 

devices developed with optimally (16 min) ozone-treated GQDs and untreated NGQDs. 

Untreated and ozone-treated NGQDs are utilized further as a photoactive material to fabricate 

several prototypes of solar cell devices. In order to fabricate the device, we use a glass substrate 

(a) (b) 

Figure 3.8: Emission of RT (room temperature) to 90°C temperature-treated NGQDs in (a) visible region at 400 nm excitation, 
(b) NIR region at 800 nm excitation. 
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coated with fluorine-doped tin oxide (FTO) as an anode topped with TiO2 (Titanium dioxide) layer 

and a layer of untreated-NGQDs or Oz-NGQDs deposited onto FTO/TiO2 via spin-coating, and, 

finally, a conductive silver (Ag) paste contact as a cathode (Figure 3.9a). A multi-layered structure 

of the device is observed by the cross-sectional image (Figure 3.9b) captured by FESEM (field-

emission scanning electron microscope) showing 150 nm FTO-coating, 100 nm-thick layer of TiO2 

followed by 45 nm of NGQDs or Oz-NGQDs, and a silver electrode. A schematic of the 

corresponding energy band diagram of the solar cell is shown in Figure 3.9c by taking into account 

the known value for the work function of FTO(anode)/Ag(cathode) and the predicted Fermi level 

of the GQDs[46] of similar type. The Fermi level of the GQDs assessed by Kwon et al.[90] via Kelvin 

probe analysis as 4.74 eV irrespective of GQDs sizes is utilized as a reference, while the values of 

HOMO and LUMO are calculated from the emission peak maxima. As a slight blue shift (~5 nm) 

in emission peak maxima is observed with prolonged ozone treatment, no significant changes in 

the optical band gap are expected. In this device NGQDs absorb photons in the visible region under 

AM (air mass) 1.5 G (global) at one full sun illumination generating photoinduced electrons and 

holes leading to electron migration to the TiO2 film and then transfer to FTO, while the holes move 

toward the cathode. 

Solar cells fabricated with untreated NGQDs as a photoactive layer provide Jsc (short circuit 

current density) of ~1.3 mA/cm2, Voc (open circuit voltage) of ~0.56 V, FF (fill factor) of 27.8 %, 

and PCE (power conversion efficiency) of 0.41 % (Figure 3.9e) which is comparable to the 

photovoltaic performances of the solar cells fabricated with GQDs as active layer reported 

previously[139-141]. However, solar cells made with ozone-treated NGQDs exhibit a significant 

boost in photovoltaic parameters including average Jsc ~2.0 mA/cm2, Voc ~ 0.83 V, FF ~86.40% 
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and PCE ~1.44 % (Figure 3.9f). This enhancement in photovoltaic performance with Oz-NGQDs-

based devices can be correlated with higher intensity and broader range of visible absorption of 

the device with Oz-NGQDs as compared to such with untreated NGQDs (Figure 3.9d). Also, it is 

apparent that there is an additional absorption feature at 431 nm and a shoulder at 537 nm for the 

Oz-NGQD device, which could be either attributed to the red-shifted 407 and 485 nm peaks of 

TiO2, or new absorbance features appearing due to the charge transfer between oxygen 

functionalities introduced to NGQDs by ozone treatment and TiO2.  
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Figure 3.9: (a) Schematic of solar cell device structure, (b) Cross-section of solar cell captured by FESEM, (c) Band energy 
diagram of solar cell, (d) Layer by layer absorbance of the solar cell device. Jsc-V curve of solar cells fabricated with (e) Un-

NGQDs and (f) Oz-NGQDs. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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A box and whisker plot (Figure 3.10a,b) is used to describe the range of PCE (power conversion 

efficiency) parameter distribution of multiple solar cells fabricated with untreated and ozone-

treated N-GQDs. Among all the fabricated devices, a maximum power conversion efficiency of 

2.64% and a short circuit current density of 4.8 mA/cm2 are obtained (Figure 3.10c) with a lower 

open-circuit voltage of ~0.65V and a fill factor of ~83.4% from the same solar cell, while the 

average PCE recorded considering all Oz-NGQDs-based devices is 1.36%.  

Although much higher PCE can be achieved with dye-sensitized solar cells (DSCs) containing 

transition metal (ruthenium-based dyes) as sensitizers[142], or PbS[143]/CdS/CdSe[144] (Lead-

Sulfide/Cadmium-Sulfide/Cadmium-Selenide) core-shell QD-based solar cells, their toxicity 

leading to potential environmental hazard/detrimental effects on the climate[145, 146] and complex 

fabrication process hamper the long-term practical use of these materials. On the other hand, 

organic structure and simple/scalable synthesis process of N-GQDs from a single low-cost bio-

safe starting material shown in this work provide an eco-friendly alternative for the fabrication of 

solar cells. Unquestionably, the state of the art silicon[147] and GaAs-based[148] solar cells can also 

provide higher efficiencies; however, this work suggests that the photovoltaic performances of 

such and/or other solar cell models can be enhanced using ozone-treated NGQDs as a photoactive 

layer. 
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Figure 3.10: Box and Whisker plot of PCE distribution of a number of solar cells fabricated with (a) Un-NGQDs (b) 16 min-
treated Oz-NGQDs. (c) Jsc-V plot of one solar cell showing maximum PCE of 2.64% and Jsc of 4.8 mA/cm2 but with a lower 
Voc of 0.65V and FF of 83.4% as compared to others. 

 

(a) (b) 

(c) 
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3.4 Summary of chapter-3: 

Nitrogen self-doped graphene quantum dots exhibiting bright/stable visible/NIR emission are 

synthesized via a simple, scalable, cost-effective, and eco-friendly method from a widely available 

single glucosamine precursor. As-prepared N-GQDs (6.01±0.22 nm average size) are modified 

further by controlled ozone/thermal treatment showing a significant alteration of their optical and 

structural properties suitable for solar cell applications. N-GQD emission increases with prolonged 

ozone treatment due to the introduction/rearrangement of oxygen-containing functional groups in 

N-GQDs on their surface, whereas thermal treatment, a reverse process, serves as a controllable 

avenue to decrease GQD emission via anticipated reduction of those functionalities. Oxidative 

ozone treatment results in the decrease of GQD average size down to 5.23±0.14 nm and a more 

disordered structure due to the introduction of the new functional groups detected by FTIR and 

ultimately leading to a slight deterioration of the carbon platform. The EDX measurements support 

the FTIR results by showing a significant increase in the atomic and the weight percentage of 

oxygen atoms. Besides this alteration of structural characteristics, ozone treatment also induces 

significant modification to NGQD optical properties showing a gradual decrease of the absorption 

peak intensity with treatment time and enhancement of the visible fluorescence intensity up to 16 

min treatment followed by further intensity drop-off due to the overoxidation-induced non-

radiative defect centers. On the contrary, the NIR emission potentially associated with defect states 

increases noticeably up to 45 min and only after extensive overoxidation decreases. These ozone 

treatment-induced variations allow fabrication of multiple Oz-NGQDs-based solar cells with 

superior photovoltaic performances as compared to the untreated NGQDs. We achieve PCE 

~2.64%, Voc ~0.83V, Jsc ~4.8 mA/cm2, and 86.4% fill factor from Oz-NGQDs devices providing 
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>6 times enhancement in PCE and >3 times increase in fill factor/current density with respect to 

the devices fabricated with untreated N-GQDs and other GQD devices under AM 1.5 G one full 

sun illumination. This work suggests that ozone treatment is a simple yet versatile technique to 

modify the optoelectronic properties of scalably synthesized N-GQDs that can be successfully 

utilized to boost the photovoltaic performance of solar cells. 
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CHAPTER - 4 

Variation of Optical Properties of Nitrogen-doped Graphene Quantum Dots 

with Short/Mid/Long-wave Ultraviolet for the Development of the UV 

Photodetector[149] 

4.1 Overview: 

In this work, we have utilized an eco-friendly microwave-assisted hydrothermal method 

for the synthesis of nitrogen-doped graphene quantum dots (N-GQDs) from a single glucosamine 

precursor yielding N-GQDs with an average size of 4.70±0.05 nm exhibiting visible and near-IR 

fluorescence with high quantum yield. We have further studied the optical/structural properties of 

N-GQDs under short (254 nm)/mid (302 nm)/long wave (365 nm) timed UV exposure showing a 

significant reduction of absorption up to 320 nm and appearance of new absorption peak/shoulder 

afterward. The fluorescence signal was also significantly affected by the UV exposure exhibiting 

gradual quenching of blue/near-IR emission intensity along with an exceptional increase of 

green/yellow fluorescence. The quenching of near-IR fluorescence can be attributed to the 

reduction of oxygen/nitrogen-containing functional groups detected as observed using FTIR, 

whereas the quenching of the blue and the increase of the green/yellow fluorescence can be 

potentially ascribed to the increase of N-GQD average size from 4.70±0.05 to 11.20±0.35 nm 

captured by HRTEM (high-resolution transmission electron microscope) with 0 to 60 min UV 

exposure. The size tuning of N-GQDs takes place due to the free-radical polymerization induced 

by controlled UV irradiation yielding lateral size increase of N-GQDs to that optimal for 500 nm 



71 

 

 

excitation and yellow emission, while concomitantly decreasing the number of N-GQDs 

responsible for blue emission with 350 nm excitation. 

The significant change in the optical and structural properties of N-GQDs due to 

short/mid/long wave UV illumination discovered in this work lead to further development and 

fabrication of a UV photodetector devices based on an N-GQD photo-sensing layer. The UV 

photodetector device fabricated from N-GQDs showed fast photo-switching characteristics with 

96, 87, and 38 ms rising time and 73, 119, and 74 ms decay time under 365, 302, and 254 nm UV 

illumination respectively. It conveniently exhibits no signal under room light condition whereas 

strong responsivity (up to 0.59 A/W) and excellent detectivity (up to 1.03X1011 Jones) were 

observed and calculated under short/mid/long wave UV exposure at 2V bias voltage. These 

calculated parameters are comparable and/or improved with respect to those previously reported 

for quantum dot devices which in combination with eco-friendly simple and scalable fabrication 

makes N-GQD-based UV photodetectors developed in this work a promising optoelectronic 

solution. 

