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Thin Film Metrology
Thin film technology is ubiquitous across materials science for  applications 
such as semiconductors,[1,2] electronics (e.g., light-emitting diodes, soft 
electronics),[2,3] microelectromechanical systems (MEMS),[4] memory 
 devices,[2,5] energy storage (batteries, capacitors),[6,7] photovoltaics,[8,9] 
fuel  generation,[10] catalysis,[11] chemical sensors,[12,13] environmental coat-
ings (e.g., thermal),[14] chemical barriers (e.g., diffusion, corrosion),[15,16] 
 radiation detection,[2] photodetectors,[17] microfluidics,[18] piezoelectric 
 devices,[19] mechanical layers (e.g., adhesion, lubrication, hardness),[20–22] 
magnetic devices (e.g., SQUID),[23] optical coatings (e.g., electrochromic, 
antireflection, interference, waveguides),[24] biomaterials and biomedical 
applications,[25] and many more. Furthermore, there are sufficient fabri-
cation techniques that virtually any type of material can be prepared  
as a thin film, such as metals, alloys, oxides,  ceramics, glasses, polymers, 
 inorganic complexes, organic molecules, and biological molecules.

The ability to prepare a material into a thin film can enable specific 
 material properties and unlock particular applications. Often, the nano-, 
micro-, and millimeter-scale morphologies of the thin film have import-
ant implications on its properties and eventual application. Therefore, 
the characterization of the morphology of thin films is an integral part of 
materials science  research. There are a variety of different characteriza-
tion techniques with different pros and cons in terms of resolution,  
the field of view, sample size, ease of use, speed, and information that 
can be  obtained. 

This brief introduction will discuss some of the techniques to characterize 
thin films. The methods are characterized by their distinct operating prin-
ciples, namely mechanical characterization techniques, thermal analyses, 
scanning probe methods, and methods that involve the interaction of 
 radiation (e.g., electrons, ions, and photons) with matter. The introduction 
will highlight laser scanning confocal microscopy as a promising method 
to characterize the morphology of a wide variety of thin-film materials.
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THIN FILM  
CHARACTERIZATION

Mechanical Characterization. The mechani-
cal properties of a thin film can provide infor-
mation on the underlying morphology of the 
material. The manner in which a thin film 
responds to a particular mechanical deforma-
tion is dependent on the assembly of its con-
stituent components. Furthermore, the influ-
ence of volumetric and interfacial constraints 
can cause mechanical properties to differ 
from bulk values. Cantilever beam or plate 
type structures are commonly used to mea-
sure residual stress, from deflection and cur-
vature measurements. The Young’s modu-
lus and plastic properties of thin films can be 
determined by analyzing the stress associated 
with thermal cycling using thin wafer or can-
tilever beam measurements. Elastic moduli 
and other mechanical properties of thin films 
can be measured by cantilever beam reso-
nant frequency methods. Furthermore, mea-
surement techniques such as microindenta-
tion and substrate curvature can be utilized 
to determine the plastic properties of submi-
cron thin films and multilayers on substrates. 
Peel, pull, and scratch tests are used to char-
acterize the adhesion properties of materi-
als; however, they do not provide quantita-
tive information regarding interfacial atomic 
bonding strength. Lastly, microindentation 
and micro-scratch characterization meth-
ods can provide a further understanding of 
the mechanical processes of thin films.[26]

Thermal Characterization. The thermal prop-
erties of materials can also shed light on the 
underlying morphology of thin films. Ther-
mal characterization can provide physical and 
chemical information of the thin film.[27] Ther-
mogravimetric analysis (TGA) is used to mea-
sure the mass change of a sample as a function 
of temperature. The off-gas from TGA exper-
iments can be analyzed by mass spectrometry 
(MS) and Fourier transform infrared spectros-
copy (FTIR) to understand the chemistry of the 
thermal decomposition products.[28] Differen-
tial thermal analysis (DTA) measures the tem-
perature differences between a sample and a 
reference as they are simultaneously heated 
or cooled, whereas differential scanning cal-
orimetry (DSC) measures the difference in 
heat flow. Both DTA and DSC can be used to 
determine properties such as the crystallinity, 
glass transition, phase changes, chemical reac-
tions, heat capacity, etc.[27,29] Finally, dynamic 
infrared thermography can be used to deter-

mine the thermal conductivity, heat capac-
ity, and thermal diffusivity of thin films.[30]

Scanning Probe Characterization. Physical 
probes can be used to scan the surface of thin 
films to understand both their surface and, to 
some extent, their bulk morphologies. Surface 
profilometry is a useful tool for measuring the 
thickness, roughness, and texture of thin films. 
In profilometry, a stylus probe is brought into 
direct contact with the film, and a line scan 
is performed.[31] In atomic force microscopy 
(AFM), a sharp probe is raster-scanned across 
a sample surface, in contact or non-contact 
modes. Interaction forces between the sample 
and the probe are measured by the deflection 
of the cantilever containing the probe and used 
to generate an image.[32] Different force modes 
can be analyzed, such as attractive, repulsive, 
magnetic, electrostatic, and van der Waals. 
In certain thin conductive films, bulk mor-
phologies can be constructed using conduc-
tive AFM (cAFM).[33] Also, Kelvin probe force 
microscopy (KPFM) can be used to measure 
charge accumulation[34] and the work  function 
of thin films.[35] Although AFM is capable of 
sub-nm resolution and is nondestructive, it is 
not rapid, it is susceptible to artifacts, and has 
difficulties capturing large variations in sam-
ple thickness.[36] Scanning electro chemical 
microscopy (SECM) uses an ultramicroelec-
trode tip and can be used to map the elec-
trochemical activity of a thin film.[37] Finally, 
scanning tunneling microscopy (STM) utilizes 
a metallic probe which is scanned over a thin 
film, and a voltage is applied between the tip 
and the surface. In this way, the quantum tun-
neling current is used to image the sample.
[38] STM can achieve angstrom-scale resolution 
but requires specialized vacuum equipment.

Electron Microscopy. Transmission electron 
microscopy (TEM) can be used to elucidate 
the structure, chemistry, and properties of thin 
films. In TEM, the transmission of an electron 
beam through a sample is used to generate an 
image. Since electrons interact strongly with 
matter, both structural and chemical infor-
mation can come from TEM characterization. 
Additional techniques in TEM include selected 
area electron diffraction (SAED), electron 
energy loss spectroscopy (EELS), and energy- 
filtered TEM (EFTEM). In TEM, due to the  
small de Broglie wavelength of electrons,  
the lattice spacing of atoms can be imaged. 
The sample requires special preparation and 
must be very thin so that the electron beam  
is not attenuated by the sample, and special 
vacuum equipment is required.[39] Meanwhile, 
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in scanning electron microscopy (SEM), an 
 electron beam is raster-scanned over a  
sample, and either secondary electrons or 
backscattered electrons from the sample are 
detected to map the sample topology. SEM 
has a wider field of view than TEM, and it 
does not require ultrathin samples because it 
does not rely on electrons being transmitted 
through the sample; however, the resolution 
of SEM is less than TEM, around 1 nm. 
Further, energy-dispersive X-ray spectros-
copy (EDS) can be used to spatially map 
the elemental content of thin films. Also, 
the orientation and phase of crystalline 
domains can be determined by the diffrac-
tion of backscattered electrons (EBSD).[40]

Ion Beam Techniques. Helium ion micros-
copy (HeIM) is an imaging technique simi-
lar to SEM, but instead of an electron beam, 
a helium ion beam is scanned over the sam-
ple. Secondary electrons ejected from the 
sample due to the impact of helium ions are 
detected. The HeIM beam can be less than 
1 nm, enabling high resolution with a fairly 
wide field of view.[41] In another method, ele-
mental maps of thin films can be constructed 
by time-of-flight secondary ion mass spec-
trometry, where a pulsed ion beam is scanned 

over a sample, which removes particles from 
the surface that are detected by MS.[42]

