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Confocal Microscopy for In Situ Multi-Modal 
Characterization and Patterning of Laser-Reduced 
Graphene Oxide
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Graphene oxide (GO) films can be readily prepared at wafer scale, then 
reduced to form graphene-based conductive circuits relevant to a range of 
practical device applications. Among a variety of reduction methods, laser 
processing has emerged as an important technique for localized reduction 
and patterning of GO films. In this study, the novel use of confocal micro
scopy is demonstrated for high-resolution characterization, in situ laser reduc-
tion, and versatile patterning of GO films. Multi-modal imaging and real-time 
tracking are performed with 405 and 488 nm lasers, enabling large-area direct 
observation of the reduction progress. Using image analysis to cluster flake 
types, the different stages of reduction can be attributed to thermal transfer 
and accumulation. Delicate control of the reduction process over multiple 
length scales is illustrated using millimeter-scale stitched patterns, micro
patterning of single flakes, and direct writing conductive 2D wires with sub-
micrometer resolution (530 nm). The general applicability of the technique is 
shown, allowing fabrication of both conductive reduced graphene oxide (rGO) 
films (sheet resistance: 2.5 kOhm sq−1) and 3D microscale architectures. This 
simple and mask-free method provides a valuable tool for well-controlled 
and scalable fabrication of reduced GO structures using compact low-power 
lasers (< 5 mW), with simultaneous in situ monitoring and quality control.
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applications in flexible electronics and 
energy storage devices.[2] In many cases, 
the GO must be converted into a conduc-
tive graphitic material known as reduced 
graphene oxide (rGO).[3] State-of-the-art 
reduction processes include thermal, 
chemical, and microwave treatments.[4] 
Patterns of reduced (conductive) and 
unreduced (insulating) GO can provide 
efficient routes to a variety of devices, 
including supercapacitors and sensors.[5] 
The locus of reduction can be controlled 
using masks, photoresists, or local scan-
ning probe heating.[6] One particularly 
attractive route is the application of laser 
irradiation to directly pattern reduced GO, 
in a single step, without additional chemi-
cals or masks.[7]

Laser reduction of GO is usually 
achieved using high-power industrial 
laser setups. As GO is a broadband light 
absorber, laser reduction has been per-
formed using a variety of sources, with 
wavelengths ranging from the ultraviolet 
to the infrared.[8] The wavelength, laser 

power, and scanning speed, alongside other laser or scanning 
parameters, have been explored to modulate the reduction pro-
cess, achieving varying resolutions, degrees of reduction, and 
electrical performance.[9] Typically, GO films with thicknesses 
ranging from tens of nanometers to micrometers are deposited 
by spin coating, drop-casting, filtration, or other techniques, 
before microscale reduction patterns are created through con-
trolled rastering.[9a,10] Higher pattern resolutions, down to a few 
micrometers, usually requires shorter wavelength (ultraviolet-
green) or pulsed (nanosecond-femtosecond) lasers.[8a,11] Using 
femtosecond lasers featuring ultrashort pulse width, line reso-
lutions have been reported down to 500  nm.[12] The extent of 
reduction can be adjusted through the time and power of expo-
sure, which is evidenced after processing by electrical conduc-
tivity measurements, or through Raman or X-ray photoelectron 
spectroscopies.[13] However, a more detailed understanding 
of the reduction process is needed in order to adjust perfor-
mance and maintain control in complex geometries. Unfortu-
nately, it is challenging to visualize the reduction process of GO 
directly, as the films are densely packed and become increas-
ingly opaque as they are reduced, making it difficult to resolve 
the behavior of individual flakes. Current understanding of 
the reduction mechanism is generally based on comparisons 
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1. Introduction

Graphene oxide (GO) has been extensively researched as an 
inexpensive and scalable precursor material for synthesis of 
graphene-related structures.[1] The fabrication of thin films on 
various substrates is particularly well studied, with promising 
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of microstructural features or chemical compositions of the 
starting material and final rGO.[14] Single layer GO (flake size: 
5-10  µm) reduction was previously observed in situ, using an 
absorption instrument built on an inverted optical microscope 
to record absorption/emission maps.[15] A complex series of 
sequential processes occurred, including the reduction of GO, 
fragmentation, and then photobleaching of rGO.[15,16] GO films 
contain a large number of GO flakes of different sizes packed 
into a heterogenous array; in this case, direct visualization 
and large-scale tracking of multiple GO flakes are required 
over a large area to understand how the reduction progresses 
throughout the material.

Confocal laser scanning microscopy (CLSM) provides a 
method to realize simultaneous in situ GO reduction and char-
acterization with the built-in laser scanning system. Previously, 
reflection mode CLSM has been explored as a high contrast tool 
for real-time monitoring of CVD graphene on copper foil.[17] With 
advantages of large-scale and high-resolution scanning, confocal 
microscopy can be extremely useful for rapid imaging and in 
situ study of graphene and its derivatives.[18] Furthermore, the 
integration of multiple modules on modern confocal microscope 
systems enables multi-channel imaging, combining transmis-
sion, reflection, and fluorescence modalities. GO exhibits unique 
photoluminescent properties and light absorption in the ultravi-
olet and visible range.[19] As GO is reduced to rGO, the change in 
optical properties manifests as a decrease in fluorescence emis-
sion and an increase of both refractive index and extinction coef-
ficient, which contribute to altered image contrast.[11b,20] In this 
paper, we demonstrate that multi-modal CLSM has great poten-
tial for tracking and modulating the laser reduction of GO.