4.2 Experimental methods and procedures 

4.2.1 Synthesis/Characterization of N-GQDs and UV treated N-GQDs 

A 0.14M aqueous suspension of glucosamine-HCl (purchased from Sigma-Aldrich) was processed 

in a commercially available microwave (Hamilton Beach, model: HB-P90D23AP-ST) for 60 min 

at 450W (power level 3) to produce nitrogen-doped graphene quantum dots. As-prepared N-GQDs 

were purified using a dialysis bag (0.5–1 kDa MWCO) for seven days with DI water which was 

changed several times during the purification process. The purified N-GQDs are further processed 

under UV irradiation with a benchtop 3UV transilluminator (LMS-20, 8W) as UV light source for 
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the period of 0 to 60 min with a 5-10 min interval. High-resolution Transmission Electron 

Microscope (TEM JEOL JEM-2100) was used for the morphological characterization of untreated 

NGQDs and UV treated NGQDs. Samples for TEM were prepared on a carbon-coated 200-mesh 

copper grid under room temperature environment. Visible/NIR fluorescence spectra of untreated 

N-GQD and UV treated N-GQD samples was measured with a Horiba Scientific SPEX NanoLog 

Spectrofluorometer at 350, 400, 500, 730 nm excitation[46], and the absorbance spectra of these 

samples within the range of 200 to 800 nm was measured with a Cary 60 UV-Vis (Agilent 

Technologies) absorption spectrometer. A Virtis (Freezemobile 25 ES) lyophilizer was employed 

to freeze-dry the untreated N-GQD and UV treated N-GQD. These freeze-dried samples were used 

to measure the FTIR spectra via the attenuated total reflection (ATR) mode of a Thermo Nicolet 

Nexus 670 FTIR. In order to trace the sp2 hybridized carbon structure and defects-induced 

disorders in untreated NGQDs and UV treated NGQDs a DeltaNu Raman spectrometer with 785 

nm excitation at 100 mW maximum power was used. Solution-processed untreated-NGQDs and 

UV-treated-NGQDs were deposited on a silicon wafer via spin-coating at 1000 and 3000 rpm for 

30s to prepare the samples for Raman and tapping mode AFM (NT-MDT nanosolver) 

measurements, respectively that provided a topological characterization of the materials.  

4.2.2 Device fabrication 

A 24x12 (LxW) mm Silicon substrate was used to fabricate UV photodetector devices, 

which was cleaned by submerging into 10% aqueous HCl for 1 hour with further ultrasonic bath 

in Acetone for 1 hour followed by drying with compressed nitrogen. Gold electrodes were 

deposited on the silicon substrate using an Anatech Hummer-VII (SL No: 2807002) gold 
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sputtering deposition system run for 50 min (each min yields 1 nm thick gold coating). The 

thickness of the deposited gold electrode was verified further with a scanning electron microscope 

(SEM, JEOL-JSM-7100F) by capturing the cross-section image of the device showing a 160 nm 

layer of SiO2 and a 50 nm thick gold electrodes.  A device channel with a length of 2 mm and a 

width of 12 mm was built in the middle of the substrate to deposit N-GQDs via a drop-coating 

method. After drop-casting the solution-processed NGQDs onto the device channel, it was 

annealed at 80°C for 20 min to evaporate the water. SEM was used to assess the layer-wise 

elemental distribution and morphological characterization of the device, whereas a Keithley 2420 

source meter instrument was utilized to record the electrical response of UV photodetectors under 

three different wavelengths of UV irradiation. 

4.3 Results and discussion 

 

In order to synthesize the NGQDs, a single glucosamine-HCl precursor is used as a source 

of carbon/nitrogen and processed further in a commercially available microwave oven. The 

intermolecular and intramolecular dehydration takes place due to the hydrothermal reaction with 

prolonged microwave treatment creating polymers/aromatic clusters followed by the condensation 

and carbonization at a supersaturation condition along with the doping of nitrogen, resulting into 

subsequent formation of well-distributed NGQDs. As we successfully synthesized these materials 

before and performed extensive morphological characterization[46] in the previous chapter, 

therefore, in this chapter, we prioritize our focus on the UV-induced alteration of optical properties 

followed by the characterization of modified structural properties due to UV irradiation. Previous 

studies show that UV treatment can be utilized as a reduction pathway to produce reduced 
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graphene oxide (RGO) from graphene oxide (GO)[150-152] concomitantly tuning GO band structure 

and optical properties. Therefore, it is expected that UV irradiation might induce a characteristic 

variation in the optical/structural properties of graphene-based quantum dots as well. 

Aqueous suspensions of pristine NGQDs are irradiated with short (254 nm), mid (302 nm), 

and longwave (365 nm) ultraviolet light for a period of 0 to 30 min with 5 min increments and 30 

to 60 min with 10 min increments to modify their optical properties. UV treated sample shows a  

dramatic change in color from transparent to dark yellow (Figure 4.1), indicating significant 

variations of the visible absorption and potential alterations of NGQDs electronic structure. 

Absorbance measurements of 254 nm UV treated NGQDs show a slight change in π-π* electronic 

transition of C=C peaking at ~215 nm (Figure 4.2a)  whereas a significant variation is observed in 

the intensity of three absorption peaks at 239, 283, ~317 nm (by the factor of ~3.25, ~1.22, ~1.8 

respectively) that are attributed to the n-π* electronic transitions of C=C, C=O[115], and π-π* 

transition of C=N[116], respectively (Figure 4.2a). Additionally, new absorbance features appear 

within the range of 330 to 380 nm showing a monotonous increase in intensity (by a factor of 

~4.65 at 60 min) along with red-shifted absorbance with prolonged short-wave UV exposure. The 

new peak position suggests the formation of shortwave UV-induced n-π* electronic transitions of 

oxygen/nitrogen-containing functional groups(Figure 4.2a). The variation of NGQD optical 

properties is monitored further by fluorescence measurements at four different excitation 

wavelengths (350, 400, 500, 730 nm). NGQD sample excited at 350/730 nm exhibits a gradual 

decrease (Figure 4.2b,f) in visible/NIR emission intensity along with a red/blue shift in peak 

maxima for visible/NIR emission, respectively.  
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However, for 50/60 min UV-treated samples at 400 nm excitation, the emission intensity decreases 

up to 40 min UV illumination and then increases slightly (Figure 4.2c,d). Interestingly, we also 

observe a significant increase in emission intensity in the yellow region with 500 nm excitation 

(Figure 1(e)). Since the origin of GQD visible emission is attributed to the quantum confinement 

effect, these excitation-dependent variations in fluorescence features may arise due to the UV-

induced changes in the GQD structures and size distributions. The decrease of emission intensity 

with 350, 400 nm excitation and the corresponding increase of NGQD emission at 500 nm 

Figure 4.1: Sample color of untreated NGQDs (Un-NGQDs) and 60 min UV treated NGQDs (60 min UVT-NGQDs) under 
day light and 365 nm UV illumination. 
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excitation suggests two possible scenarios: (1) NGQDs size gets altered in a way that maximum 

emissive species can be excited most efficiently with 500 nm depleting or quenching all other 

structures leading to localization of NGQD fluorescence in the yellow, (2) similarly to sp2 regions 

in GO[118], the size-tuning of GQD graphitic clusters to the diameter resonant with 500 nm 

excitation via selective functionalization of those (Figure 4.10, 4.11) potentially showing graphitic 

substructures in a single quantum dot. Moreover, the decrease in NIR emission intensity along 

with blue-shifted peak maxima can be related to potential passivation of defect states supporting 

the hypothesis of defects-associated[46] origin of NIR emission of GQDs described in Chapter 2. 
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Exc-350 nm 

Exc-400 nm 

Exc-500 nm Exc-730 nm 

Exc-400 nm 

Figure 4.2: (a) Absorbance spectra of 0 to 60 min short-wave (254 nm) UV treated NGQDs. Fluorescence spectra of 0 to 60 
min short-wave (254 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (corresponding 3-D plot), (e) 500 
nm, and (f) 730 nm. 

 

(a) (b) 

(c) (d) 
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Although the treatment with 254 nm UV light (highest energy treatment for this work) is supposed 

to induce the maximum structural changes in GQD structure, we observe the most significant 

optical changes with 302 nm UV illumination. Compared to the 254 nm UV treatment, NGQDs 

treated with 302 nm UV light exhibit much higher reduction of absorption peaks at 239, 283, 317 

nm (by a factor of ~3.65, ~1.57, ~2.00 respectively) and increase of absorbance shoulder ranging 

from 325 to 390 nm (by a factor of ~5.62) (Figure 4.3a). The similar fluorescence changes are 

observed for 302 nm UV treated NGQDs as for 254 nm UV treated ones: with 350/730 nm 

excitation, a gradual decrease of fluorescence intensity along with a slight red-shifted (Figure 

4.3b)/blue-shifted (Figure 4.3f) peak maxima, are respectively observed. Unlike with 254 nm 

treatment, an initial decrease in fluorescence intensity at 400 nm excitation up to 20 min treatment 

followed by an intensity increase from 20 to 60 min UV irradiation along with the appearance of 

a shoulder at ~578 nm (Figure 4.3c,d) is observed. Moreover, a staggering (~90 fold) increase in 

fluorescence intensity showing peak maxima at ~578 nm with 500 nm excitation (Figure 4.3e, 4.4) 

occurs, suggesting that confinement-induced fluorescence emission localizes in the yellow region 

due to substantial size-tuning of NGQDs or their emissive clusters with 302 nm UV treatment. 
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Exc-350 nm 

Exc-400 nm 

Exc-400 nm 

Exc-730 nm Exc-500 nm 

Figure 4.3: (a) Absorbance spectra of 0 to 60 min mid-wave (302 nm) UV treated NGQDs. Fluorescence spectra of 0 to 60 
min mid-wave (302 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (corresponding 3-D plot), (e) 500 
nm, and (f) 730 nm. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Finally, a 365 nm UV light is used to treat the pristine NGQDs throughout 0 to 60 min 

showing no significant change in absorbance intensity (Figure 4.5a) along with no new absorption 

peaks/shoulders indicating no UV-induced alteration of major absorbing species. The fluorescence 

intensity decreases gradually with 350, 400, and 730 nm excitation (Figure 4.5b,c,d,f) with no 

significant variation at 500 nm excitation (Figure 4.5e), indicating only a minor change of NGQDs 

physical/electronic configuration. These slight variations suggest that 365 nm long-wave UV 

(lowest energy used in this work) may trigger the depletion or reduction of less stable emissive 

species without any change to the fluorescing species responsible for the dramatic increase of 

yellow photoluminescence.       