X-ray-based Techniques. The interaction of 
X-rays (and neutrons, which is not discussed 
here) with matter is a useful tool to deter-
mine thin film morphology. Small-angle X-ray 
scattering (SAXS) characterization of a thin 
film, either in transmission or grazing inci-
dence (i.e., GISAXS) configurations,[43] can 
give information on the periodic structures 
in the film at the nanometer scale. Whereas, 
X-ray diffraction (XRD) and wide-angle X-ray 
scattering can provide structural informa-
tion at the angstrom-scale.[44] Soft/reso-
nant X-rays can be used to probe particular 
chemical groups in the material.[45] Further-
more, X-ray reflectivity (XRR) is a useful tool 
for determining the thickness of thin films.
[46] Lastly, X-ray microtomography (µCT) uses 
X-rays to create cross-sections of samples, 
which can be constructed into 3D images.[47]

Photon-based Methods. Optical microscopy 
(OM) is one of the oldest methods to deter-
mine a sample’s morphology, dating back to 
the seventeenth century. OM is one of the 
most important techniques for identifying fea-
tures > 500 nm in materials and thin films. Par-

Figure 1: Schematic of the laser scanning head of the LSCM. The incoming laser beam is reflected 
by the dichroic mirror and directed toward the sample by the two galvanometric mirrors. The re-
flected, transmitted, or fluoresced light from the sample is transmitted by the dichroic mirror and is 
spatially filtered by the pinhole before reaching the detector.
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ticular techniques in OM include  brightfield, 
darkfield, polarization, interference, and 
phase-contrast microscopies. Contrast in OM 
is created by various mechanisms, depend-
ing on the imaging mode, such as absorp-
tion of light, scattering, rotation of polarized 
light, and interference.[48] Lastly, near-field 
scanning optical microscopy (NSOM) is a tech-
nique where nanoscale morphologies can 
be elucidated by scanning a small fiber-op-
tic probe over thin films. When the distance 
between the probe and the sample is smaller 
than the wavelength of light, the resolution of 
the image is not limited by the optical wave-
length.[49] Finally, confocal microscopy has sev-
eral advantages over conventional widefield 
OM, such as the ability to control depth of 
field, elimination or reduction of background 
information, and the capability to collect 
serial optical sections from specimens.[36,48,50]

In particular, laser confocal scanning micros-
copy will be discussed in the next section.

LASER CONFOCAL 
SCANNING MICROSCOPY

In far-field optical techniques, imaging is 
accomplished by focusing elements. In a micro-
scope, the objective lens forms a magnified 
image of the illuminated object that can then 
be examined with the eyepiece. If we consider 
the image of a single point, the light inten-
sity is distributed around the focal point in a 

focal volume described by a point spread func-
tion (PSF). The extent of the PSF determines 
the resolution. In the ideal case where no 
aberrations are present, the resolution is lim-
ited by diffraction and is determined by the 
wavelength of light in the medium (λn) and 
the aperture angle of the lens NA=n sin(υ), 
where n is the refractive index of the medium 
and υ is the half-angle of the lens aperture, 
and can be expressed by the Rayleigh theo-
retical resolution limit : RL=0.61λ ⁄NA. Much 
research has been devoted to developing tools 
able to image objects with a resolution lower 
than the Rayleigh limit. By confocal micros-
copy, a resolution about 30% less than the 
Rayleigh limit is obtained. This considerable 
advantage of confocal microscopy follows by 
the use of a point detector, obtained in prac-
tice by placing a circular pinhole in front of 
the photodetector that cuts off the out-of-
focus light from surrounding planes.[36]

Although the confocal microscope was 
invented in 1955 by Minsky,[51] it was not 
widely adopted until the invention of lasers 
and the availability of high-performance com-
puting. Laser scanning confocal microscopes 
(LSCMs) use collimated laser light as a ‘point’ 
illumination source, with point focus on the 
sample, and focus the reflected, transmitted, 
or fluoresced light through a pinhole to pro-
vide a ‘point’ detector. A schematic of the 
laser scanning head is shown in Figure 1. [50]

Multiple imaging detection modes can be 
used with LSCM, including but not limited to 

Figure 2: LSCM images of poly(styrene-ran-butadiene) and polybutadiene films, using (a) reflection 
and (b) fluorescence modes. (c) Superposition of reflection LSCM and fluorescence LSCM images.
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reflected light, transmitted light, fluorescence, 
and Raman spectroscopy. The different imaging 
modes can provide different information about 
the thin film, and the different modes can be 
superimposed to create a composite image 
of the sample (Figure 2).[48] As long as surface 
topology is the only characterization needed, 
reflection mode can be an ideal method to 
characterize thin films.[52] One benefit of reflec-
tion mode for materials science is that the 
material does not need to be fluorescent to 
be imaged; this is ideal for many materials 
systems. Thus, as-prepared samples can eas-
ily be characterized. For reflected light imag-
ing, the smallest available wavelength laser 
(e.g., 405 nm) is optimal, as the optical reso-
lution is directly proportional to wavelength.
[50] The high spatial resolution, wide field of 
view, minimal sample preparation, relative 
ease of measurement (i.e., no vacuum equip-
ment required), the ability to characterize sam-
ples that have large height variation, the abil-
ity to construct 3D and pseudo-infinite depth 
of field imaging, and versatility (i.e., material 
selection and imaging modes) of LSCM make 
it an ideal tool of characterizing the mor-
phology of thin films in materials science.
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The Use of Laser Scanning 
 Confocal Microscopy (LSCM)  
in Materials Science
D.B. Hovis and A.H. Heuer

ABSTRACT

Laser scanning confocal microscopes are essential and 
ubiquitous tools in the biological, biochemical, and bio-
medical sciences, and play a similar role to scanning elec-
tron microscopes in materials science. However, modern 
laser scanning confocal microscopes have several advan-
tages for the characterization of materials, in addition 
to their obvious uses for high resolution reflected and 
transmitted light optical microscopy. Herein, we provide 
several examples that exploit the laser scanning confocal 
microscope’s capabilities of pseudo-infinite depth of field 
 imaging, topographic imaging, fluorescence imaging,  
and photo-stimulated luminescence imaging for the 
 characterization of different materials.

INTRODUCTION

Confocal microscopy is a ubiquitous tech-
nique in the life sciences, as it provides pre-
cise optical sectioning of fluorescently labeled 
thick specimens. To date, however, it has been 
underutilized in materials science. Recent 
advances in both instrumentation and com-
puting power now make confocal micros-
copy an attractive imaging and analytical tool 
for materials scientists. When properly con-
figured, a confocal microscope can serve as a 
high-resolution optical microscope (in either 
transmission or reflection) with ‘infinite’ depth 
of field, while at the same time serving as a 
non-contact optical profilometer. Combined 
and synchronized with an external spectrom-
eter, techniques such as photo-stimulated 
luminescence spectroscopy are enabled.

Though the confocal microscope was invented 
in 1955 by Minsky, [1] the widespread use of 

confocal imaging was not possible until the 
invention of lasers and the availability of signifi-
cant computing power. [2-6] Laser scanning con-
focal microscopes (LSCMs) use collimated laser 
light as a ‘point’ illumination source, with point 
focus on the sample, and focus the reflected, 
transmitted, or fluoresced light through a 
 pinhole to provide a ‘point’ detector. The pin-
hole defines a second crossover focal point 
and serves as a wide-angle filter to the detec-
tor. If scattered light does not pass through the 
pinhole, then it is not in focus. Once the light 
passes through the pinhole, it is typically split 
into different wavelengths using dichroic mir-
rors and filters, and then detected by photo-
multiplier tubes (PMTs). Imaging of large areas 
of the sample is achieved by raster scanning 
the beam across the sample using mirrors con-
trolled by piezoelectric actuators (Figure 1).