This study investigates the extended applications of CLSM 
fin situ reduction and real-time monitoring of GO films over 
large areas. Multiple-pass correlative imaging applying 488 
and 405  nm diode lasers is designed to directly visualize the 
laser reduction process of GO films. The reduction progress is 
demonstrated with microscopic multimedia captured at various 
length scales, interpreted quantitatively, assigning flakes to dif-
ferent phenomenological clusters, using image analysis. As 
well as demonstrating the utility of CLSM methods, the aim of 
this study was to explore the reduction mechanism and process 
limits of laser reduced GO films. With the flexibility of CLSM, 
it is expected that high-resolution reduction patterns can be 
achieved through the modulation of processing parameters; 
the concept is demonstrated by patterning across a very broad 
range of length scales.

2. Results and Discussion

2.1. Multi-Modal Imaging of GO Flakes with Confocal 
Microscopy

Initially, in order to characterize the responses of individual 
GO flakes, a diluted GO solution was spin-coated onto glass 
substrates. Characterization of GO with conventional optical 
microscopy or scanning electron microscopy (SEM) is chal-
lenging as GO has lower optical absorption and much lower 
electrical conductivity than both ideal graphene and rGO. 
CLSM offers improved contrast and resolution,[21] and is par-
ticularly well-suited to the observation of GO over large areas. 
The bulk absorbance and reflectance, and fluorescence spectra 
of the deposited GO films (Figure S2, Supporting Information) 
show the expected broad interactions with light over the ultra-
violet-visible region and highlight the various optical imaging 
modes available. Correlative multimodal imaging reveals richly 
detailed information on the GO flake structure and distribu-
tion (Figure  1). In the transmission-mode optical image, the 
GO flakes appear darker than the glass substrate due to higher 
light absorption (Figure 1a), while in the reflection mode image 
the contrast is inverted (Figure  1b). Compared with conven-
tional transmission imaging, confocal reflection-mode imaging 
(Figure  1b) provides improved contrast, in which thin-layer 
flakes are well resolved with excellent resolution. GO has weak 
broadband fluorescence in the near infrared range due to the 
reduced extent of conjugation associated with the covalently 
bound oxygen groups.[22] As a result, a fluorescence signal 
(565–700 nm) appears in the areas covered by GO (Figure 1c). 
However, the signal-to-noise ratio of fluorescence imaging is 
lower than reflection imaging due to the low photolumines-
cent efficiency (PL quantum yield < 1%).[23] The ambient, high 
speed, and large area imaging capability of multi-modal CLSM 
complements existing techniques routinely applied for stud-
ying GO.

2.2. In Situ Laser Reduction and Large-Scale Monitoring

Various laser sources have been used to induce the photore-
duction of GO; a laser energy threshold (3.2 eV; ≈390 nm) has 
been proposed between photochemical and photothermal reac-
tions.[24] For laser wavelengths above 390  nm, photothermal 
reduction is expected to dominate; however, the mechanism 

Figure 1.  a) Transmission-mode optical image of GO flakes. b) Confocal reflection-mode image (3.4% laser power, maximum projection from a 3D 
stack). c) Photoluminescence image of the GO film (64% laser power). Scale bar: 20 µm.
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is complex and poorly understood, involving decomposition, 
evaporation and material ablation.[8a,25] A multiple-pass imaging 
setup was, therefore, designed to study the process in more 
detail (Figure 2a): a strong 488 nm laser (80% power) was used 
first to initiate photoreduction while also generating a measur-
able photoluminescence signal during the scanning process. 
The second pass applied a weak 405  nm laser (3.4% power) 
for high resolution transmission/reflection imaging, which 
captures the contrast change induced by the first step, without 
inducing any further structural changes. In a typical experi-
ment, this sequence was applied to a GO film with an area of 
319.5 µm × 319.5 µm; the whitelight optical micrograph shows 
a noticeable color difference between the laser exposed region 
(dark gray) and the surrounding untreated region (brown) 
(Figure  2b). Multimodal observation shows the sequential 
development of distinct optical features and surface structures 
as GO is transformed into laser reduced GO (LrGO). Most 
significantly, in the transmission images, the flakes darken 
following laser processing indicating an increase of optical 
absorbance (Figure  2c,d). In reflection-mode imaging, the 

reduction of GO delivers two distinct contributions to the con-
trast. Improved contrast was observed for some large GO flakes 
which become brighter in the reflection images, due to the 
increase in refractive index of LrGO (Figure 2e,f), as was previ-
ously reported for thermally reduced GO.[20,26] However, some 
dark points also appear on the flake surface after processing, 
which can be attributed to the rougher surface of LrGO causing 
diffuse reflection (see Figure 2f). During reduction, the fluores-
cence intensities correspondingly fall monotonically between 
the 1st and 20th scans (Figure 2g,h). Overall, both transmission 
and fluorescence images demonstrate the suitability of CLSM 
imaging for real-time monitoring of the reduction process. 
Meanwhile, the reflection imaging mode is useful for studying 
the surface morphology of LrGO flakes and films.