Figure 4.4: Corresponding 3-D plot of the fluorescence spectra of 0 to 60 min mid-wave (302 nm) UVT-NGQDs excited at 

500 nm. 
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The UV-induced changes in NGQD are studied further through their morphological and 

structural characterization with timed UV irradiation. Since most pronounced changes of NGQDs' 

physical/optical features are observed with 302 nm (mid-wave) UV treatment, the mid-wave UV 

treated NGQDs are further utilized to investigate the potential structural modification. 

 High-resolution transmission electron microscopy (HRTEM) is employed to analyze the 

change in size distribution potentially responsible for excitation-dependent quantum confinement-

induced emission and to assess the quality of the crystalline lattice structure that may elucidate the 

changes in the internal structure of GQDs affecting their emission with prolonged UV exposure. 

We consider more than 270 NGQDs for the size distribution analysis providing NGQD diameters 

ranging from 1 to 7.5 nm with an average size of 4.70±0.05 nm and a median of 4.61 nm (Figure 

4.6a,b).  
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Exc-350 nm 

Exc-400 nm 

Exc-400 nm 

Exc-500 nm 
Exc-730 nm 

Figure 4.5: (a) Absorbance spectra of 0 to 60 min long-wave (365 nm) UV treated NGQDs. Fluorescence spectra of 0 to 60 
min long-wave (365 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (corresponding 3-D plot), (e) 500 

nm, and (f) 730 nm. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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These NGQDs show a high crystalline lattice structure revealed by fast-Fourier-transform (FFT) 

images of a number of chosen areas captured by HRTEM (high-resolution transmission electron 

microscopy) and distinctive lattice fringes with 0.21 nm lattice spacing (Figure 4.7) assigned to 

the (100) plane of graphene[40]. The average diameter of NGQDs increases gradually with timed 

302 nm UV illumination providing an average size of 5.01±0.07 nm for 10 min (Figure 4.6c,d), 

and 6.38±0.08 nm for 30 min (Figure 4.6e,f) treatment which are 1.06 and 1.35 times larger than 

untreated NGQDs, respectively. Interestingly, the 60 min (maximum treatment time used in this 

work) UV treated NGQDs show a bimodal distribution with two lobes: (1) with an average size of 

6.94±0.12 nm (Figure 4.8a,b) which is still 1.48 times larger than that of untreated NGQDs and 

(2) with an average size of 18.32±0.31 nm (Figure 4.8c,d). The combined distribution of these two 

lobes provides an average size of 11.20±0.35 nm with a median of 8.40 nm (Figure 4.8e), which 

is much larger than untreated, or 10 to 30 min UV-treated NGQDs. Additionally, we assess the 

height profiles of NGQDs measured with AFM (atomic force microscopy) showing an increase in 

average thickness from 2.15 nm to 3.20 nm with 0 to maximum up to 60 minute UV treatment 

(Figure 4.13, 4.14) suggesting the formation of pseudospherical-shaped multilayer NGQDs.  

This UV treatment-induced NGQDs size change can be potentially attributed to the free-radical 

polymerization[153] or fusing of the initial NGQDs mediated by high energy UV light irradiation.  
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Figure 4.6: (a) TEM images showing the distribution of untreated NGQDS. (b) Size distribution of untreated NGQDs. (c) 
TEM images showing the distribution of NGQDS treated under 302 nm UV irradiation for 10 min. (d) Size distribution of 10 
min UV treated NGQDs (e) TEM images showing the distribution of NGQDS treated under 302 nm UV illumination for 30 
min. (f) Size distribution of 30 min UV treated NGQDs. 

 

(a) (b) 

(d) 

(e) (f) 

(c) 
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Figure 4.7: HRTEM images of (a) Un-NGQDS, (b) 10 min UVT-NGQDs, (c) 30 min UVT-NGQDs, (d) 60 min UVT-NGQDs. 
Inset: separation between lattice fringes (top left side) and FFT images of that selected area (bottom right side). 

 

(a) (b) 

(c) (d) 
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Figure 4.8: TEM images showing a bimodal distribution of NGQDS treated under 302 nm UV irradiation for 60 min. (a) 
Distribution of smaller-sized 60 min UV treated NGQDs (b) Size distribution analysis of smaller-sized 60 min UV treated 
NGQDs (c) Distribution of larger-sized 60 min UV treated NGQDs (d) Size distribution analysis of 60 min UV treated NGQDs 
(e) Combined size distribution of 60 min UV treated NGQDs. 

 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.9: TEM images of (a) untreated glucosamine (b) 60 min UV treated glucosamine showing polymerized dots. HRTEM 
images of 60 min UV treated glucosamine (c) showing no distinguishable lattice fringes, (d) FFT images of the selected area 
showing no crystallinity. 

 

(a) (b) 

(c) (d) 
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Figure 4.10: HRTEM images of larger sized NGQDs (Right side) and their corresponding FFT images (left side). 
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Figure 4.11: HRTEM images of larger sized NGQDs (Right side) and their corresponding FFT images (left side). 
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Since purified NGQDs are used for the UV treatment with low glucosamine impurity content, the 

formation of larger GQDs from unreacted glucosamine is improbable[46]. However, to explore that 

option, we irradiate the sole aqueous glucosamine precursor for 60 min with mid-wave UV light 

yielding few free-radical polymerized dots (Figure 4.9a,b) without any signs of crystallization and 

distinguishable lattice fringes (Figure 4.9c,d) indicating no growth of graphitic structures. 

Additionally, the fluorescence of UV treated glucosamine precursor shows no change (Figure 

4.12) as compared to the untreated one indicating that no modification of optical properties takes 

place with only UV irradiation. 

Besides the alteration of NGQDs size potentially due to polymerization, it is also expected 

that UV treatment may induce variations in NGQD chemical composition considering the 

observed profound changes in NGQD absorbance features. Fourier transform infrared (FTIR) 

spectroscopy is utilized to observe the UV-induced changes in NGQDs chemical composition 

showing a considerable decrease in 3275, 3090, and 2935 cm-1 vibrational transitions of O-H, N-

H, and C-H groups, respectively (Figure 4.15) which can be attributed to the reduction of hydroxyl 

groups and potential lattice deterioration near nitrogen dopants with timed 302 nm UV irradiation. 

The absorbance intensity of the stretching vibrations of C=O of COOH, C=C, C-O-C, C-N/ N-H 

centered at 2935, 1602, 1530, 1412, and 1240 cm-1 also decreases significantly along with the 

stretching band at 1021 cm-1 (Figure 4.15) corresponding to the vibrational transition of C-O. 

Overall, these changes indicate the removal of the oxygen/nitrogen-containing functional 

groups[85, 111].  
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Figure 4.12: Fluorescence spectra of DI water control, untreated glucosamine, 60 min UV treated glucosamine excited with 
(a) 350 nm, (b) 400 nm, (c) 500 nm, (d) 730 nm excitation wavelength showing only a shoulder with no apparent emission 
peaks other than the water Raman peak. 

 

(a) (b) 

(c) (d) 
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(a) 

(b) 

Figure 4.13: AFM images (left side) and height profiles (right side) of (a) untreated N-GQDs (b) 10 min UV treated N-GQDs. 
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(a) 

(b) 

(c) 

Figure 4.14: AFM images (left side) and height profile (right side) of (a) 30 min UVT-NGQDs, (b) 60 min UVT-NGQDs, (c) 
Table of average thickness of NGQDs with timed UV exposure. 
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The reduction mechanism of these NGQDs upon UV irradiation can be potentially similar 

to the UV-induced reduction of graphene oxide (GO) reported previously[151] which can be 

expressed as follows: 

𝐺𝑄𝐷𝑠
𝑈𝑉 𝑙𝑖𝑔ℎ𝑡
→     𝐺𝑄𝐷𝑠(ℎ𝑣𝑏

+ ) + 𝑒𝑐𝑏
−  

ℎ𝑣𝑏
+ +𝐻2𝑂(𝑜𝑟 𝑂𝐻

−) → ⦁𝑂𝐻(+𝐻+) 

𝐶 − 𝑂 − 𝐶(𝐺𝑄𝐷𝑠)𝑜𝑟, 𝑜𝑡ℎ𝑒𝑟 𝑔𝑟𝑜𝑢𝑝𝑠 + 2𝐻+ + 2𝑒−

→ 𝐶 − 𝐶(𝑑𝑒𝑓𝑒𝑐𝑡 𝑐𝑎𝑟𝑏𝑜𝑛𝑠) + 𝐻2𝑂 

 

 

 

 

 

 

 

 

 

Raman measurements further support the UV-induced alteration of N-GQD structural properties, 

showing an increase in the intensity for D (sp3 defect-related) band from UV-treated NGQDs along 

with an increase in ID/IG ratio from 0.80 (untreated) to 1.20 (30 min treatment) (Figure 4.16). This 

indicates the increased degree of disorder in the graphitic lattice potentially due to the defects left 

from the removal of functional groups. However, the ID/IG ratio for 60 min UV treated NGQDs 

Figure 4.15: FTIR spectra of untreated, 10 min, 30 min and 60 min UV-irradiated NGQDs.  
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decreases down to 0.78 which could be related to the reduction-facilitated enhancement of the G-

band known to occur in RGO as with further reduction defects can be cured and larger graphitic 

segments formed. EDX (Energy-dispersive X-ray Spectroscopy) measurements deliver the 

elemental distribution of untreated and 10, and 60 min UV treated NGQDs showing the presence 

of carbon/nitrogen/oxygen via EDX mapping (Figure 4.17) along with a moderate decrease in 

atomic/weight percentage of carbon atoms and considerable increase in nitrogen/oxygen content 

after UV exposure further confirming UV-facilitated reduction (Figure 4.18). 
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Figure 4.16: Raman spectra of (a) untreated NGQDs, (b) 10 min UVT-NGQDs (c) 30 min UVT-NGQDs (d) 60 min UVT-

NGQDs. 