This paper is arranged as follows. The equip-
ment is briefly described, after which 

01
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 several examples using different  imaging 
 modalities that exploit the advantages of 
 confocal  microscopy are shown. The advan-
tage of using a hot stage in a confocal 
 microscope, and of adding a high- resolution 
spectrometer for photo-stimulated lumi-
nescence imaging is also addressed.

METHODS

All of the data presented in this paper were 
obtained with an Olympus FV1000 filter-based 
confocal scan head coupled to an Olympus 
BX62 upright motorized microscope (Olym-
pus Corp., Tokyo, Japan). Four lasers pro-
vide a total of six different wavelengths (405, 
458, 488, 514.5, 543, and 633 nm), which 
can be combined into a single beam before 
imaging. For reflected light imaging, we pre-
fer the 405 nm laser, as the optical resolu-
tion is directly proportional to wavelength. 
The FV1000 scan head is equipped with three 
PMTs for reflected/fluoresced light, one PMT 
for transmitted (non-confocal) light, an Acton 
2300i 0.3 m spectrometer (Princeton Instru-
ments, Acton, MA, U.S.A.) equipped with 
a Princeton Instruments PIXIS 100BR back- 
illuminated, deep depletion, thermoelectri-
cally cooled charge-coupled device detector 
(Princeton Instruments, Trenton, NJ, U.S.A.).

RESULTS AND DISCUSSION

Traditionally, to get the highest lateral resolu-
tion from a metallurgical microscope, samples 
had to be polished to a high degree of flatness 
and then lightly etched to provide optical con-
trast. If the sample was not perfectly flat or 
was over-etched, it became difficult or impossi-
ble to obtain high-quality optical images. With 
conventional brightfield optical microscopy, 
in-focus regions are crisp and clear, whereas 
out-of-focus regions are less distinct. [7] In con-

Figure 2:. (a) Conventional brightfield optical micrograph of a polished and etched PH13–8Mo 
martensitic stainless steel. (b) An image of the same region taken using the 405 nm laser in the 
 laser-scanning confocal imaging reflection mode.

Figure 1:. The optical path of a confocal 
 microscope. The use of point focus and a 
pinhole  aperture located at a crossover focal 
point (i.e., the confocal point), before the 
 detector provides superior rejection of  out-
of-focus light. The detector section can be 
one or more PMTs and/or a spectrometer.
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focal microscopy, in- focus regions are similarly 
crisp and clear, but the intensity in out-of-focus 
regions drops rapidly. [2-4] As a result, little to no 
signal is obtained from out-of-focus regions. 
When combined with a motorized focusing 
mechanism, it is relatively simple to take a series 
of images at different focal planes and form a 
composite image to obtain an ‘infinite depth-
of-field’ image. For a well-prepared metallo-
graphic sample, such as the polished PH13–
8Mo martensitic stainless steel shown in Fig-
ure 2, the confocal image is noticeably sharper, 
but the actual increase in resolution is modest.

Confocal microscopy has much more signifi-
cant advantages for samples that  cannot be 
polished to a flat surface. For example, the 
 surface of a sintered aluminum oxide (Al2O3) 

sample was imaged without further spec-
imen separation using brightfield optical 
microscopy, and it is difficult to resolve the 
microstructure clearly because of the  narrow 
depth of field of a high numerical aper-
ture  objective (Figure 3a). With laser scan-
ning confocal imaging, however, the depth 
of field becomes slightly smaller, but the out-
of- focus regions are dark (Figure 3b).  Multiple 
images can be obtained over a range of focal 
planes; collecting all the in-focus data and 
 combining the maximum intensity pixels yields 
an essentially infinite depth-of-field image 
(Figure 3c). Further, in the process of obtain-
ing adequate images to provide an infinite 
depth-of-field micrograph, sufficient infor-
mation is also gathered to produce a topo-
graphic map of the sample surface (Figure 4).

Figure 4:. A 3D topographic model of the 
surface of the sintered Al2O3 sample in 
 Figure 3. The infinite depth-of-field image has 
been projected onto the modeled surface. 
The z-axis has been exaggerated by a factor 
of 2 to highlight the topographic features.

Figure 5:. A three-dimensional model of a 
piston ring used in an engine. The regions 
experiencing more wear had increased 
deposition of zinc oxide (ZnO), which can 
be recognized by the green fluorescence 
when  stimulated with a 405 nm laser.

Figure 3:. (a) Conventional brightfield optical micrograph of a sintered Al2O3 sample. (b) Single 
confocal image (405 nm laser) of the same specimen. (c) An ‘infinite depth-of-field’ confocal image 
of the same region. This image was acquired by taking 441 images and changing the focal plane 
by 20 nm between each image and creating a maximum-intensity projection.
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For materials scientists, many ceramics, semi-
conductors, and polymeric materials can pro-
vide strong fluorescence, although metals do 
not fluoresce. By using multiple PMTs, wave-
length-specific dichroic mirrors, and bandpass 
wavelength filters in front of the PMTs, it is 
possible to image with reflected and fluoresced 
light simultaneously. An example of this is 
given in Figure 5, where a piston ring removed 
from an engine was imaged using both 
reflected and fluoresced light. The lubricant 
from the engine deposited ZnO on the  piston 
ring, which is visible as a green fluorescent sig-
nal when imaged with the 405 nm laser. By 
simultaneously imaging with both the reflected 
laser and the fluoresced radiation, it is possible 
to obtain a topographic image (from reflected 
light) and two infinite depth-of-field images 

Figure 6: (a) Stress map generated from the R2 fluorescence of the TGO formed on a  
nickel- platinum-aluminum (NiPtAl) bond coat after 24 one-hour cycles at 1100 °C (2012 °F). 
(b) The topographic map from the same region.

Figure 7:. A 3D model of the surface from  Figure 6b, with the stress map 
projected onto the surface. The regions with downward curvature have lower 
stress, whereas the regions with upward curvature have greater stress.

(from reflected and fluoresced light, respec-
tively). The infinite depth of field fluorescence 
image shows a bright band corresponding to 
increased ZnO deposits. By taking a 3D model 
of the surface and applying the fluorescence 
image as a texture, it is possible to see clearly 
where the greatest deposits of ZnO occurred.

α-alumina (α-Al2O3) has strong fluorescence 
in response to visible laser illumination if trace 
quantities of chromium are present. In prac-
tice, this means that any α-alumina sam-
ples, short of a semiconductor-grade sapphire 
wafer, fluoresce under laser irradiation. This 
fluorescence is known as the ‘ruby’ fluores-
cence and occurs as a peak doublet around 
693 nm, known as the R1/R2 doublet. The 
specific wavelengths of the two peaks are 
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stress-sensitive, with the R2 peak being sensi-
tive only to the trace of the stress tensor. The 
R2 peak shift of ruby has long been used to 
calibrate the pressure in diamond anvil cells, 
and the piezospectroscopic coefficients are 
well established. [8-10] Via spectroscopic anal-
ysis of photo-stimulated luminescence in LCSM 
measurements, stress maps of materials sur-
faces can be generated, which we call confo-
cal photo-stimulated microscopy (CPSM). [10]

Platinum-modified nickel aluminide (β-phase 
NiPtAl alloys) bond coats on Ni-base single crys-
tal superalloys have been the subject of exten-
sive studies because of the propensity of these 
coatings to ‘rumple’ upon thermal cycling. [11-

16] This rumpling can increase the heat transfer 
from the thermal barrier coating to the under-

Figure 8:. The progression of a transformation front within an oxide scale across a γ-phase 
NiCrAl alloy oxidized at 1000 °C (2012 °F) using a hot stage. A 405 nm laser was used for 
imaging in reflection mode. An oxidation front can be seen progressing across the sample. 
Transformed  regions showing dark contrast are  denoted with numbered white arrows.