To explore the sequential laser reduction process, the fluores-
cence signal was monitored over a selected area (Figure 3), and 
the total fluorescence intensity integrated as a function of laser 
scan number (Figure S3, Supporting Information). The most 
dramatic drop in photoluminescence was observed between 
the 1st and 2nd scans, followed by a more gradual decay, until 

Figure 2.  Schematic diagram showing the laser set up for in situ reduction and tracking. b) Widefield optical micrograph of an area reduced with 
488 nm laser (20 scans). The red box indicates the laser restricted region, and the blue box indicates the area monitored. c,d) Transmission images. A 
large GO flake is indicated by pink arrows in c-f highlighting the contrast change. e,f) Confocal reflection images acquired with a 405 nm laser before 
and after laser reduction. g,h) Fluorescence images taken during the 1st and the 20th reduction.
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most of the signal disappears, with no obvious further change 
after 18 scans. The persistent fluorescence remaining in the 
final images can be attributed to the emission from trapped sp2 
domains, associated with defect structures; GO never converts 
perfectly back to graphite due to the loss of carbon from the 
framework.[11b,15]

The sequential reduction process was also observed using 
optical transmission images collected immediately after each 
laser scan, showing a systematic reduction in both the com-
plete transmission datasets (Video S1, Supporting Informa-
tion) and periodic snapshots (Figure 4a). A quantitative relative 
pixel conversion degree (see Experimental Section for details) 
was calculated to allow convenient tracking of the reduction 
process (Figure  4b). In brief, the relative conversion degree 
describes the absorbance change in comparison with the total 
absorbance variation range measured (from the initial GO to 
the fully reduced product) for each pixel. Correspondingly, the 
increasing degree of reduction is indicated by a color change 
from blue (the 1st scan) to light blue (the 5th scan), yellow (the 
10th scan) and red (the 20th scan) in the conversion maps. The 
reduction trajectory follows two different paths depending on 

the type of GO flake. For the darkest, discrete flakes, imme-
diate reduction is followed by local ablation. Specifically, these 
flakes (example highlighted by an arrow in (Figure  4a)) show 
obvious darkening in the transmission image and a very high 
immediate conversion degree after the 1st scan, but apparently 
decreasing conversion degree in the subsequent scans. Other 
regions of thinner GO flakes show a more progressive reduc-
tion, including both a locally increasing degree of conversion 
and gradual extension of the reduced area (see circled region 
in Figure 4a).

Since this quantification of the reduction progress highlights 
different phenomenology for different flakes, a more formal 
classification method was applied. A cluster analysis allows for 
efficient statistical investigation of flake behavior over a large 
scale, which is especially beneficial for such a complex system 
formed by randomly distributed flakes. In this case, a one-step 
k-means algorithm was used to cluster the pixels into different 
groups according to the optical features of the original transmis-
sion image (Figure 5a). K-means is an unsupervised statistical 
learning method, which separates datasets based on similar 
features. This algorithm has been applied to rapid clustering 

Figure 3.  Fluorescence signal from a selected region of GO films during 20 sequential laser reduction scans (scale bar: 50 µm).
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of microscopic image datasets of materials with complex spa-
tial distributions in the literature,[27] and thus was chosen as 
a suitable clustering method here. Four (k) independent clus-
ters were chosen to group the pixels into areas covered by the 
glass substrate (cluster 0), thin layers (cluster 1), medium layers 
(cluster 2), and thick GO flakes (cluster 3), respectively. From 
the labelled image (Figure  5b), most regions of GO are suc-
cessfully identified with clear boundaries between the clusters. 
The clustering is assigned based on the pixel intensity features, 
which is correlated here with the absorption by GO and hence 
a statistical classification of flake thicknesses. The linear rela-
tionship between layer numbers and optical absorbance was 
previously used to determine the thickness of graphene,[28] 

and was adopted here for efficient estimation of flake thick-
nesses over a large area. Specifically, the optical absorbance of 
rGO was determined by analyzing normalized pixel intensi-
ties in the transmission images. The absorbance values were 
converted to flake thickness using the extinction coefficient of 
rGO (α405 nm ≈ 21.6 ±  0.6 ×  104  cm−1).[15] Atomic force micros-
copy (AFM) images of representative GO flakes (Figure S4b–d, 
Supporting Information) reveal a wide distribution of thick-
nesses (a few nanometers to tens of nanometers); a full correla-
tive analysis would take significant time and effort. In contrast, 
optical absorbance provides a convenient method for statistical 
analysis of thickness distribution across a large region, for each 
of the 3 different clusters (Figure S4a, Supporting Information). 

Figure 4.  a) Representative transmission-mode images acquired after different numbers of laser reduction scans (first row: before processing, and the 
1st–3rd scan. Second row: the 5th, 10th, 15th, and 20th scan). Featured regions are indicated in the first image. b) Corresponding percentage conversion 
colormaps showing the relative reduction degree calculated from the transmission micrographs in a).
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Nevertheless, this statistical analysis demonstrates a thickness 
range consistent with the AFM measurements. Each cluster 
spans a characteristic thickness range; the thin flake cluster 
(cluster 1) is relatively well defined with thicknesses of below 
12 nm and a narrow, symmetrical distribution. Cluster 2 com-
prises thicker flakes ranging from 10–24  nm with a broader, 
positively-skewed distribution. The largest flakes are in cluster 
3 which range from ≈20 nm to above 46 nm, with a negatively-
skewed distribution. However, more than 85% of GO in cluster 
3 has a thickness of >24 nm. The slight overlap between clus-
ters, in particular clusters 2 and 3, can be attributed to less well-
defined boundary pixels and overlapping flakes, as well as the 
nature of the clustering algorithm used. Broadly, the flake clus-
ters are well separated. A multi-panel movie was generated by 
considering the sequential conversion maps of each of the three 
GO cluster types independently (Video S2, Supporting Informa-
tion). For thin GO layers (cluster 1), the real-time tracking con-
firms a gradual conversion and extension of reduced regions. 
Both cluster 2 and cluster 3 achieved almost full conversion 
after the first laser scan, indicating instant reduction in rela-
tively thick GO flakes. In the following scans, the apparently 
decreasing degree of conversion degree can be attributed to 
laser ablation removing carbonaceous LrGO material from the 
image path. The categorization of flake clusters, via automated 
image analysis, simplifies process tracking and confirms that 
the reduction process is closely related to the initial thickness 
of the GO flakes. The qualitative differences between the reduc-
tion behavior of thin layers (cluster 1) and thick flakes (cluster 
3) are clear; while cluster 2 flakes show a similar reduction pro-
gress to cluster 3, they achieve a higher final degree of conver-
sion, and may, therefore, be useful to distinguish.