(a) (b) 

(c) (d) 
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Figure 4.17: EDX mapping data of untreated NGQDs showing the (a) scan area, presence of (b) carbon, (c) nitrogen, (d) 
oxygen element. 
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Figure 4.18: (a) Table of EDX quantitative results showing elemental weight and atomic percentages of untreated, 10, 60 min 
UV-treated NGQDs. Representative scan area for the EDX measurements of (b) untreated, (c) 10 min, (d) 60 min UV-treated 
NGQDs sample.  

(a) 

(b) (c) 

(d) 
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These UV wavelength-dependent alterations of GQD optical and structural properties 

suggest that such wavelength-dependent sensitivity could be utilized for UV detection by GQDs. 

This leads us to fabricate UV photodetectors utilizing 0, 30, 60 min UV-treated NGQDs as a 

photosensing layer. A silicon wafer of 24X12 (LXW) mm coated with a 160 nm SiO2 layer is used 

as a substrate onto which 50 nm gold (Au) electrodes are deposited to serve as anode and cathode 

on the far sides of the substrate. This keeps 2X12 (LXW) mm space in the middle of the substrate 

as a device channel for drop-coating the solution-processed NGQDs (Figure 4.19b, 4.20). Drop-

casted NGQDs are thermally annealed at 90°C for 20 min to evaporate the water. Figure 4.19a 

represents the schematic of the fabricated device that illustrates the device geometry envisioned 

based on the cross-sectional image of the photodetector captured by field-emission scanning 

electron microscope (FESEM). It shows a uniformly deposited ~2 µm layer of NGQDs and a 160 

nm SiO2 layer (Figure 4.19b). Additionally, the EDX mapping of this SEM cross-sectional image 

verifies the presence of layer-wise elemental composition showing Si/SiO2 substrate in the bottom 

part and NGQD layer containing oxygen/nitrogen/carbon in the top part (Figure 4.20). Based on 

the known work function values of the gold electrodes (5.1 eV)[154] and Fermi level of the similar 

GQDs (4.74 eV) independent of GQD size (~2 to 10 nm) assessed via Kelvin probe analysis by 

Kwon et al[90],  we design a schematic of the energy band diagram of the UV photodetector (Figure 

4.19c). In the energy band diagram, the values of HOMO (highest occupied molecular orbital) as 

6.23 eV and LUMO (lowest unoccupied molecular orbital) as 3.25 eV are calculated with the 

knowledge of Fermi energy utilizing the maximum emission wavelength. Based on the diagram 

the potential energy barrier of ~1.13 eV is expected in the junction of the metallic gold electrode 

and NGQDs. Excitons would be generated in NGQDs layer under 254/302/365 nm ultraviolet light 
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irradiation having energies higher than the optical band gap of the NGQDs. With small bias 

voltage, the electron-hole pairs may get dissociated at the NGQDs interface potentially due to the 

edge defects and defect-related trap-states of NGQDs, and the additional surface potential 

originated from adsorbed water/oxygen molecules. Therefore, the movement of the electrons and 

holes will be initiated toward the anode and cathode, respectively, producing the photocurrent 

under a built-in electric field. Small dark leakage current is observed via the typical current-voltage 

(I-V) characteristics (Figure 4.19d,e) of the device acquired by sweeping from -5 to +5 V 

potentially attributed to the thermionic emission at room temperature[155]. However, with 

254/302/365 nm UV exposure, still a significant increase of the current is observed as expected, 

suggesting the successful generation of the photocurrent.  
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Figure 4.19: (a) Schematic of the UV photodetector device structure, (b) SEM Cross-section of the device, (c) Band energy 
diagram of the photodetector, (d) I-V characteristics of the fabricated device sweeping from -5 to 5 V, (e) semi-logarithmic 

plot of I-V curve and (f) stable and reproducible photo-switching response of the UV photodetector.  

(a) (b) 

(c) (d) 

(e) (f) 
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The lowest/highest photocurrent of ~150/~475 µA is obtained from the device fabricated with 

untreated (0 min) NGQDs as a photo-sensing layer at 5V bias voltage with 254/365 nm UV 

excitation (Figure 4.19f). Regardless of the current magnitude, the device shows reproducible 

characteristics of UV photodetectors. The maximum photocurrent generation is observed with 365 

nm UV irradiation as compared to the 254/302 nm excitation which can be ascribed to the lower 

NGQD absorption of 254/302 nm UV light (Figure 4.2a,4.3a) as compared to no significant 

absorption in 365 nm range (Figure 4.5a). Moreover, we observe a much higher light to the dark 

current ratio (IL/ID) at a lower than higher bias voltage along with a non-linear dependence of IL/ID 

on bias voltage potentially due to the generation of more leakage current with the increase of bias 

voltage resulting in a decrease of the light to dark current ratio (Figure 4.21e).  

Figure 4.20: SEM cross-section image of the device showing Si/SiO2/NGQDs layer and the corresponding layer-based 
(element-wise) EDX mapping data of carbon, oxygen, nitrogen and silicon. Bottom right: cross-section image of the device 
showing 50 nm thick gold electrode. 
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The devices were tested further at 5V bias voltage with subsequent irradiation of 3 different 

wavelengths (365/302/254) followed by measurement under room light/dark conditions showing 

UV wavelength-dependent response with no effect in the room light or dark conditions (Figure 

4.21a) suggesting excellent reproducibility and multiwavelength sensitivity. Also, the rise and 

decay response time of the UV photodetector analyzed using the fitting equations described in [156] 

providing a rise times of 96, 87 and 38 ms and fall times of 73, 119 and 74 ms considering 30s 

periodic irradiation with 365 nm, 302 nm, and 254 nm illumination respectively (Figure 4.21b,c,d) 

suggesting rapid photo-switching characteristics. These rise/decay times appear to be reproducible, 

as are the signal currents achieved for each wavelength. 
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Figure 4.21: (a) Photo-switching response of the device under dark/RL (room light) conditions and 365/302/254 nm UV 
illumination. Rise and fall time of the photo response illuminated with (b) 365 nm, (c) 302 nm, (d) 254 nm UV light, (e) Table 

of light to the dark current ratio (IL/ID) at different bias voltage. 

(b) 

(c) (d) 

(e) 

(a) 
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We further compare the typical I-V characteristics, photo-switching behavior, and device 

parameters among the photodetectors fabricated with 0, 30 and 60 min UV-treated NGQDs as a 

photosensing layer. Those indicate a considerable (by a factor of ~1.38) increase of photocurrent 

with 365 nm UV light irradiation for the devices with 60 min UV treated NGQDs as compared to 

the untreated N-GQD-based devices (Figure 4.22a,b,c). The increase of photocurrent can be 

potentially attributed to the increasing/broadening of NGQDs absorbance intensity at ~365 nm 

(Figure 4.3a) with the increase of UV treatment time, leading to the absorption of more photons 

which allows producing higher photocurrent. On the other hand, with 302 nm UV excitation only 

a slight increase in photocurrent (~1.06 times) is observed for the devices made with 0 to 30 min 

UV treated NGQDs, while a significant decrease in photocurrent (~1.45 times) is seen for 30 to 60 

min UV-treated NGQD-based devices (Figure 9d,e,f) (Figure 4.22d,e,f). Moreover, under 254 nm 

UV illumination, a gradual decrease of the photocurrent is observed for all the devices fabricated 

(Figure 4.22g,h,i). This observed decrease of photocurrent with 254/302 nm UV excitation can be 

explained by the significant decrease of GQD absorbance intensity as those are treated with 

short/mid-wave UV(Figure 4.3a). 
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Figure 4.22: (a) I-V characteristics (sweeping from -5 to 5 V), (b) corresponding semi-logarithmic plot of I-V curve, (c) stable 
and reproducible photo-switching response (5V bias) of the devices fabricated with 0, 30, 60 min UV treated NGQDs under 

365 nm UV irradiation ; (d) I-V characteristics (sweeping from -5 to 5 V), (e) corresponding semi-logarithmic plot of I-V 
curve, (f) stable and reproducible photo-switching response (5V bias) of the devices fabricated with 0, 30, 60 min UV treated 
NGQDs under 302 nm UV irradiation; (g) I-V characteristics (sweeping from -5 to 5 V), (h) corresponding semi-logarithmic 
plot of I-V curve, (i) stable and reproducible photo-switching response (5 V bias) of the devices fabricated with 0, 30, 60 min 
UV treated NGQDs under 254 nm UV irradiation. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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Since responsivity (R), detectivity (D), and EQE (External Quantum Efficiency) are considered as 

three main parameters of a photodetector which define the quality and efficiency of the device, 

those are calculated in accordance with previous works[156-159] by using the following equations:  

Photo-responsivity: 

Responsivity can be expressed as: 

 

𝑅 =
𝐼𝑝𝑐
𝐼𝑖𝑛𝑐

=
𝑃ℎ𝑜𝑡𝑜𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛
 

 

Here, R=responsivity (Unit: A/W) 

Ipc = Photogenerated current (Unit: A) 

Iinc = Incident power intensity (Unit: W) = Incident power density X Area of the active region 

Photo-detectivity: 

 

Detectivity can be expressed as: 