lying metal substrate, accelerating the degrada-
tion of structural components. It has also been 
predicted that the rumpling may affect the 
stresses in the thermally grown oxide (TGO), 
leading to premature spallation of the thermal 
barrier coating. Previous modeling using finite 
element analysis had predicted that large stress 
variations would be present due to topography 
of the TGO, with ‘peaks’ being less compres-
sive and ‘valleys’ being more compressive. [17,18]

A NiPtAl bond coat on a René N5 superalloy 
was thermally cycled for 24 one-hour cycles 
at 1100 °C (2012 °F). A topographic map was 
obtained by operating the LSCM instrument 
in reflected-light mode. A series of images 
were taken at various focal planes to recon-
struct the surface topography (Figure 6b). 
Without moving the sample, a CPSM stress 
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map was obtained (Figure 6a). Comparing Fig-
ure 6a to 6b, a correlation is evident between 
the  topography and the residual stress in the 
TGO. This can be confirmed by using the topo-
graphic data to create a 3D model of the sur-
face. The stresses measured from the same 
region can then be projected onto this sur-
face as a texture, and as shown in Figure 7, 
an apparent correlation between topography 
and residual stress is obtained. The stresses 
are less compressive in the areas with down-
ward curvature and more compressive where 
the curvature is upward, providing agreement 
with previous finite element models. [17,18]

A hot stage attachment is a useful  addition 
to LSCM. Generally, with high-tempera-
ture optical imaging, incandescence sig-
nificantly degrades the image quality. With 
LSCM, a short wavelength of 405 nm laser can 
be used for imaging; combined with wave-
length filters in the detector section, incan-
descence can be eliminated. The result is 
image quality at elevated temperatures that 
is equivalent to that at room temperature.

An example of hot stage imaging on our LSCM 
is shown in Figure 8. A γ-phase NiCrAl alloy 
was oxidized at 1000 °C (2012 °F) and held 
for 60 min. Upon reaching the oxidation tem-
perature, a ‘reaction front’ was observed to 
progress across the surface. At the conclusion 
of the experiment, the hot stage was cooled 
at 100 °C min-1 (212 °F min-1) to freeze in the 
feature of interest. As can be seen in Figure 8, 
the reaction front progressed only modestly as 
the sample returned to room temperature.

CONCLUSIONS

In conclusion, the confocal microscope is a very 
useful tool for materials scientists. The micro-
scope can provide the pseudo-infinite depth-
of-field imaging of a scanning electron micro-
scope, without the need for a vacuum system 
or the coating of non-conductive samples. At 
the same time, topographic capabilities of a 
profiliometer or atomic force microscope are 
possible, along with fluorescence imaging, and 
photo-stimulated luminescence spectroscopy 
(the CPSM mode). These capabilities make the 
confocal microscope a versatile addition to 
the materials science characterization toolkit.
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A Novel Slicing Method  
for Thin Supercapacitors
Hao Sun, Xuemei Fu, Songlin Xie at al.

ABSTRACT

Thin and flexible supercapacitors with low cost and 
uniform thicknesses were fabricated by a new and 
efficient slicing method. The morphology of the thin 
supercapacitors was analyzed by scanning electron 
microscopy and  laser scanning confocal microscopy, 
which revealed  uniform thicknesses and well-formed 
interfaces  between the electrode and the gel electro-
lyte. Tunable output voltages and energies were realized 
with a  maximum specific  capacitance of 248.8 F g-1 or 
150.8 F cm-3. The  devices showed a maintained 96% 
of the maximum specific  capacitance after 300 cycles, 
and 91% specific capacitance retention when bent to a 
maximum angle of 180°.

INTRODUCTION

In recent years flexible and miniature elec-
tronic devices have accelerated the develop-
ment of new energy storage systems.[1] Thin 
energy storage devices have shown prom-
ise in a variety of applications, including min-
iature robotics, implanted microelectronics, 
and wearable electronics.[1–12] Several strat-
egies, such as photolithography,  sputtering, 
laser scribing, and chemical vapor deposi-
tion, have been investigated for the fabrica-
tion of miniature electronics.[13–26] Despite 
the recent achievements, it remains challeng-
ing to realize uniform, neat, and low-cost 
fabrication of thin energy storage devices.

A slicing technique, which uses a sharp blade 
to cut bulk materials into thin slices,  presents 
a general and efficient method that has been 
adopted in various fields. In biological and 
medical sciences, ultrathin slices of  tissues 
and organs are obtained using a microtome.
[27,28] Slicing offers low cost, controllable thick-

ness, and small individual variation. How-
ever, it is rare to use slicing for microelec-
tronic devices as there remain several chal-
lenges, including the difficulty in selecting 
suitable materials, instability for the interface 
between different components, and com-
plexity in the design of device structure.

Herein, a new slicing method is developed 
for fabricating thin supercapacitors with low 
cost and individual variation. The fabrication 
of the thin supercapacitor is illustrated in Fig-
ure 1. Briefly, aligned multiwalled carbon nano-
tube (MWCNT) arrays with or without poly-
aniline (PANI) as electrodes and poly (vinyl 
alcohol) (PVA)/H3PO4 as the gel electrolyte. 
The aligned MWCNT electrodes allow elec-
trons to hop from one MWCNT to the neigh-
boring others based on a 3D hopping mech-
anism.[29,30] The composites are embedded 
in epoxy resin, followed by cutting, using a 
microtome, into thin supercapacitors that are 
composed of many supercapacitor units. The 
thin supercapacitors are tunable in thickness, 

02
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demonstrate uniform surfaces, and have com-
pact interfaces for excellent electrochemical 
properties, e.g., a high specific capacitance of 
248.8 F g-1 (150.8 F cm-3). This slicing method 
can be generally applied to the fabrication 
of other thin energy and electronic devices.

METHODS

Aligned MWCNT arrays with an average height 
of 1 mm were vertically grown on  silicon wafers 
via chemical vapor deposition. These arrays 
were uniaxially pressed with a precleaned glass 
slide and then removed from the substrate 
with a sharp blade.[31,32] To prepare the aligned 
MWCNT/PANI composites, the MWCNT film 
was immersed in an aqueous electrolyte con-
taining 0.1 M aniline and 1 M sulfuric acid and 
polymerized electrochemically at a potential of 
0.75 V using platinum wire counter electrode 
(CHI115, a diameter of 0.5 mm (0.02 in.)) and 
a silver/silver chloride (Ag/AgCl)l reference elec-
trode (CHI111, a diameter of 4 mm).[33] The 
weight percentage of PANI was 70%, which 
was controlled by assuming an average of 
2.5 electrons per aniline monomer. The result-
ing composite film was twice washed with 
deionized water and dried in the air before use.

The supercapacitors were fabricated by coat-
ing the MWCNT electrodes with PVA/ phos-
phoric acid (H3PO4)and treating in vacuo for 
10 min to enhance the infiltration of the elec-
trolyte into the electrodes. The above pro-
cess was repeated at least two times. Next, 
the two electrodes were stacked together 
along the MWCNT-aligned direction to 
form a thin film supercapacitor. Each elec-
trode shared a width of approximately 110 
μm, and the distances between two elec-
trodes ranged from 400 μm – 600 μm.