In order to resolve the initial reduction steps more clearly, 
laser scans were collected at lower intensities (60% and 40%). 
For each cluster, the proportion of pixels showing full conver-
sion was plotted as a function of the number of laser scans 
(Figure S5, Supporting Information), showing that thin-layer 
GO (cluster 1) and thicker GO (cluster 2 and 3) flakes indeed 
have significantly different conversion rates. A cumulative 

distribution was generated to illustrate how the ratio of reduced 
pixels per cluster varies over increasing laser scans (Figure 6). 
Again, the thickest flakes (cluster 3) convert most quickly, 
closely followed by medium flakes (cluster 2). In contrast, the 
most sequential reduction process is observed in the thin layer 
GO (cluster 1), with an initial reduction rate that decreases as 
the laser power is reduced. For the 488  nm continuous-wave 
laser applied for reduction, the photon energy (2.5  eV) is far 
below the laser energy threshold and photothermal reduction is 
expected to be the predominant mechanism.[29] As such, the dis-
tinct phenomenology can be attributed to thermal transfer and 
heat accumulation effects during laser exposure (Figure 6d). As 
the laser irradiates the film, energetic photons are absorbed and 
heat is generated. In thin GO, thermal energy dissipates effi-
ciently due to the high thermal conductivity of the underlying 
substrate, leading to a controlled reduction process. In addition, 
the evolved gases associated with reduction (such as CO, CO2) 
easily dissipate.[30] In thick flakes, heating is more rapid due 
to the greater optical absorbance, and relatively slower dissipa-
tion due to the low out of plane thermal conductivity of layered 
materials.[31] In addition, in thick flakes, the evolved gases can 
be partly trapped between the layers, leading to expansion (see 
below), decreasing thermal conductivity substantially. As the 
reduction proceeds, the material darkens and absorbs more 
laser energy accelerating the process; due to the thermal isola-
tion from the substrate, this feedback can lead to ablation and 
hence a porous or fragmented structure.[9b]

2.3. High Magnification Tracking of Single Flake Reduction

Taking advantage of the flexibility of CLSM, the thermal-domi-
nated reduction mechanism was investigated within individual 
GO flakes. High magnification tracking of two GO flakes repre-
senting the conversion of thin layer and thicker flakes (Figure S6, 
Supporting Information) was achieved by switching to high 
magnification (500X) in between the reduction sequences (laser 
power: 40%). Transmission-mode micrographs and associated 

Figure 5.  a) Transmission-mode micrograph of GO flakes before processing. b) Color labelled image obtained from a k-means clustering method based 
on the pixel intensity of GO flakes. Scale bar: 50 µm.
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intensity distributions together demonstrate the distinct trans-
formation processes of the two flakes. The intensity distribution 
histograms show a stable peak originating from the bare back-
ground glass substrate remains stable at 0.971  ±  0.003 trans-
mission. For the thick graphite oxide flake (average thickness 
≈25 nm, cluster 3), the initial GO material showed a transmis-
sion peak at a normalised intensity ≈0.5 (Figure 7). Initiation 
of local reduction is first observed from the micrographs after 
3 scans (Figure 7a,b), where the original peak corresponding to 
GO splits into two peaks: the new one with lower intensity ≈0.3 
indicates the presence of LrGO. As the reduced area increases 
(Figure  7b-d), this LrGO peak in the histogram grows, at the 
expense of the original GO peak. Eventually, after 9 scans, the 
flake is fully reduced; the images and histogram then remain 
stable until around scan 52 (Figure 7d–g), until a new peak in 
the histogram appears at 0.4, associated with the visual appear-
ance of pores on the flake, attributed to ablation (Figure 7g–i). 
Reflection-mode monitoring confirmed the change of surface 
morphology during the reduction sequences (Figure S7, Sup-
porting Information), including the rough surface of LrGO and 
the ablated structure (at scan 57 and 62) related to the thermally 

mediated process. Direct visualization of thick flake reduction 
is available with correlative movies constructed by sequential 
high-resolution transmission and reflection images (Video 
S3, Supporting Information). A typical thin GO flake (average 
thickness ≈5 nm, cluster 1) in the selected region showed two 
initial histogram peaks corresponding to the GO layers (major 
peak) and the substrate (Figure S8, Supporting Information). 
In contrast, to the thick flake, the GO peak shifts gradually as a 
single mode toward lower intensity with increasing laser scan 
number. No damage to the flake was observed. In summary, 
this high-resolution study of individual representative flakes is 
consistent with the mechanisms proposed in Section 2.2 in the 
large area, multi flake survey.