𝐷 = 𝑅√
𝐴

2 × 𝑞 × 𝐼𝑑
 

Here,  

D=Detectivity in Jones 

R=responsivity in A/W 

A=Area of the active region in cm2 

q = Charge of electron = 1.60X10-19 C  

Id = Dark current (under no illumination)  
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EQE (External Quantum Efficiency): 

 

EQE can be defined as the number of carriers circulating through a photodetector per absorbed photon and 

per unit time. EQE can be calculated by using the following equation: 

 

𝐸𝑄𝐸 =
ℎ × 𝑐 × 𝐼𝑝𝑐
𝑞 × 𝜆 × 𝐼𝑖𝑛𝑐

=
(~1243) × 𝑅

𝜆
 

Here, 

h=Planck’s constant= ~ 6.63X10-34 J.s 

c=Velocity of light=3X108 m/s 

q = Charge of electron = 1.60X10-19 C  

𝑅 =
𝐼𝑝𝑐

𝐼𝑖𝑛𝑐
 = Responsivity in A/W 

ℎ × 𝑐

𝑞
=  ~1243 (𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 1 𝑛𝑚 𝑡𝑜 1 × 10−9 𝑚 𝑖𝑠 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑓𝑎𝑐𝑡𝑜𝑟) 

λ=Excitation wavelength 

 

This calculation provides maximum responsivities of 0.59, 0.31 and 0.22 A/W, detectivities of 

1.03X1011, 5.48X1010 and 3.90X1010 Jones, and EQE of 2X102, 1.24X102, and 9.38X101 % under 

the irradiation of 365, 302 and 254 nm UV light respectively at 2V bias, indicating highly 

responsive characteristics of the devices fabricated in this work. Additionally, the responsivity 

(Figure 4.23a), detectivity (Figure 4.32b), and EQE (Figure 4.32c) of the devices fabricated with 

0, 30, 60 min UV-treated NGQDs tested under 254/302/365 nm UV excitation are plotted, showing 

the comparison of device parameters at different UV excitation and treatment times.  
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(c) 

Figure 4.23: Comparison of device parameters among UV photodetectors fabricated with 0, 30, 60 min UV-treated NGQDs 
sample showing (a) responsivity, (b) detectivity, and (c) EQE under 365/302/254 nm UV excitation.  

(a) (b) 
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Evidently, maximum performance (responsivity/detectivity/EQE) in the longwave UV region can 

be achieved from the 60 min UV-treated NGQD-based devices with 365 nm UV excitation 

whereas untreated NGQDs are more suitable to obtain maximum performance in the short/mid-

wave UV region with 254/302 nm excitation. Although it is hard to compare the performance of 

these devices with others due to the differences in device geometry/electrodes/types of materials, 

these calculated parameters are still well-comparable to the previously reported graphene quantum 

dot-based devices (Table-1), which in combination with eco-friendly/simple/scalable fabrication 

process makes NGQD-based UV photodetector developed in this work a promising optoelectronic 

solution. To be ahead of the counterparts, the device performance obtained in this work can be 

potentially enhanced further by decreasing the channel length from millimeter to micron-scale 

which may lead to more efficient carrier transport and much faster photoswitching behavior[154, 

160]. 
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Table-4.1: Comparison of device parameters fabricated with GQDs/NGQDs/carbon-based 

nanoparticles: 

Material Detection 

Range 

Responsivity Detectivity 

(Jones) 

EQE (%) References 

CQDs 400-1100 nm 0.353 (A/W) >109 - [161] 

NGQDs 365 nm 1.14 (V/W) - - [162] 

GQDs UV/NIR (0.2-0.5) A/W > 1011 - [163] 

CNDs 300-1100 nm 0.5 A/W > 1014 - [164] 

GQDs DUV 0.1 A/W 1.1X1013  [165] 

RGO/CNPs 780 nm 0.4 A/W - 6.43X101 [166] 

CQDs VIS 0.29 A/W - - [167] 

2D 

MoS2/CQDs 

UV/VIS/NIR 0.018 A/W - - [168] 

GQDs 

decorated ZnO 

Nanorods/GaN 

Films 

365 nm 0.034 A/W ~1012 - [169] 

NGQDs DUV (Au-

GQDs-Au 

configuration) 

4.26X10-6 (A/W) 1.95X109 - [154] 

GQDs/WSe2 VIS/NIR 0.70 A/W 4.51X109 - [170] 

GQDs/SiNP UV/NIR 0.31 A/W - - [171] 

GQDs/Si VIS 1.02 A/W 8X1011 - [172] 

GQDs/SiNW UV/NIR 40.6 A/W 11.9X1012 8.15X103 [173] 

NGQDs DUV/UV 0.59 (A/W) 1.03X1011 2X102 Our Work 

 

List of abbreviations for table-1:  

CQDs: Carbon Quantum Dots; CNDs: Carbon Nanodots; DUV: Deep ultra-violet light; CNPs: 

Carbon nanoparticles; MoS2: Molybdenum disulfide; ZnO: Zinc Oxide; GaN: Gallium Nitride; 

SiNP: Silicon Nanoparticle; SiNW: Silicon Nanowire 
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4.4 Summary of chapter-4: 

In this chapter, an eco-friendly microwave-facilitated scalable hydrothermal method is used to 

produce NGQDs showing bright/stable photoluminescence in the visible and near-IR that are 

further utilized for the development of UV photodetectors. An extensive study is undertaken in 

order to assess the change in the optical properties of as-prepared NGQDs under short/mid/long 

wave UV irradiation. NGQDs irradiated with 254/302 nm UV light over 0 to 60 min exhibit a 

significant reduction in absorption, while 365 nm UV-irradiated NGQDs retain their spectral 

characteristics. All three UV ranges affect NGQD fluorescence inducing a gradual decrease in 

emission intensity recorded with 350, 400 and 730 nm excitation. However, a remarkable (~90 

fold) increase in fluorescence intensity with 500 nm excitation is observed for NGQDs treated 

with 254 and 302 nm UV light. Considering the size-dependence of NGQD band gaps, these 

changes in optical properties can be attributed to the alteration of NGQD size distribution and the 

reduction in oxygen-containing functional groups. The observed redshift of the emission from blue 

to yellow with the dramatic enhancement of the yellow fluorescence feature detected with 500 nm 

excitation is likely to occur due to UV-induced NGQD polymerization increasing NGQD average 

size from 4.70±0.05 nm (untreated) to 11.20±0.35 nm (60 min UV irradiation). A significant 

reduction of the oxygen-containing functional groups detected via FTIR reveals the reason behind 

the quenching of the defect-attributed NGQD emission in the near-IR. Due to the high sensitivity 

to UV radiation, NGQDs developed in this work are utilized as a photosensitive layer in the novel 

UV photodetector devices. These devices show stable/reproducible photo-switching behavior at a 

low bias voltage under 254/302/365 nm UV illumination with high responsivity (up to 0.59 A/W) 

and detectivity (up to 1.03X1011 Jones) sufficient to fabricate highly sensitive UV photodetectors 
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(UVPD). Wavelength-specific highly reproducible response with no reaction to the visible light 

sets these UV photodetectors ahead of many other nanomaterials-based counterparts. 
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CHAPTER 5 

Near-IR Emitting Graphene Quantum Dots Synthesized via Top-down 

Approach for Biological Imaging Applications 

5.1 Overview: 

Nanomaterials-based nano-formulations are getting more attention in recent years for 

drug/gene delivery and bioimaging applications due to their ability to effectively deliver 

therapeutic to biological cells and tissues, enhancing their efficacy and rendering some more 

biocompatibility. Nanomaterials provide a large platform for covalent/non-covalent 

functionalization of both drugs and targeting agents and often enable fluorescence tracking 

yielding a multifunctional alternative facilitating drug transport, biological imaging, and even 

biosensing. Most of the nanomaterials have high production costs, complex synthesis procedures, 

and as for fluorescence tracking, exhibit emission only in visible with UV/VIS excitation which 

suffers from high autofluorescence background from biological specimen and due to absorption 

and scattering has low penetration depth suitable only for in vitro applications. In vivo imaging 

usually requires attaching either MRI[174] or CT contrast agents[175] that add to the toxicity profile 

of the formulation[176]. There are some nanomaterials such as single-walled carbon nanotubes 

(SWCNTs) that are known to exhibit emission in the NIR-I/II region. The emission in this range 

yields a broader spectrum of potential applications as NIR light experiences substantially lower 

scattering and absorption in tissues, while the biological autofluorescence in that region is 

minimal[177] (Figure 5.1). Such NIR emissive nanomaterials can be utilized even for low/medium 

depth in vivo applications. 
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Figure 5.1: Photoluminescence of NIR emitting nanomaterials (SWCNTs) (blue) in 820–1600 nm regime, Absorbance of Blood 
(red) and water (black) mainly occur in the visible and infrared regions, respectively. The gap in tissue absorbance, which occurs 
in the near-infrared regime, ensures minimal tissue interference with NIR emitting nanomaterials. [177] 
 

 However, SWCNTs’ biocompatibility is highly dependent on the coating and in some 

formulations they may lead to potential immunogenic responses and accumulation-derived 

toxicity[178],   which is not ideal for the therapeutic delivery. NIR I/II emitting quantum dots such 

as PbS/CdS/CdSe[179-181] can also be used for in-vitro/in-vivo NIR fluorescence tracking, but their 

complex synthesis process along with detrimental effects on the environment and biotoxicity make 

them unsuitable for large scale biological imaging applications. Therefore, it is highly important 

to develop materials that will have low production costs, high production yield, simple/scalable 

synthesis process, excellent water solubility, and high biocompatibility. Moreover, these desired 

materials are expected to exhibit emission in the NIR region for bioimaging applications reducing 

autofluorescence background, possess large enough platform to attach drugs/genes for 

therapeutics, quickly accumulate in the targeted area followed by a fast excretion from the 

biological subject. In order to achieve these, we have worked on developing the material that would 

satisfy the aforementioned conditions: reduced graphene oxide (RGO)-derived graphene quantum 

dots (RGQDs) synthesized via top-down method using RGO as a carbon precursor and NaOCl 
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together with UV irradiation as scission/oxidizing treatments. To the best of our knowledge, this 

is the first-time discovery of NIR-emitting RGQDs (graphene quantum dots synthesized from 

RGO) produced via top-down method using RGO/NaOCl/UV light. These GQDs prepared via a 

simple and low cost/scalable synthetic route possess high biocompatibility, exhibit emission in the 

NIR I region and are in our work successfully utilized for in vitro and in vivo imaging in live 

animals. 