The stacked films were successively immersed 
in embedding solutions in acetone. The embed-
ding solution was prepared by mixing an 
epoxy resin (SPI-PON 812) with T-168 (Shen-
yang Southeast Chemical Institute) as a plasti-
cizer, dodecenyl succinic anhydride and meth-
yl-5-norbornene-2,3-dicarboxylic anhydride 
(SPI Supplies Division of Structure Probe, Inc.) 
as curing agents, and 2,4,6-tris (dimethyl-
aminomethyl phenol) (SPI Supplies Division 
of Structure Probe, Inc.) as a curing catalyst. 
Then the composite was put under vacuum to 
remove air bubbles.[34] It was then placed in 
a ribbon-shaped mold containing an embed-
ding solution and cured at 60 °C (140 °F) for 
24 h. The resulting sample was removed from 

Figure 1: Schematic illustration depicting the fabrication of thin supercapacitors via the slicing 
method. The left bottom image is the magnified area of the dashed rectangle, showing the align-
ment of the MWCNTs.
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the mold and fixed on the microtome  sample 
stage. A tungsten carbide disposable blade 
(Leica TC65, a length of 65 mm, or 2.56 in.) 
was used to cut the thin supercapacitors 
along the direction of the aligned MWCNTs.

The structures were characterized by an 
 Olympus® LEXT™ OLS4100 laser scanning con-
focal microscope and scanning electron micros-
copy (Hitachi FE-SEM S-4800 operated at 1 kV). 
The thicknesses were measured using a stylus 
profilometer (Veeco Dektak 150). The electrical 
resistances were measured using a Keithley 
2400 Source Meter. Electrochemical measure-
ments and depositions were performed using 
an electrochemical workstation (CHI 660E). The 
cyclic stability was characterized by Arbin elec-
trochemical cycler (MSTAT-5 V/10 mA/16 Ch).

RESULTS

The slicing method enabled a controllable 
tuning of the device thickness from 10 μm – 
60 μm. The gel electrolyte was in close contact 
with the aligned MWNCTs (Figure 2a). Close 
contact between the electrode and epoxy 
resin was also verified (Figure 2b), which is 
vital for the device to bend without breaking.

Furthermore, the 3D surface topography of 
the thin supercapacitor was characterized 
by laser scanning confocal microscopy. Fig-
ure 2c shows the reflection mode micrograph 
from laser scanning confocal microscopy. The 
green arrow indicates the interface between 
the MWCNT electrode and the gel electro-
lyte, and the red arrow indicates the interface 

Figure 2: SEM micrographs of a) the interface between the MWCNT electrode and the gel electrolyte, and b) the inter-
face between the MWCNT electrode and the epoxy resin. c) Reflection laser scanning confocal image of the interface  
in the thin supercapacitor. The green arrow indicates the electrode/electrolyte interface, and the red arrow indicates the 
 electrode/epoxy resin interface. d) Height map of the thin supercapacitor obtained by laser scanning confocal microscopy.
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between the electrode and the epoxy resin. 
Laser scanning confocal microscopy shows that 
the interfaces in the device are well-formed 
and relatively defect-free. Figure 2d shows the 
height map obtained from laser scanning con-
focal  microscopy. The results show a uniform 

 thickness without apparent defects at  
the  interfaces, which is essential for high- 
performance electronic devices. The uniform 
 surface and compact interfaces are attributed 
to the high compatibility of the  constituent  
components.

Figure 3: a) Galvanostatic charge-discharge curves for bare MWCNT electrodes at increasing slicing speeds 
from 2 mm s-1 – 75 mm s-1 and a current density of 0.15 A g-1. b) Specific capacitance vs slicing speed.  
c) Cyclic voltammograms for MWCNT/PANI electrodes at different scan rates. d) Galvanostatic charge-discharge 
curves for thin supercapacitors with aligned MWCNT/ PANI composite electrodes at thicknesses from 10 μm – 
60 μm at a current density of 0.50 A g-1. e) The specific capacitance of the thin supercapacitors vs thickness. 
f) Comparison of the energy and power densities with other energy-storage devices.
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The dependence of the specific capacitance on 
slicing speed was investigated (Figure 3a). The 
specific capacitances of thin supercapacitors 
based on bare MWCNTs were increased from 
10.3 F g-1 to 12.8 F g-1 with increasing slicing 
speed from 2 mm s-1 – 20 mm s-1 and remained 
almost unchanged from 20 mm s-1 – 75 mm s-1 
(Figure 3b). This observation may be attributed 
to the relaxation of polymer chains in the gel 
electrolyte, which affects the interface with the 
MWCNTs at different slicing speeds. The relax-
ation of polymer chains is limited at higher slic-
ing speeds; thus, a better interface between 
the MWCNT and gel electrolyte is formed, and 
the device has a lower internal resistance. This 
phenomenon was also verified by the decreas-
ing internal resistance drop in the galvanos-
tatic charge-discharge curves with increasing 
slicing speeds (Figure 3a). The specific capac-
itance reached a plateau at a slicing speed 
of 20 mm s-1. Therefore, a slicing speed of 
20 mm s-1 was selected for further studies.

The introduction of PANI increased the spe-
cific capacitance of the supercapacitor. For 
the MWCNT/PANI composite electrodes, 
reversible charge-discharge performances 
at a variety of scan rates and current densi-
ties were achieved (Figure 3c), and a higher 
specific capacitance of 240 F g-1 (145.5 F 
cm-3) was achieved. The introduction of PANI 
increased the specific capacity by approxi-
mately 20 times compared to bare MWCNT 
electrodes. The performance enhancements 
were attributed to the high conductivity and 
rapid electron transport that arises from the 
incorporation of PANI in the porous MWCNT 
network, the pseudocapacitance associ-
ated with the uniformly coated PANI on the 
surfaces of MWCNTs, and the stable inter-
faces between the different components to 
retain high specific capacities after slicing.

For the MWCNT/PANI composites, with the 
increasing thickness from 10 μm – 60 μm, the 
galvanostatic charge-discharge was compared 
at a current density of 0.50 A g-1 (Figure 3d). 
The specific capacitances remained almost 
unchanged, with a maximum value, at 40 μm, 
of 248.8 F g-1 (150.8 F cm-3) (Figure 3e). The 
cyclic stability of the thin supercapacitor was 
verified by cyclic charge-discharge characteri-
zation, and the specific capacitance maintained 
by 96.0% of the maximum value after 2000 
cycles. The energy and power densities reached 
3.10 mW h cm-3 and 0.99 W cm-3, respectively, 
which are comparable to the previous reports 
on miniature energy storage devices and com-
mercial counterparts (Figure 3f).[4,5,15,22].

The slicing method shows several unique fea-
tures that are favorable for practical appli-
cations. First, the individual variation of the 
obtained thin supercapacitors was small. For 
22 thin supercapacitors produced under the 
same conditions, the specific capacitance and 
internal resistance only varied by 8.8% and 
11.6%, respectively (Figure 4a–c). Second, the 
thin supercapacitors exhibit a low areal den-
sity, which is comparable to the state-of-the-
art thin energy storage devices and is promis-
ing for lightweight electronic devices.[24] Third, 
they have high flexibility, which is favorable 
for flexible electronics. The specific capaci-
tance maintained 91% of its maximum value 
with increasing bending angles from 0° – 180°. 
It recovered 96% of the specific capacitance 
after bending at 90° for 300 cycles. The slic-
ing method also enables tunable connec-
tivity of the devices to tune the output volt-
age and energy. For example, a thin super-
capacitor with three units can be connected 
in series or parallel (Figure 4d), and the out-
put voltage and discharge time were accord-
ingly increased by three times (Figure 4e). As a 
proof-of-concept lightweight, thin, and flexi-
ble power source, a supercapacitor with three 
serial units was fixed on a fingernail (Figure 
4f) to light up a commercial LED (Figure 4g).