2.4. Microstructures of LrGO

In order to image the LrGO microstructure at higher resolu-
tion, using SEM, equivalent GO films were deposited on 
conductive doped silicon substrates. The microstructural dif-
ferences between GO and LrGO are easily visualized in SEM, 

Figure 6.  a–c) Integrated proportion of pixels that have reached or passed their peak degree of reduction, as a function of increasing number of laser 
scans for each cluster at 80%, 60%, and 40% laser power. d) Schematic diagram showing the difference in heat glow upon laser irradiation and the 
reduction mechanism of thick flakes and thin layers.
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due to the different work functions and conductivity. An 
example of large flake located on the edge of the laser exposed 
area (Figure 8b) shows a clear boundary, where both GO and 
LrGO are resolved with distinct contrast. High magnification 
SEM images show the loose and rough graphitic structure of 
LrGO, in contrast to the smooth pristine GO (Figure 8a,c). In 
many regions, the transition between GO and rGO is continu-
ously defined even within a single flake (Figure 8a), although in 
some cases cracks appear, likely due to thermal stress caused by 
the confined laser irradiation (Figure  8c). Interestingly, in the 
continuous regions, although the transition between reduced 
and unreduced material remains sharp, on the order of a few 
tens of nanometers, the path of the interface fluctuates on a 
sub-micron scale, likely due to variations in thermal contact. 

In addition, both partially reduced flakes and porous, ablated 
graphitic flakes were observed (Figure  8d,e), corresponding to 
the processes identified from the optical transmission images. 
The partially reduced flakes correspond to the start of the local 
reduction process (Figure 7b,c); bright regions of LrGO (high-
lighted by arrows in Figure  8d) with high secondary electron 
yield indicate the initiation of flake reduction, in contrast to the 
unreduced regions with lower conductivity. Porous flakes (e.g., 
Figure 8e) correspond to the ablated rGO at later stages of the 
reduction (Figure 7h,i).

Building on this investigation of individual flake structures, 
laser reduction was explored on continuous, drop-cast, GO 
films (average thickness ≈20  nm), which are more relevant to 
practical application. Optical microscopy shows striking color 

Figure 8.  SEM images of GO and rGO at the boundary of the laser reduced area (laser intensity: 80%). a) High-magnification image of a continuous 
boundary region. b) SEM image of a flake on the edge of the laser irradiated region. c) High-magnification SEM image of a cracked boundary region. 
d) SEM image of a partially reduced flake. e) SEM image of a porous LrGO flake.

Figure 7.  High-magnification (with the 50X/NA0.95 objective) transmission-mode monitoring of a thick GO flake (cluster 3) during the reduction 
process (laser intensity: 40%): a) Before reduction. b–i) After 3, 6, 9, 12, 32, 52, 57, and 62 laser scans. For each subfigure, the left image shows the 
transmission optical micrograph of the flake obtained with the 405 nm laser, and the histogram beside the image shows the transmission intensity 
distribution. Histograms in the same column share the X axis labels.

Adv. Funct. Mater. 2023, 33, 2300479
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differences between the GO and the much darker LrGO on a 
reduced film with single laser scan at 80% power (Figure 9a). A 
well-defined boundary is located between pristine GO film and 
LrGO film, as a result of the tightly-restricted laser irradiated 
region. In SEM, the thicker, dried film has a wrinkled surface 
structure, both before and after reduction, but again there is 
clear contrast between the GO and LrGO regions (Figure 9b); 
again, the LrGO is brighter, due to the increased secondary 
electron yield. The Raman spectra of GO and LrGO show the 
classic bands at 1594  cm−1 (G band) and 1347  cm−1 (D band) 
(Figure S9a, Supporting Information), associated with well-
ordered and defective graphitic regions, respectively. GO and 
rGO have similar Raman spectra, due to the consistent gra-
phitic area, although reduction generally increases the relative 
D band intensity due to the inverse ID/IG relation at high defect 
densities.[32] Raman mapping was applied at a GO-rGO tran-
sition region to characterize the structural differences further 
(Figure 9c). Mapping of the ID/IG ratio shows a sharp transition 
between GO and LrGO: an increase of ID/IG was observed for 
LrGO (Figure 9d), as expected.[32] Additionally, statistical Raman 
spectroscopy reveals a broader distribution of ID/IG, extending 
toward higher values (Figure S9b, Supporting Information). A 
decrease of IG was observed across much of the LrGO, which 
may be caused by trapped gases evolving within thick flakes, 
scattering due to surface roughening or a density reduction 
associated with ablation (Figure  9e). Interestingly, there is a 

line of high Ig along the boundary between unprocessed and 
processed regions (Figure 9e), which correlates with apparently 
crystalline flakes dislodged from the film (Figure 9b); the lack 
of mechanical constraint and the opportunity for evolved gases 
to escape, may allow more effective regraphitization. Gener-
ally, the laser reduction of continuous GO films was found to 
be rapid and efficient, with significant microstructural altera-
tion following even a single laser pass (633  ms for a reduced 
region of 159.7 µm × 159.7 µm), highlighting the practicality of 
the technique.