5.2 Experimental Methods and Procedures: 

 

5.2.1 Synthesis of graphene quantum dots from reduced graphene oxide via a top-down 

approach: 

Commercially available high porosity reduced graphene oxide (RGO) (purchased from graphene 

supermarket, HP-RGO-0.5G) was suspended into water at a concentration of 0.20 mg/ml via direct 

probe ultrasonic treatment (QSonica, Q55) under ice-bath condition for one hour at 22 W. 1.5 ml 

of 5% w/v sodium hypochlorite (NaClO, CAS 7681-52-9) was mixed in 20 ml aqueous RGO 

suspension followed by two hours of ultraviolet (UV) irradiation at 302 nm utilizing a benchtop 

3UV transilluminator (LMS-20, 8W) UV source. The NaClO will decompose at a higher rate under 

UV irradiation generating oxygen radicals [O] which are expected to react with the RGO surface 

facilitating its scission and oxidation into graphene quantum dots (RGQDs). These RGQDs were 

dialyzed in DI water using a molecular-weight-cutoff (MWCO) 1KDa bag for 24h in order to 

remove sodium ions and other low molecular weight unreacted materials. The DI water was 

changed every after 30 min for the first three hours followed by changing the water every seven 

hours. The dialyzed RGQDs were then further filtered using a 0.22 µm syringe filter to discard the 

bundles/large clusters of RGQDs.  
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5.2.2 Structural/Optical Characterization: 

The morphological characterization of the RGQDs was performed using HRTEM (High-

Resolution Transmission Electron Microscope, JEOL JEM-2100). For the TEM measurements, 

the samples were prepared on the carbon-coated 200-mesh copper grid under ambient conditions. 

The photoluminescence spectra of RGQDs were measured utilizing Horiba Scientific SPEX 

NanoLog. The absorbance of RGQDs samples was measured within the range of 200-1000 nm 

using Agilent Technologies (Cary 60 UV–vis) absorption spectrometer. RGQDs’ graphitic 

structure was characterized using a DeltaNu Raman spectrometer with 785 nm excitation at 100 

mW maximum power. The absolute quantum yield of the RGQDs was determined using a Newport 

819C-SL integrating sphere (Spectralon coating) at 405, 637, and 808 nm laser excitation 

5.2.3 Cell Culture: 

HeLa cell lines were maintained in a Thermo-Scientific Midi 40 CO2 Incubator at 37.1 °C 

with 5% carbon dioxide and 95% air. In order to prepare the cell-covered glass coverslips for 

microscopy imaging, they were placed at the bottom of 6-well plates followed by adding cells in 

the media. RGQDs were added at a concentration of 1 mg/mL in each well after 4 hours of cell 

attachment to the coverslips. 0.5 mL of PBS (phosphate-buffered saline) was used to wash the 

cells in order to remove any extracellular RGQDs, followed by fixing them with 4% 

paraformaldehyde at room temperature for 30 min. After that, the cell samples were washed again 

with 0.5 mL of PBS for the microscopy imaging. In order to analyze RGQD cellular 

internalization, the 3, 6, 12 and 24 h transfection points were used for imaging with 1 mg/mL of 

RGQDs added to each well. 
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5.2.4 MTT Assays: 

MTT cytotoxicity assays were used to assess the cytotoxicity of RGQDs. We plated HeLa 

cells in a 96-well plate with 5000 cells per well (100 μL/well) and kept in an incubator overnight 

at 37.1 °C while maintaining the CO2/air ratio of 1:19. After 24 h of incubation, the RGQDs were 

added into each well at different concentrations ranging from 0 to 70 µg/mL. After 24 h of 

incubation, the medium was replaced by 100 μL of 1 mg/mL thiazolyl blue tetrazolium bromide. 

After four hours of further incubation, MTT (3-(4–dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) was replaced with 100 μL of DMSO (dimethyl sulfoxide) to solubilize the precipitation. 

Reduction in MTT influences the metabolic activity of living cells, which can be assessed with 

absorbance measurements since living cells metabolize the MTT and form a highly absorbing 

purple-colored byproduct known as formazan. We measured the absorbance (essentially the cell 

viability) of the final sample at 540 nm wavelength using the FLUOstar Omega microplate reader. 

5.2.5 Fluorescence microscopy measurements 

In vitro fluorescence microscopy of RGQDs was performed using an Olympus IX73 

fluorescence microscope with 60× (IR-corrected Olympus Plan Apo) water immersion objective 

coupled to two detectors: visible Hamamatsu Image EMCCD camera spectrally filtered by 10 

filters throughout the visible and the NIR InGaAs Photon etc. (ZEPHIRTM 1.7) camera connected 

to a hyperspectral fluorescence imager (Photon etc.) enabling spectrally-resolved imaging in the 

near-infrared: 900 – 1600 nm. 

5.2.6 Imaging in the visible  

Intracellular green (~532 nm) emission of RGQDs was measured with 460 ± 25 nm (lamp) 

excitation and 550 ± 20 nm emission filters. The integration time and lamp intensity settings were 
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chosen such to ensure zero autofluorescence emission from non-treatment control cells and the 

same settings were further used for RGQDs fluorescence imaging. 

5.2.7 Imaging in NIR region 

The NIR-I fluorescence of RGQDs was imaged with CW (continuous wave) 808 nm (150 

mW output power) diode laser excitation in HeLa cells with InGaAs Photon etc. (ZEPHIRTM 1.7) 

camera and near-IR hyperspectral imager (Photon etc. IMA-IRTM) allowing to capture full spatial 

information and simultaneously utilize a Bragg grating imaging filter[182] collecting spectral 

information thus providing spectrally-resolved imaging in the region of 900 – 1600 nm. Control 

cell samples without RGQDs imaged with the same setup showed no emission in the near-IR 

region.  

5.3 Results and discussion: 

A top-down approach is utilized to produce nanometer-sized GQDs from commercially 

available over micron-sized RGO (Figure 5.2a,b). Upon adding sodium hypochlorite (NaOCl) into 

aqueous RGO, the decomposition of NaOCl takes place followed by the generation of highly 

oxidative free radical [O∙]. The reaction rate can be increased significantly upon the irradiation of 

ultraviolet (UV) light since high energy UV illumination expedites the decomposition of 

NaOCl[183] yielding a higher number of free radicals [O∙] at a much faster rate. As RGO is a reduced 

form of graphene oxide (GO), in the place of reduced GO oxygen functional groups RGO is 

expected to have a number of defects, which are likely to be the most favorable regions for the 

reaction. In the process of this chemical reaction, RGO surface oxidation cutting takes place 

yielding smaller-sized nicely dispersed, and well-distributed GQDs (Figure 5.2c,d) with an 

average diameter of 3.54±0.05 nm (Figure 5.2e) as assessed by high-resolution transmission 
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electron microscopy (HRTEM). GQDs also exhibit a well-defined crystalline lattice structure 

apparent from FFT (fast Fourier transform) images of the chosen area (Figure 5.2f,g) along with 

distinguishable lattice fringes with a spacing of 0.24 nm (Figure 5.2h) corresponding to 

graphite[184]. EDX (Energy-dispersive X-ray Spectroscopy) measurements performed with 

RGQDs and RGO parent material show a significant decrease of carbon atomic percentage from 

97.76% (RGO) to 83% (RGQDs) and substantial increase of oxygen atomic percentage from 

2.24% (RGO) to 17% (RGQDs) as assessed via elemental analysis (Figure 5.3a, 5.4a) along with 

elemental mapping of the scan area (Figure 5.3b,c,d and Figure 5.4b,c,d ).  
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Figure 5.2: (a) TEM images of more than micron sized RGO (b) HRTEM images of RGO. Inset: FFT images of the chosen 
area. (c,d) TEM images showing the distribution of RGQDS, (e) Size distribution of RGQDs. (f,g) HRTEM images of RGQDs. 
Inset: FFT images of the chosen area (h) Separation between lattice fringes. 
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Scan area Carbon Oxygen 

Figure 5.3: (a) EDX spectra of RGO. Inset: Atomic/weight percentage of Carbon and Oxygen. EDX mapping of RGO showing 
(b) scan area, the presence of (c) Carbon, (d) Oxygen. 
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Additionally, Raman spectroscopic measurements show the D-band at ~1330 cm-1 

indicating the presence of disordered structure and G-band at ~1604 cm-1 (Figure 5.5a,b) 

corresponding to the SP2 hybridized carbons on the surface of both RGO and RGQDs. The ID/IG 

ratio increased from ~1.50 (RGO) to ~1.74 (RGQDs) (1.16 times), suggesting the increase of 

defects in the RGQDs graphitic structure induced scission and oxidation in the synthetic process. 

 

Scan area Carbon Oxygen 

a 

b c d 

Figure 5.4: (a) EDX spectra of RGQDs. Inset: Atomic/weight percentage of Carbon and Oxygen. EDX mapping of RGQDs 
showing (b) scan area, the presence of (c) Carbon, (d) Oxygen. 
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A dramatic change in color and solubility of the material was observed before and after the 

reaction (Figure 5.6a) indicating a substantial change in electronic and chemical structure. New 

oxo-functionalized RGQDs possess light yellow color in suspension and show high water 

suspension stability as opposed to water-insoluble and dark black/grey RGO. In order to verify 

those changes, the optical properties of RGO/RGQDs are explored using fluorescence and 

absorption spectroscopy. RGO shows an absorption peak at ~280 nm corresponding to π to π* 

transition of SP2 graphitic carbon (Figure 5.6b) whereas a blue-shifted peak at ~230 nm appears 

for RGQDs which is more similar to the π to π* transition of C=C bonds in graphene oxide (GO). 