CONCLUSIONS

In conclusion, a general and effective slicing 
method has been developed for the fabrica-
tion of thin supercapacitors with low cost and 
uniform thicknesses. The thin supercapacitors 
exhibit uniform surfaces, well-formed inter-
faces, and well-controlled thicknesses. A high 
specific capacitance of 248.8 F g-1 (150.8 F 
cm-3) was achieved with tunable output volt-
age and energy. The thin supercapacitors are 
demonstrated to be lightweight, thin, and 
flexible power sources to power commer-
cial electronics. This slicing method is also 
compatible with the fabrication of a vari-
ety of other devices including, sensors, tran-
sistors, solar cells, and batteries for large-
scale production and high performances.
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Figure 4: a) Photograph of thin supercapacitors with a thickness of 20 μm and a length of 5 mm 
(0.2 in.) for each unit. b) Histogram of the specific capacitance of 22 thin supercapacitors fabricated 
with the same conditions. c) Comparison of the specific capacitance and internal resistance of the 
22 thin  supercapacitors. d) Schematic illustration of three supercapacitors units connected in series 
and parallel. e) Galvanostatic charge-discharge curves of one unit, three units connected in series, 
and three units connected in parallel. Photographs of (f) three units connected in series and placed 
on a  fingernail (g) powering a red LED.
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Boosted UV Photodetection 
Performance in Chemically 
Etched Amorphous Ga2O3 
 Thin-Film Transistors
Zuyin Han, Huili Liang, Wenxing Huo et al.

ABSTRACT

Bottom-gate amorphous gallium oxide (Ga2O3) (a-Ga2O3) 
thin-film transistors (TFTs) were fabricated to boost their UV 
photodetection properties. A simple chemical-etching solu-
tion was employed that is easy to use, low cost, and com-
patible with traditional lithographic processes to selectively 
etch a-Ga2O3 films. The a-Ga2O3 channel etched device, on 
silicon, effectively suppresses gate leakage current. Further, a 
patterned a-Ga2O3 TFT on quartz shows excellent n-type TFT 
performance with a high on/off ratio of approximately 107. It 
is also applied as a phototransistor, to diminish the persistent 
photoconductivity (PPC) effect while keeping a high responsiv-
ity (R). Under 254 nm UV illumination, the a-Ga2O3 phototran-
sistor demonstrated a high light-to-dark ratio of 5 × 107, a 
high responsivity of R = 5.67 × 103 A W-1, and a high detec-
tivity of 1.87 × 1015 Jones. The PPC phenomenon in a-Ga2O3 
UV  phototransistors was effectively suppressed by applying 
a  positive gate pulse, which significantly shortens the decay 
time to 5 ms and enables possible imaging applications.

INTRODUCTION

Amorphous galium oxide (Ga2O3) (a-Ga2O3) 
has attracted increasing attention for its wide 
range of applications in deep ultraviolet (UV) 
photodetection, such as confidential space 
communication, imaging, flame detection, 
and missile warning systems. [1–4] Two-ter-
minal Ga2O3 photodetectors (PDs) are the 
most commonly investigated, but their slow 
response speed, caused by persistent pho-

toconductivity (PPC), [5,6] impedes their fur-
ther application. [7] PPC occurs in most oxide 
semiconductor materials because of the 
large quantity of oxygen vacancy (Vo) defects 
and the high density of trap states. [8,9]

Three-terminal PD, or phototransistors, have an 
additional terminal-gate to control the channel 
carriers’ transportation behavior are regarded 
as an alternative solution to improve the PD 
performance.[10,11] Phototransistors have the 
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intrinsic gain of transistors and regular photo-
conductors, which makes it possible to  
achieve high light-to-dark current ratios and 
responsivity (R).[11,12] PPC can be eliminated 
by exerting a gate pulse, as demonstrated by 
Jeon et al. in a three-terminal photosensor 
array.[5] For a-Ga2O3 UV PD or imaging appli-
cations, research is needed to suppress PPC 
and raise the response speed while retaining 
a R. The controllable and selective etching of 
a-Ga2O3 channels to metals and other oxides 
is critical to achieving a low gate leakage cur-
rent and favorable transfer characteristics. [13,14] 
Wet chemical etching of β-Ga2O3 has been 
demonstrated by using phosphoric acid (H3PO4) 
and sulfuric acid (H2SO4). [15,16] However, these 
strong acids readily corrode metals and oxides, 
which makes device fabrication difficult.

In this study, we present bottom-gate a-Ga2O3 
thin-film transistors (TFTs) and phototransistors, 
where the a-Ga2O3 channels were selectively 
etched using tetramethylammonium hydrox-
ide (TMAH) aqueous solution. This new etching 
method is low cost, simple, safe, and is com-
patible with conventional lithographic tech-
niques. For the bottom-gate Ga2O3 TFT on sil-
icon, the patterned channel device exhibits 
superior transistor characteristics compared to 
the unpatterned one. A bottom-gate a-Ga2O3 
 phototransistor with interdigitated source/
drain (S/D) electrodes was prepared on quartz 
and used to detect deep UV rays. It demon-
strated typical transistor output and trans-
fer characteristics with a high on/off ratio 
of approximately 107. Meanwhile, excellent 
 photodetector performance was demonstrated 
under a 254 nm UV illumination, including a 
high light-to-dark ratio of 5 × 107 and R = 5.67 
× 103 A W-1. By applying a positive gate pulse, 
PPC in the a-Ga2O3 phototransistors is effec-
tively eliminated with a fast decay in 5 ms.

METHODS

Common-gated a-Ga2O3 TFTs were  fabricated 
on silicon dioxide (SiO2) (300 nm)/Si substrates. 
An a-Ga2O3 channel layer (25 nm) was depos-
ited by RF-sputtering using a Ga2O3 ceramic 
target (99.999% pure) at room temperature 
and patterned by UV-lithography followed by 
wet chemical etching in a TMAH solution. The 
ITO (100 nm) S/D electrodes were prepared by 
UV-lithography and lift-off process, where the 
film deposition was carried out in a sputter-
ing chamber. Bottom gate staggered a-Ga2O3 
TFTs were fabricated on quartz substrates with 
interdigitated S/D electrodes. Cr film (35 nm) 

was deposited by RF-magnetron sputtering and 
wet etched after the lithography to form the 
bottom gate electrode. Then, aluminum oxide 
(Al2O3) (110 nm) was grown on the gate metal 
at 200 °C (392 °F) in the ALD system and pat-
terned by the combined process of UV-lithog-
raphy and wet etching in an H3PO4 solution. 
After that, a 25 nm a-Ga2O3 layer was sput-
tered, which is also patterned into discrete 
rectangles with dimensions of 175 μm × 600 
μm. Next, interdigitated S/D electrodes are 
defined by UV-lithography. The S/D electrodes 
have 15 pairs of fingers with 10 μm in width, 
10 μm in spacing gap, and 145 μm in length. 
At last, a sequential deposition of tin (Ti) and 
gold (Au) layers were deposited in the RF-mag-
netron sputtering system with a thickness of 
20 nm and 80 nm, respectively, which are fur-
ther patterned by the following lift-off process.

Film thickness was measured by a stylus profiler 
(KLA-Tencor P-6 Stylus Profiler). The surface 
morphology was evaluated by atomic force 
microscopy (AFM, Bruker Dimension EDGE), 
laser scanning confocal microscope (Olym-
pus® LEXT™ OLS5000 system), and scanning 
electron microscopy (SEM, Zeiss Sigma 300). 
The electrical properties were analyzed using a 
Keithley 4200 and a Keithley 6487. A handheld 
UV 254 nm lamp (ZF-5) and a xenon lamp with 
Omni-λ 180i grating spectrometer were used.

RESULTS AND DISCUSSION

The etching behaviors of two a-Ga2O3 sam-
ples were first investigated using different 
TMAH concentrations and temperatures. The 
a-Ga2O3 films are labeled as S1 and S2, which 
are sputtered with oxygen (O2) and without 
O2 flux, respectively. Both of the samples are 
amorphous. S1 and S2 have different densities, 
determined from X-ray reflection spectra (XRR), 
which are 5.32 g cm-3 (332 lb ft-3) and 4.84 g 
cm-3 (302 lb ft-3), respectively. The density 
affects the etching rate because of their differ-
ent Vo defect densities. [8] The etching rates of 
S1 are slower than S2, which are attributed to 
its higher density and hence denser structure.