2.5. Manipulation of Reduction Patterns at Various Length 
Scales

Given the success of the sequential reduction process on both 
single flakes and macroscopic films, it was interesting to take 
advantage of flexibility offered by the confocal system to pro-
duce patterned GO over various length scales (Figure  10). 
Macroscale patterning was achieved with the image stitching 
module through sequential rastering of a pre-designed shape 
(Figure 10a,b). The example millimeter-scale pattern on a con-
tinuous GO film took less than 1.5  min to process, demon-
strating the efficiency of the technique for device development. 
Precise micro-patterning of a dumbell shape (length ≈20  µm) 
on a single GO flake was realized through selective reduction 

Figure 9.  a) Single optical micrograph showing confined reduction (1 laser pass, laser intensity: 80%) on a drop-casted GO film. b) Single SEM image 
of a GO-LrGO transition region. c) Reflection image of a GO-LrGO region selected for Raman characterization. d) Raman mapping of ID/IG and  
e) IG over the selected area.
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using a 50X objective and a 40X digital zoom, and evidenced 
with both transmission and reflection images (Figure  10c,d). 
Finally, the line scan feature of CLSM allows for convenient 
fabrication of fine rGO tracks, the resolution of which can be 
controlled by varying the objective lens (Figure  10e). Using a 
50X objective, tracks of LrGO were prepared with sub-microm-
eter linewidths, close to the wavelength of the laser applied 
(SEM, Figure  10f). Confocal techniques generally offer higher 
resolution compared to conventional microscope illumination 
due to the pointwise illumination optics,[33] as well as, here, the 
shorter wavelength, UV laser applied. This resolution advan-
tage is exploited, in this study, to deliver sub-micron patterning, 
using a low power laser. The intrinsically enhanced lateral reso-
lution of confocal microscopy is thus useful for not only high-
quality imaging, but also precise laser processing of materials. 
Previous examples of high resolution laser patterning of GO 
have all relied on ultrashort wavelength or pulse width, expen-
sive, pulsed systems.[12a,34]

The highly controllable and broad range of reduction pat-
terns, from millimeter to submicrometer scale, demonstrates 
the efficiency of laser reduction within an integrated confocal 
microscope system. While photothermal reduction is typically 
considered poorly controlled in comparison with photochem-
ical reduction, it is shown that fine control can be realized 
based on prior knowledge of the thermally mediated reduction 

process. The ability to perform efficient patterning with a low-
cost continuous wave laser makes the proposed approach valu-
able for facile fabrication of GO and rGO based flexible elec-
tronics where localized processing is required.

To further demonstrate the general applicability of the tech-
nique, the surface morphology and electrical performance of 
LrGO was studied on spray-coated films. Spray coating is an 
important technique for scalable deposition of uniform GO 
films over larger areas and was applied here to demonstrate 
controlled reduction on thicker continuous GO films (average 
thickness ≈42  nm). RGO strips (1.8  mm  ×  7.8  mm) were fab-
ricated with the 488  nm laser (80% power) on a uniformly 
deposited GO film, for electrical measurements (Figure S10a–c, 
Supporting Information). As observed for the drop-cast films 
(Figure 9), differences in surface texture are visible in the con-
focal reflection images (Figure S10d–g, Supporting Informa-
tion), where the LrGO strips show a rough and fragmented 
surface structure. After 1 laser scan (80% power), the film was 
reduced, with an increase in roughness increased from 40.1 
to 83.5  nm, due to laser-induced expansion. Increasing scan 
times lead to gradual decrease of film roughness due to laser 
ablation. At this power, 1 scan was sufficient for the LrGO to 
show significant electrical conductivity (2.5 kOhm sq−1) in con-
trast to the pristine, insulating GO, with no significant further 
increase after subsequent cycles (See Figure S10, Supporting 

Figure 10.  Demonstration of the multiscale reduction patterns. a) Digital image and b) stitched optical micrograph of the laser reduced macroscale pat-
tern. c) Transmission-mode image and d) reflection-mode image of selective reduction (indicated by yellow arrows) on a single flake. e) Transmission-
mode images of line profiles reduced with 20X and 50X objectives. f) SEM images of the lines reduced with 20X and 50X objectives.
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Information). The electrical performance of LrGO films fab-
ricated is comparable with that reported for thermally and 
chemically reduced GO,[35] and matches the conductivity of 
recently reported LrGO conductors of similar thicknesses 
(fabricated with a high power pulsed laser).[13c] Since the laser 
reduction technique enables the fabrication of both large-scale 
patterns and thin lines of LrGO, a “patch and line” structure 
was designed to evaluate the conductivity of sub-micron tracks 
(Figure S11, Supporting Information). To measure the resist-
ance at a fine scale, a micro two-point probe station was inte-
grated with a digital microscope. The absolute patch resistance 
(20  kOhm) measured using the two-point probe was signifi-
cantly lower than the line resistance (5 MOhm), so the contact 
resistance for the line measurement can be considered to be 
negligible. The conductivity of the line was estimated to be 
1.4 × 103 S m−1 (resistivity: 6.9 × 10−4 Ohm m), while the large-
scale conductivity, measured using a four-point probe, was 
≈7.1  ×  103  S  m−1 (resistivity: 1.4  ×  10−4  Ohm  m). The conduc-
tivity values are consistent, given the uncertainty in the line 
dimensions, and the expected variations in homogeneity and 
inter-flake contact in a line patterned with similar width to the 
constituent flakes. The ability to fabricate the high-resolution 
conductive “patch and line” structure demonstrates the poten-
tial of the laser reduction technique for applications in micro-
electronics or other devices.