However, GO has a shoulder ~300 nm corresponding to C=O bond which is absent in RGQDs 

suggesting different types/arrangements of oxygen-containing functional groups in RGQDs 

(Figure 5.6b). Due to these changes in absorbance spectra, it is expected that the fluorescence 

properties of RGQDs materials will also be different from both the parent RGO and even GO. 

Although RGO did not exhibit any sign of fluorescence emission (Figure 5.6c), RGQDs show 

Figure 5.5: Raman spectra of (a) RGO, (b) RGQDs. 
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excitation-independent fluorescence peaking at ~532 nm with an excitation range of 300 to 475 

nm and excitation-dependent emission behavior at larger wavelengths (Figure 5.6d). This visible 

emission is most likely to be originated from quantum dot size-dependent strong quantum 

confinement effects,whereas its excitation dependence above 475 nm suggests the presence of 

different types/sizes of RGQDs emissive species. Most interestingly, these RGQDs exhibit 

excitation-independent emission in the near infrared-I region peaking at ~950 nm and showing 

maximum emission at 475 nm excitation with further emission intensity decrease as the excitation 

is shifted up to 800 nm (Figure 5.6e). However, even with 808 nm laser excitation, RGQDs still 

exhibit bright fluorescence in the near-IR region (Figure 5.6f) indicating their potential as near-IR 

excited and NIR-emitting fluorophore desirable for biological in-vitro/in-vivo/ex-vivo imaging 

applications. Considering the regions of NIR emission from GQDs discussed in previous chapters 

this observed NIR feature can be potentially attributed to the localized defect states created by the 

hypochlorite reaction. 
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Figure 5.6: (a) Physical color of aqueous RGO/RGQDs under daylight and 365 nm UV excitation; (b) Absorbance spectra of 
RGO, GO, RGQDs; Fluorescence spectra of (c) RGO, (d) RGQDs in visible; (e) Photoluminescence excitation-emission map 
of RGQDs; (f) Near-IR emission from RGQDs at 808 nm laser excitation. 
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The absolute visible and NIR quantum yield (QY) of RGQDs was measured using an integrating 

sphere with Spectralon coating. Here, an example is provided to assess the QY of RGQDs in green 

with blue (405 nm) laser excitation providing a quantum yield of 7.13±0.85% (Figure 5.7). 

 

 

 

 

 

 

 

 

By using this method, QY of RGQDs in NIR-I is also measured as 6.29±0.50% and 1.34±0.15% 

with 637 and 808 nm excitation, respectively. Additionally, QYs of some standard dyes are also 

measured to verify the measurement using this method providing good agreement with the values 

reported in the literature (Table 5.1).  

 

 

 

 

 

 

Figure 5.7: (a) Signal measured with reference (water only); (b) Scattered signal from aqueous RGQDs sample; (c) Enhanced 
fluorescence emission with RGQDs at 405 nm laser excitation. 
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Table – 5.1: Measurement of absolute QY of RGQDs/Rh-700/IR-140 

Sample 

Name 

Solvent Excitation 

wavelength (nm) 

Emitted 

wavelength range 

(nm) 

QY reported 

in the 

literature (%) 

Measured QY  

in this work 

(%) 

RGQDs Water 405 425-800 - 7.13±0.85 

RGQDs Water 637 800-1100 - 6.29±0.50 

RGQDs Water 808 900-1100 - 1.34±0.15 

Rh-700 Ethanol 637 675-850 34.00±2.00[185] 32.70±2.50 

IR-140 Ethanol 808 840-1100 16.70±1.00[186] 18.35±1.75 
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The aqueous RGQDs were further imaged using a NIR wavelength-resolved hyperspectral 

fluorescence microscopy allowing to collect wavelength-resolved images within 900-1600 nm 

spectral range. Under a microscope RGQDs and their clusters that are easy to trace showed bright 

emission at 950 nm with 808 nm laser excitation similar to the spectroscopic fluorescence 

measurements of RGQDs (Figure 5.8a,b) suggesting RGQDs as a potential nanomaterial for 

nanoscale imaging applications.     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

950 nm 

Figure 5.8: NIR hyperspectral fluorescence images of RGQDs utilizing the (a) broadband mode, (b) inset: bandpass mode at 

950 nm. Recovery of the spectra from the fluorescence images showing NIR emission peaking at 950 nm.   
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Although RGQDs so far have exhibited high potential for bioimaging considering 

microscopically observable NIR emission with NIR excitation, further biological applications of 

RGQDs substantially depend on their biocompatibility. As that has been a common downfall of 

the majority of nanomaterials, we assess the biocompatibility of the RGQDs via two cytotoxicity 

assays: MTT and Luminescence-based assay. MTT cytotoxicity assay performed in HeLa cells 

shows significant cell viability (over 80%) at a maximum concentration of 68 µg/ml (Figure 5.9a) 

which could be sufficient for in-vitro imaging. As nanomaterials are known to interfere with the 

absorption-based MTT method[187, 188] the RGQDs are first only tested at low concentrations. To 

assess the maximum RGQD concentration that can be used for bioimaging we further perform 

Luminescence cytotoxicity assay (Figure 5.9b) that indicates high (with ~80% cell viability) 

biocompatibility for RGQDs at concentrations up to 1mg/mL. These concentrations were further 

used for in vitro and in vivo imaging experiments.  
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As visible and NIR emission of RGQDs has a high potential for biomedical imaging 

applications, it was fully characterized and tested with confocal fluorescence microscopy imaging 

in vitro showing a bright intracellular fluorescence emission in green (550±20 nm) with 460±20 

nm excitation (Figure 5.10) and NIR-I (950 nm) with 808 nm laser excitation (Figure 5.11) 

indicating substantial cellular internalization of RGQDs at 3 and 12h time points.  

Figure 5.9: Cytotoxicity of RGQDs in HeLa cells showing percent cell viability at different RGQDs concentration assessed 
via (a) MTT assay (b) Luminescence-based assay (error bars are within the data points).   
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Figure 5.10: (a) No fluorescence from untreated control HeLa Cells. Brightfield/fluorescence (confocal) overlay images 

of (b) untreated control HeLa cells, and cellular uptake of RGQDs imaged with 460 nm excitation at (b,c) 3h, (d,e) 

12h transfection points.  
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Additionally, the in-vivo/ex-vivo mouse imaging of RGQDs is done by collaboration with 

Professor Belcher’s Lab at MIT (Massachusetts Institute of Technology) performed by Dr. Ching 

Wei Lin. The RGQDs were injected intravenously in mice through a tail vein and hours after 

injection imaged in live sedated animals with 808 nm laser excitation and 900 nm long-pass 

emission filter. Live animal NIR images exhibit little to no NIR fluorescence until six hours post-

injection when they start showing substantial GQD emission mainly from the spleen with some 

less intense signal originating from the liver which is confirmed as the animal is sacrificed and 

Figure 5.11: Brightfield/ NIR fluorescence overlay images of (a) untreated control HeLa cells and cellular uptake of 

RGQDs imaged with 808 nm laser excitation at (b) 3h, (c) 12h transfection points. 
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dissected (Figure 5.12a,b,c). However, the excised organs collected after sacrificing the animals 

show the distribution/accumulation of RGQDs mainly in spleen, kidney, liver, and intestine 

(Figure 5.12c,d) at 6h post-injection.   
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Figure 5.12: Brightfield/NIR fluorescence overlay images (left image) and color-coded (right image) images of a live sedated 

mouse in ventral position performed with 808 nm laser excitation and 900 nm long-pass filter (a) before the intravenous 

injection in mouse, (b) whole body distribution of RGQDs in mouse after 6h of injection (c) image of a treated and dissected 

sacrificed mouse (d,e) ex-vivo images  showing the fluorescence of RGQDs in kidney (K), liver (L), intestine (I) and 

spleen (S) performed with 808 nm laser excitation and 900 nm long-pass filter. 
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5.4 Summary of chapter-5: 

RGQDs were synthesized in this work with high production yield by using a simple, 

scalable, cost-effective, eco-friendly process show emission in visible and NIR-I with NIR 

quantum yields up to 8% indicating substantial potential for in-vitro/in-vivo/ex-vivo 

bioimaging. RGQDs are biocompatible with ~80% cell viability up to a maximum 

concentration of 1 mg/mL as determined by the MTT and Luminescence cytotoxicity assays. 