The selective etching ability of a TMAH  solution 
is critical for the fabrication of TFTs. The amor-
phous Al2O3 was immersed in a 0.048% TMAH 
solution at 27 °C (80.6 °F) for 140 s, the depth 
 profile of Al2O3 was almost unchanged, sug-
gesting that it is hardly etched by TMAH at this 
low concentration. A slight etching of Al2O3 
does occur, at a rate of 0.72 nm s-1, in a 0.24% 
TMAH solution at 60 °C for 15 s. Thus, a selec-



Page 24 | Volume 2  Thin Film Metrology

Figure 1: AFM images of a) unetched a-Ga2O3 film (S2), b) etched a-Ga2O3 film (S2), 
c) unetched a-Al2O3 film, and d) etched a-Al2O3 film.

Figure 2: Laser scanning confocal microscope images of a-Ga2O3 film etched with  
a) TMAH solution and b) H3PO4 solution.
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tive etching rate ratio of a-Ga2O3 (S2) to Al2O3 
of 17:1 in the 0.24% TMAH solution at 60 °C 
(140 °F) was achieved, which provides an ade-
quately wide and easily controllable operation 
regime for the fabrication of a-Ga2O3 TFTs.

The a-Ga2O3 and Al2O3 surface morpholo-
gies, after being etched, is revealed by AFM 
(Figure 1). The root-mean-square (RMS) sur-
face roughness of the as-deposited a-Ga2O3 
(Figure 1a) film is 0.55 nm, which is slightly 
smaller than the 1.24 nm after etching 
( Figure 1b). In Figure 1c,d, the RMS  values 
are 0.34 nm and 0.38 nm for unetched and 
etched Al2O3 films, respectively, indicating 
that the Al2O3 surface is uniformly etched 
by TMAH solution under this condition. 

To further corroborate the effect of TMAH 
solution on the a-Ga2O3 patterns, 400 nm 
thick Ga2O3 films were patterned and 
etched into interdigitated features by etch-
ing with TMAH and H3PO4 solutions.  Figure 
2a,b shows the corresponding 3D laser scan-
ning confocal microscope images collected 
in  reflection mode, where well- defined 

 patterns can be clearly seen in both cases. 
The cross- sectional views show the same 
 trapezoidal structure, which is favorable for 
metal  deposition. The ratios of the top to 
the bottom edges of the trapezoids are sim-
ilar, demonstrating that the etching effect of 
TMAH is comparable with H3PO4. Thus, con-
sidering that TMAH barely etches metal or 
Al2O3, it is more preferred than H3PO4 for the 
fabrication of multi- component devices.

Based on the above-mentioned wet chemi-
cal etching technique using TMAH solutions, 
common bottom-gate TFTs with patterned 
and unpatterned a-Ga2O3 channels were fabri-
cated on commercial SiO2/Si substrates (Figure 
3a). The electrical characteristics are measured 
at a source-drain voltage (VDS) of 10 V with 
the source–gate voltage (VGS) from -100 V 
– 200 V (Figure 3b). The TFT with patterned 
a-Ga2O3 channel exhibits a typical n-type trans-
fer curve. [17,18] The gate current (IGS), gener-
ally defined as leakage current, is very low, 
about 10-10 A for the entire VGS range. Con-
versely, the TFT with unpatterned a-Ga2O3 
channel shows an abrupt drop of the drain 

Figure 3: a) Schematic structures of the TFTs. b) IDS–VGS curves and IGS–VGS curves. c) Equivalent 
circuit of a-Ga2O3 TFT without channel patterned.
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current (IDS) in the transfer curve at a  specific 
VGS, where the IGS begins to increase dramat-
ically, indicating that the channel electrons 
start to transport vertically through SiO2 layer 
and reach the gate electrode at a positive VGS. 
The abnormal curves imply that it is benefi-
cial to use a patterned a-Ga2O3 channel layer.

Next, an Al2O3 dielectric layer was used to fab-
ricate a-Ga2O3 TFT with a bottom-gate stag-
gered structure on quartz substrates. The inter-
digitated configuration is used to separate pho-
togenerated carriers effectively.[1,19] A winding 
gate electrode was designed with a 1.5 μm 
overlap at the edge of the S/D electrodes (Fig-

Figure 4: a) Schematic structure of the a-Ga2O3 phototransistor on quartz. b) IDS–VGS curves, and c) IDS–VDS curves.  
d) Time-dependent photoresponse curves. e) R–VGS curve. f) Normalized photoresponsivity spectrum.
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ure 4a). Figure 4b shows the IDS–VGS transfer 
curves at different VDS in the dark and under 
254 nm light illumination. The on-state IDS

increases as VDS increases from 0.1 V to 10 V, 
and the off-state IDS remains low. The device 
exhibits decent electrical performance, such 
as a high on/off ratio of about 107, a 
low  subthreshold swing of 0.65 mV dec-1 and 
a moderate positive threshold voltage (Vth) 
of 5 V. Under 254 nm light, the IDS increases 
in the depletion region compared with the 
inthe dark. The on-state  photocurrent also 
increases as VDS increases from 0.1 V to 
10 V. At VDS = 10 V and VGS = 4 V, a high  
photocurrent of about 10-4 A is obtained, 
leading to a large light-to-dark  current ratio 
of 5 × 107.

The ultrahigh rejection ratio is reasonable 
because the depletion “off” state in the dark 
is reversed into an “on” state due to the pres-
ence of numerous photogenerated electrons. 
[20] Figure 4c demonstrates the output curves 
of the same device with an excellent linear 
and saturation performance, indicating a good 
ohmic contact between the Ga2O3 and Ti/
Au. Time-dependent photoresponse behav-
ior was evaluated with VGS = 10 V (Figure 4d). 
The IDS increases as VDS varies from 1 V – 20 V. 
Furthermore, the device demonstrates a rel-
atively slow response to the periodic UV illu-
mination. Figure 4e shows the responsivity (R) 
as a function of VGS at VDS = 10 V. R is calcu-
lated according to the following equation:

where Iphoto is the photocurrent, Idark is the 
dark current, P is the light  intensity, and S
is the illumination area. As VGS increases 
from −15 V– 10 V, R increases to 5.67 
× 103 A W-1. Based on this responsivity 
value, the detectivity (D∗) expressed as:

is calculated to be 1.87 × 1015 Jones. A 
normalized photoresponse spectrum has 
been measured at VDS = 20 V and VGS = 
10 V and shows a peak at 285 nm and 
a long tail until 360 nm. (Figure 4f)

Next, the suppression of PPC with the pulse 
gate voltage was investigated. A strong PPC 
remains for dozens or even hundreds of sec-
onds in the a-Ga2O3 phototransistor working in 
a quasi-two-terminal configuration with VGS = 
0 V, (Figure 5a), which severely hinders its prac-
tical applications. To diminish the PPC, a posi-
tive 20 V gate bias with a pulse width of 850 ms 
is applied. The IDS curve shows an instanta-
neous sharp peak and then immediately recov-
ers to about 10−10 A once the gate voltage is 
reset to 0 V, suggesting that the PPC phenom-
enon is suppressed (Figure 5a,b). The decay 
time τd, defined as the time during which the 
current decays from 90% to 10%, was 5 ms.