Increasing the number of scans had little effect on the con-
ductivity presumably as ablation was compensated by the con-
ductivity of underlying reduced layers (Figure S10, Supporting 
Information). However, the ability to perform film thinning 
while maintaining high electrical conductivity is not only prom-
ising for fabricating transparent rGO conductors, but also 
provides the possibility to pattern microscale architectures in 
three dimensions on GO films (Figure S12, Supporting Infor-
mation). A block-structured inverse pyramid was patterned by 
varying scan times (1, 5, 10 scans), and the stepwise height dif-
ferences can be observed from the surface topology map, where 
the center of the pyramid shows a very smooth surface after 
10 scans. The high reproducibility and controllability of laser 
processing films illustrated across the various coating methods 
show that the technique is useful for reduction, thinning, and 
versatile patterning on various scales and dimensions.

3. Conclusion

In summary, we have investigated correlative characterization 
and in situ laser reduction of GO with CLSM. CLSM provides 
rapid and large-area characterization of GO through high-
quality transmission, reflection, and fluorescence imaging. 
Multi-modal imaging and real-time monitoring allow for the 
direct observation and understanding of reduction processes, 
and their progress, on the scale of both single flakes and across 
large statistical survey areas. Quantitative analyses of the degree 
of reduction reveal a thermally-mediated reduction mechanism 
with strong flake-thickness dependence. The locus of the reduc-
tion is readily controlled across multiple length scales, from 
the millimeter range to submicron, using the built-in contin-
uous-wave laser, operating at a low power (< 5  mW). A very 
high, wavelength-limited resolution (530  nm) was achieved, 

bypassing the usual low-resolution limitations of photothermal 
processing. This level of fine reduction has only been reported 
previously using high-cost pulsed laser sources.[12] The quality 
of the LrGO tracks is confirmed by their high conductivity 
(1.4 × 103 S m−1). The performance could be further optimized 
with refinement of the feedstock coating and laser conditions 
and potentially applied to mechanically flexible substrates. 
In addition, the localized, laser-induced ablation processes 
can be used to sculpt microscale 3D architectures, which can 
again by monitored in situ using the topographic capability of 
CLSM. This in situ fabrication-characterization approach may 
be extended to other graphene precursors converted by laser 
processing in the future.[36] Overall, the simultaneous char-
acterization and precise in situ reduction of GO with a single 
instrument demonstrates the potential of CLSM for locating, 
inspecting, and processing graphene-based materials and 
devices.

4. Experimental Section
Preparation of GO Films: As received GO water dispersion (Graphenea 

Inc., 4 mg ml−1) was sonicated and diluted into various concentrations 
for film coating. Glass slides (VWR Inc.) and silicon wafers (TAAB Inc.) 
were cut, cleaned with isopropanol in an ultrasonic bath, then pretreated 
with oxygen plasma for 5 min under a plasma power of 70 W immediately 
before spin-coating dilute layers of GO flakes for mechanistic studies. 
GO solutions (200  µl) with two different concentrations (4  mg  ml−1, 
40  µg  ml−1) were first dropped then spin coated onto substrates at a 
speed of 2000 rpm and dried at 70 °C on a hot plate. For film patterning, 
graphene oxide films were prepared by drop casting GO solutions 
(200  µl) with a concentration of 0.4  mg  ml−1 onto heated substrates 
(70 °C). Spray coating was also applied to prepare continuous GO films. 
1 ml of 0.4 mg ml−1 GO solution were continuously sprayed onto glass 
substrates by a handheld artist’s airbrush with a nozzle diameter of 
250 µm.

Laser Processing and Monitoring of the Reduction Process: A Zeiss 
LSM 800 laser confocal scanning microscope was applied for in situ 
reduction and characterization of GO films. This compact confocal 
system employs diode lasers (405, 488, 561, and 640 nm) for excitation 
with a maximum laser energy of 5 mW; only the 405 nm was used for 
confocal reflection imaging. Reflection and fluorescence signals were 
captured with Multialkali photomultiplier tubes (PMT). Transmission 
images were collected with an electronically switchable illumination 
and detection (ESID) module. Various objective lens (5X/NA 0.2, 10X/
NA 0.25, 10X/NA 0.4, 20X/NA 0.7, 50X/NA 0.6, 50X/NA 0.95) were 
fitted on the system. Together with a continuous adjustable scanning 
zoom (0.5X to 40X), the laser focused area can be changed flexibly from 
3.2  µm  ×  3.2  µm to 2.56  mm  ×  2.56  mm. Multiple-pass imaging was 
applied with a high-numerical aperture objective (20X/NA 0.7), under 
ambient conditions, for monitoring the reduction process. The first 
pass applied a strong 488  nm laser power (40%–80%) to induce laser 
reduction of the GO films, while the photoluminescence signal was 
simultaneously detected in the range of 565–700  nm. In the second 
pass, a relatively weak 405 nm laser power (< 5%) was used to capture 
a transmission image of the reduced area. Periodic switching between 
the two passes was achieved through automatic hardware changes. A 
time lapse of 100 ms was set between each cycle of imaging. Confocal 
reflection images were taken with the 405 nm laser (0.7% power) before 
and after laser processing for comparisons of the surface structures. 
Widefield transmission optical micrographs were obtained with visible 
light to visualize the laser-reduced region. The reduction behavior of 
single GO flakes was observed with the 50X/NA 0.95 objective.