These RGQD concentrations were used for intracellular imaging in green and NIR showing 

bright intracellular emission from RGQDs at 3 and 12 h time points suggesting successful 

cellular uptake.  Additionally, in-vivo/ex-vivo mouse imaging reveals the distribution of 

RGQDs in the spleen, kidney, liver, and intestine suggesting that RGQDs can be successfully 

utilized as NIR imaging agents in live animals. Finally, given a variety of functional addends 

for covalent and a graphitic platform for non-covalent functionalization, these materials have 

the potential to be used as a delivery vehicle for molecular and gene therapeutics.  
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CHAPTER 6 

6.1 Summary: 

In this work, we have developed two different synthetic routes (bottom-up/top-down) to 

synthesize novel graphene quantum dots. The bottom-up microwave-assisted hydrothermal 

approach allows us to synthesize nitrogen-doped and nitrogen/sulfur co-doped graphene quantum 

dots utilizing a method exhibiting excitation-dependent fluorescence emission with high quantum 

yield in the visible and near-infrared. These quantum dots are utilized further to fabricate 

electroluminescence LED, solar cells and UV photodetector devices. Additionally, in a separate 

work[189], these quantum dots have been utilized for multi-color intracellular bioimaging and pH-

dependent fluorescence-based ratiometric in-vitro cancer sensing applications. The EL devices 

prepared with pristine NGQDs described in Chapter 2 show bright electroluminescence peaking 

at ~525 nm with moderate turn-on voltage (~7V) suggesting a high potential for low cost 

environmentally-friendly organic LEDs. The photovoltaic performances recorded from the solar 

cells fabricated with as-prepared NGQDs (Chapter 2) were comparable to the existing reports 

however turned out to be insufficient for practical applications. Therefore, to boost the 

photovoltaic performance of the solar cells, we tuned the optical/structural properties of as-

prepared NGQDs via controlled ozone treatment (Chapter 3). Devices fabricated with OzNGQDs 

yielded excellent fill factor (28 to 86.40%) along with significant enhancement of power 

conversion efficiency (from 0.41 to 2.64%), short circuit current density (from 1.13 to 4.8mAcm-

2), and open-circuit voltage (from 0.57 to 0.83V). Further applications of NGQDs were enabled by 

the UV processing. Short (254 nm)/mid (302 nm)/long-wave (365 nm) UV treatment induced 
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significant variations in the optical response of NGQDs along with a considerable change in 

chemical composition, size, and shape. Such strong optical response with UV treatment leads us 

to the idea of fabricating UV photodetectors with untreated and UV-treated NGQDs as sensitizer 

(Chapter 3). These devices tested under 254/302/365 nm UV illumination yielded highly 

reproducible and fast photo-switching characteristics with high photosensitivity up to 0.59 A/W 

and excellent photodetectivity up to 1.03X1011 Jones. On par with previously reported graphene 

quantum dot-based devices (Table-4.1), NGQD-based UV photodetectors developed in this work 

due to the eco-friendly/simple/scalable NGQD fabrication process present a promising 

optoelectronic solution. 

On the other hand, a separate UV-facilitated aqueous top-down approach was developed to 

synthesize novel GQDs (RGQDs) from optically inert reduced graphene oxide exhibiting partially 

excitation-independent emission in visible and NIR-I (~950 nm) region with quantum yields 

ranging from 1.4 to 8%. These well-distributed/dispersed RGQDs possess a smaller average size 

of 3.54±0.05 nm along with a highly crystalline lattice structure detected via high-resolution 

transmission electron microscopy. High biocompatibility of RGQDs with ~80% cell viability for 

up to a high 1mg/mL concentration is verified via both MTT and Luminescence cytotoxicity 

assays. Their 950 nm NIR emission was microscopically imaged using a wavelength-resolved 

hyperspectral NIR fluorescence microscopy setup with 808 nm laser excitation suggesting high 

potential for NIR-only biological imaging. Their small size, high water solubility, bright NIR 

emission, and high biocompatibility make these RGQDs a better candidate for biological 

applications than the majority of complex and costly nanomaterials. In the in vitro study, RGQDs 

exhibit effective cellular internalization with substantial intracellular NIR fluorescence compared 
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to the control at 3 and 12 h time points indicating successful internalization. Furthermore, in-

vivo/ex-vivo mouse imaging of RGQDs was performed showing the accumulation of RGQDs 

mainly in spleen, kidney, liver, and intestine indicating the potential of RGQDs as NIR imaging 

agent in live mice and a potential vehicle for drug delivery.            

6.2 Questions answered by this study: 

 

i. Can we synthesize graphene quantum dots (GQDs) with superior optical properties using 

a simple/scalable/eco-friendly bottom-up approach? 

 

We utilize a simple, scalable, environmental-friendly hydrothermal approach to synthesize 

NGQDs/NS-GQDs from a widely available/inexpensive glucosamine/thiourea precursor. 

The hydrothermal reaction takes place inside a commercially available microwave oven 

suggesting no complex set-up is necessary for the successful synthesis process. This 

method yields well-distributed 3-5 nm mean diameter spherical GQDs showing 

fluorescence emission with high quantum yield in visible (up to 60%) and NIR region. This 

indicates the successful venture of producing GQDs with superior to current counterparts 

(complex in synthesis and exhibiting lower yield visible emission only) optical/structural 

properties. 
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ii. Can we utilize these solution-processable GQDs for optoelectronic device applications? 

 

We have fabricated several prototypes of light-emitting devices with bright 

electroluminescence/moderate turn-on voltage, solar cells with excellent fill factor, 

considerable power conversion efficiency/open-circuit voltage/short circuit current density 

and UV photodetectors with high photosensitivity/excellent photodetectivity suggesting 

GQDs as a promising material for optoelectronic device applications. 

 

iii. Can we utilize these GQDs for biological imaging applications? 

 

In a separate work[189], it has also been shown that these GQDs can be utilized for multi-

color in-vitro imaging and pH-dependent fluorescence-based ratiometric cancer sensing 

applications. 

 

iv. Can we modify the optical properties of these GQDs for specific applications? 

 

The optical/structural properties of these NGQDs are optimized further using a controlled 

ozone treatment leading to the enhancement of solar cell performances. Also, three 

different UV wavelengths (254/302/365) are utilized to controllably treat the as-prepared 

NGQDs showing a significant change in structural/optical properties which appeared to be 

optimal for the fabrication of UV photodetectors with high reproducibility and rapid photo-

switching behavior.  
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v. Can we produce graphene quantum dots (GQDs) exhibiting visible/near-IR fluorescence 

using a simple/cost-effective top-down approach? 

 

A top-down approach involving oxidative scission of micron-sized non-fluorescent RGO 

into nanometer-sized brightly fluorescent RGQDs was developed with the presence of 

UV/NaOCl. This method requires a simple instrumental setup which with very high 

production yield produces unique RGQDs exhibiting partially excitation-independent 

emission in visible and NIR-I region.  

vi. Can these GQDs (prepared from a top-down approach) be used for biological imaging 

applications? 

We exploit these RGQDs for in-vitro/in-vivo/ex-vivo biological imaging applications 

based on their minimal cytotoxicity and NIR imaging capability with both excitation and 

emission in the biologically-desired NIR I region.   

 

6.3 Future work direction 

Although extensive studies have been performed to characterize the GQDs and exploring 

their optoelectronic device/biological applications prepared from a bottom-up approach, more 

investigations are yet to be done. The unique properties of these N-GQDs and NS-GQDs offer 

substantial promising further research potential. We can propose using different device geometry 

along with varying the thickness of the GQDs or changing the types of electrodes for better band 

alignment, which may lead us to achieve much higher device performances. Also,  separate in-
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vivo biodistribution and bio-imaging studies exploring the potential of NGQDs as drug/gene-

delivery carriers are expected and are highly anticipated. 

Optoelectronic device applications of newly produced RGQDs synthesized with the top-

down method are also yet to be delved. Currently, we are working on the in-vivo biodistribution 

studies and bioimaging applications of RGQDs. These materials also have the potential to be used 

in drug delivery and biosensing applications. Furthermore, because of their excellent optical 

properties, these materials (N-GQDs/NS-GQDs/RGQDs) can be used for metal (heavy/toxic or 

bio-friendly metals) ion sensing and fingerprinting applications. 
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ABSTRACT 

SYNTHESIS, ADVANCED CHARACTERIZATION, AND 

OPTOELECTRONIC/BIOLOGICAL APPLICATIONS OF NOVEL GRAPHENE 

QUANTUM DOTS 
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Thesis Advisor: Dr. Anton V. Naumov, Assistant Professor 

 

In this work, we focus on developing novel graphene quantum dots (GQDs) utilizing two 

separate synthetic approaches (bottom-up/top-down) and exploring their optoelectronic and 

bioimaging applications. Nitrogen-doped (N-GQDs) and nitrogen/sulfur co-doped (NS-GQDs) 

GQDs are synthesized with glucosamine/thiourea precursor via a simple/cost-effective 

microwave-facilitated hydrothermal method yielding water-soluble GQDs showing excitation-

dependent fluorescence in the visible and near-infrared with high quantum yield. These GQDs 

are applied further to fabricate electroluminescence (EL) devices, solar cells, and UV 

photodetectors. The fabricated EL devices with N-GQDs as an emissive layer show bright EL 

emission with moderate turn-on voltage (~7V) indicating that the synthesized quantum dots 

are a promising material for low cost eco-friendly organic LEDs. The optical properties of as-

prepared N-GQDs are optimized further via the controlled ozone treatment providing 

significant enhancement of photovoltaic performances of GQDs-based solar cells such as fill 

factor (28 to 86.40%),  PCE (0.41 to 2.64%), Isc (1.13 to 4.8mAcm-2), and Voc (0.57 to 0.83V) 



 

 

 

over those with untreated N-GQDs. Further significant modification of optical/structural 

properties of N-GQDs takes place under short (254 nm)/mid (302 nm)/long-wave (365 nm) 

UV irradiation leading us to fabricate UV photodetectors using untreated/UV-treated NGQDs 

as a sensitizer. These devices provide highly reproducible and fast photo-switching 

characteristics with high photosensitivity up to 0.59 A/W and excellent photodetectivity up to 

1.03X1011 Jones. In the separate work on biological applications, these GQDs are utilized for 

multi-color in-vitro imaging and pH-dependent fluorescence-based ratiometric cancer 

detection. 

On the other hand, a separate UV-driven aqueous top-down approach was developed to 

synthesize novel fluorescing GQDs (RGQDs) from optically inert reduced graphene oxide. 

Those exhibit partially excitation-independent emission in the visible and NIR-I (~950 nm) 

with quantum yields from ~1.4 to ~8%. As-synthesized RGQDs with an average size of 

3.54±0.05 nm are biocompatible with ~80% cell viability up to a high 1mg/mL concentrations 

as verified via MTT and Luminescence cytotoxicity assays. Due to advantageous high tissue 

penetration depth NIR emission, small size, high water solubility, and biocompatibility, 

RGQDs are utilized as both in-vitro/in-vivo bioimaging agents. In vitro study indicates 

effective cellular internalization with observable intracellular NIR/VIS fluorescence from 

RGQDs compared to the control, whereas in-vivo/ex-vivo mice imaging shows RGQD 

accumulation mainly in the spleen, kidney, liver, and intestine suggesting a promising material 

for image-guided drug delivery. 

 