Image Processing: Unsupervised Clustering and Quantification 
of Reduction Degree: Quantification of transmission images was 
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performed on selected regions to enhance visualization of the laser 
reduction process (Figure S1, Supporting Information). Image analysis 
was performed in Matlab with self-written scripts. The initial image 
(transmission image of GO films taken before laser reduction) was 
first thresholded to separate areas containing GO flakes from those 
without. The average intensity value of the area without GO flakes was 
determined as the incident intensity (I0). First, pixel absorbance (Apixel) 
was calculated over the image as:

g /pixel 10 pixel 0A lo I I( )= − 	 (1)

Here, Ipixel refers to the light intensity of each pixel. A corresponding 
absorbance image stack was generated, which was converted from 
transmission micrographs taken during the reduction process. The 
maximum absorbance of each pixel was calculated from the image stack 
and recorded as the absorbance of rGO (ArGO). The absorbance of GO 
(AGO) was taken from that of the initial image. To track the reduction 
process temporally, a relative conversion degree (from GO to rGO) was 
calculated for each pixel:

Conversiondegree /pixel GO rGO GOA A A A( ) ( )= − − 	 (2)

Conversion maps and videos were generated recording the pixel 
conversion corresponding to different stages of reduction.

The GO flakes were assigned to different phenomenological 
clusters, according to their response to laser processing, using an 
unsupervised K-means algorithm applied to the transmission images, 
implemented from the Scikit-learn library incorporated in Python. Raw 
transmission images were clustered into 4 categories, defined as: cluster 
0 (substrates), cluster 1 (thin layers), cluster 2 (medium layers), and 
cluster 3 (thick flakes). Labelled cluster images and binary mask images 
of each cluster were exported at the end of the clustering module. The 
binary masks were then used to separate the clusters in the conversion 
maps and further statistical analysis was carried out in Matlab.

Evaluation of Film Properties: Roughness Analysis: 3D morphologies of 
LrGO films were characterized through surface mapping and roughness 
analysis with the LSM 800 confocal system. 3D stacks of the film surface 
were first obtained in confocal reflection mode (405  nm laser, 3.5% 
power), preprocessed in Zen Blue 2.6 and then analyzed in the ConfoMap 
software to generate pseudo-color 2D and 3D surface maps. Roughness 
analysis of films was performed using the 50X/NA 0.95 objective and a 
digital zoom of 0.6 in the XY range of 212.97 µm × 212.97 µm according 
to ISO 25178. A high-pass filter cut-off of 80  µm and a low-pass filter 
cut-off of 0.5 µm were applied for roughness analysis.

Characterization of LrGO Film: Microstructural characterization of 
laser reduced GO flakes and films was performed on a Zeiss Auriga 
field emission scanning electron microscope in the InLens imaging 
mode with an accelerating voltage of 5  kV at various magnifications. 
Equivalent samples reduced on conductive silicon substrates were 
prepared for SEM imaging. GO flake thickness was measured using 
an Asylum MFP-3D atomic force microscope, operating in tapping 
mode. The height profiles of GO flakes were analyzed using Gwyddion 
software, with image pre-processing steps including plane and scar 
correction prior to analysis. Raman characterization was performed 
using a ReniShaw Raman microscope with a 532  nm excitation laser 
(5% power), an exposure time of 10  s for each point and 1800  l mm−1 
grating. Raman mapping over a selected region (31.5  µm  ×  31.5  µm) 
around the boundary of the laser exposed area was carried out at a step 
size of 2.5 µm. Large-area (3 mm × 3 mm) absorbance and reflectance 
spectra of GO films (spin-coated, 4  mg  ml−1) were obtained with a 
Shimadzu UV2600 integrating sphere spectrophotometer in the range 
of 300–800 nm. The fluorescence spectrum of GO films was obtained at 
the excitation wavelength of 488 nm using the spectral imaging function 
on the confocal microscope.

Electrical Resistance Measurements: The sheet resistance of GO 
and LrGO films were measured with a four-point probe connected 

to a Keysight 34410A Digital Multimeter data logger. The four-point 
probe geometry eliminates the effect of contact resistance, where ∆V 
represents the voltage change between the two inner probes, I is current 
flowing through the two outer probes. This method is often used to 
measure infinite 2D sheets, where the current is considered to flow 
cylindrically from the probes and the bulk resistivity can be determined 
from:[37]

ln24 p
t V

I
ρ π= ∆

− 	 (3)

in which t is the film thickness. The sheet resistance is defined as:

4R
ts

pρ
= − 	 (4)

For each laser condition, resistance measurements were 
performed on the fabricated rGO strips (fabricated with dimensions 
1.8 mm × 7.8 mm) at 8 different regions; the average sheet resistance is 
displayed in the corresponding confocal reflection image.

The electrical properties of conductive tracks were measured using 
a two-point probe station (T20-10, Lambda Inc) connected to a Lambda 
1908P Digital Multimeter. The two-point probes (diameter: ≈1 µm) were 
carefully positioned on the contact patches patterned at the ends of 
LrGO lines (see Figure S11a, Supporting Information) using a Dino-lite 
digital microscope. In a typical two-point probe measurement, the bulk 
resistivity is given by:

VA
I L

ρ = ∆ 	 (5)

Here, ∆V is the voltage drop across the sample, I is the current 
flowing through, A is the cross sectional area of the specimen and L is 
the length of the sample track. The two-point probe method is generally 
only considered suitable for measurement of specimens with relatively 
high resistance,[38] to ensure that contact resistance is not significant; 
this assumption was validated for the designed “patch and line” 
structure, as outlined above.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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