Figure 5: a) Suppression of PPC with a positive gate pulse. b) IDS Decay time.
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CONCLUSIONS

In this work, a highly selective etching solu-
tion was developed for the preparation of pat-
terned a-Ga2O3 films using TMAH. A distinct 
influence of the chemical etching on device 
performance is investigated by comparison of 
two common bottom-gate TFTs with patterned 
and unpatterned a-Ga2O3. Furthermore, a bot-
tom-gate a-Ga2O3 TFT was fabricated, with 
interdigitated S/D electrodes. The TFT shows 
typical n-type oxide semiconductor TFT trans-
fer curves with a high on/off ratio of approxi-
mately 107, and excellent output characteris-
tics. The device demonstrates a good response 
to UV 254 nm light, such as a high light-to-
dark ratio of 5 × 107 and responsivity of 5.67 
× 103 A W-1. Also, the PPC in a-Ga2O3-based 
phototransistors is effectively suppressed  
by applying a positive gate pulse with a decay 
time as low as 5 ms. These results suggest  
that the chemically etched a-Ga2O3 phototran-
sistor is promising for high-performance UV 
photodetection and imaging applications.
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Multiscale and Uniform Liquid 
Metal Thin-Film Patterning 
Based on Soft Lithography for 
3D Heterogeneous Integrated 
Soft Microsystems: Additive 
Stamping and Subtractive 
 Reverse Stamping
Min-gu Kim, Choongsoon Kim, Hommood Alrowais et al.

ABSTRACT

The use of intrinsically soft conductors, such as liquid 
 eutectic gallium–indium alloy (EGaIn), has enabled the 
 fabrication of bioinspired soft electronics. The fabrication  
of EGaIn thin films with high resolution and size scalability 
is one of the primary technical hurdles. Soft lithography 
 using wetting/nonwetting surface modifications and 3D 
heterogeneous integration can address these challenges. 
This study demonstrates multiscale EGaIn thin-film pattern-
ing by utilizing additive stamping for large-scale (mm–cm) 
soft electronics and subtractive reverse stamping for micro-
scale (μm–mm) soft electronics. These structures can be in-
tegrated to fabricate several functional soft microsystems.

INTRODUCTION

Bioinspired soft functional material synthe-
sis [1,2] and manufacturing technology [3,4] for 
soft electronics has applications ranging from 
entertainment to healthcare. [5,6] Unlike con-
ventional solid-state electronics, soft electron-
ics are lightweight, stretchable, reconfigurable, 
and biocompatible for skin-mountable and 
wearable sensors. [7,8] Flexibility and stretchabil-
ity are achieved by using either 3D solid metal 

patterns [9,10] or elastic polymer matrices with 
embedded conductive nanomaterials. [11,12]

An alternative approach to realize soft 
microsystems is to use intrinsically soft con-
ductors, e.g., liquid eutectic gallium–indium 
alloy (EGaIn). EGaIn-based soft electron-
ics are nontoxic, mechanically stable, and 
highly stretchable. Also, the low melting 
temperature (< 15 °C (59 °F)) and negligi-
ble vapor pressure facilitate room-tempera-
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ture and ambient pressure manufacturing. 
[13–15] Moreover, thanks to the formation of 
a thin oxide layer on the EGaIn surface, [16,17] 
the formed structures maintain their mechan-
ical shapes on a soft elastomeric substrate, 
such as poly(dimethylsiloxane) (PDMS).

A broad range of patterning methods based on 
lithography-enabled stamping and stencil print-
ing, injection, as well as additive and subtrac-
tive direct write/patterning processes have been 
implemented for EGaIn microsystems. [18–24] 
Limitations of lithography- defined stencils are 
the relatively low resolution, rough EGaIn sur-
face, and excessive EGaIn loss during the sten-
cil lift-off process. Subtractive direct patterning 
techniques using laser ablation [25,26] or electro-
chemical reduction [27,28] enable an inexpensive 
and facile approach to pattern fine EGaIn lines, 
but the serial process makes EGaIn removal 

slow in the case of patterning small EGaIn fea-
tures on large substrates. Further, manually 
spreading EGaIn using a roller results in rough 
surfaces with holes in the EGaIn film. [18] Direct 
write and injection techniques address this 
issue, [29–32] but the resolution is limited. Micro-
fluidic injection [33,34] and vacuum filling [35,36] 
provide high resolution, but the microchan-
nels require relatively large thicknesses. Using a 
microtransfer deposition process based on soft 
lithography, [37] EGaIn features > 2 μm can be 
achieved, but the technology suffers from res-
idues formed outside of the channel areas.

Soft lithography offers a simple, fast, and 
low-cost way to pattern multiscale EGaIn 
films. However, the surface oxide layer on 
EGaIn interferes with uniform wetting on soft 
 elastomeric substrates. Stamp lithography is 
often regarded as the lowest resolution and 

Figure 1: Schematic illustration of the multiscale and uniform EGaIn thin-film patterning process by utilizing a) subtractive reverse 
stamping for microscale and high-density EGaIn lines embedded in a selectively chemical-surface-modified PDMS microchannel and  
b) additive stamping for centimeter-scale and large- area EGaIn patterning on a physical- surface-modified PDMS substrate.
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least reliable technique among the additive 
printing methods. [18,19,38] By utilizing chem-
ical and physical surface modification of the 
elastomeric substrates, [39,40] the PDMS sur-
faces can be modified to have selective non-
wetting or wetting properties. The nonwetting 
characteristics of chemically modified PDMS 
surfaces hinder the formation of EGaIn resi-
due, while the uniform wetting characteris-
tics of physically modified PDMS surfaces assist 
in the formation of thin and smooth films.

Recently, we demonstrated high resolution, 
uniform, and residue-free EGaIn pattern-
ing, ranging from single micrometer to mil-
limeter scales, by utilizing a chemical sur-
face modification and residue transfer pro-
cess using a reverse stamping approach. [41] 
Building on our previous work, [41–44] this study 
presents multiscale and uniform EGaIn thin-
film patterning by utilizing additive stamp-
ing for largescale (mm–cm) soft electron-
ics and the subtractive reverse stamping for 
microscale (μm–mm) soft electronics. By com-
bining these complementary patterning tech-
niques using 3D heterogeneous integration, 
fabricated and optimized soft electronic com-
ponents built with different patterning pro-
cesses can be integrated to form high-den-
sity and multifunctional soft microsystems.

METHODS

Figure 1 illustrates the complementary multi-
scale EGaIn thin-film patterning processes 
based on soft lithography. The underlying liq-
uid metal patterning processes mainly con-
sist of three steps: 1) microtransfer molding 
of EGaIn, 2) EGaIn transfer using subtractive 
reverse stamping or additive stamping, and 3) 
sealing and interconnection. Chemical surface 
modification of the PDMS mold (for the sub-
tractive approach) or the PDMS stamp (for the 
additive approach) using toluene is performed 
to increase the hydrophobicity. The PDMS 
mold/stamp is then coated by pressing onto 
a donor PDMS substrate coated with EGaIn.

For the subtractive approach (Figure 1a),  
the PDMS stamp is reverse stamped to 
remove EGaIn residue on the protruding sur-
faces to a sacrificial PDMS layer. The reverse 
stamping process yields fine, uniform, and 
thin EGaIn lines inside of the PDMS chan-
nels without residues on the surrounding pro-
truding surfaces. Information). The subtrac-
tive approach showed size scalability from 
2 μm to 1 mm – 2 mm in line width. [41]

For the additive stamping approach, a PDMS 
stamp wet with EGaIn is stamped onto a 

Figure 2: SEM images of a) paper, b) standard PDMS, and c) paper-textured PDMS. d) 3D laser 
scanning confocal microscopy image of the paper-textured PDMS surface.
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paper-textured PDMS substrate (Figure 1b). 
The paper texture, comprised of randomly 
 distributed micro cellulose fibers (Figure 2a), 
is transferred to a PDMS surface using a con-
ventional PDMS casting method. The result-
ing paper-texture PDMS exhibits a surface 
microstructure which allows it to be wet by 

EGaIn (Figure 2b–d). As a result, continuous 
EGaIn films can be transferred to paper-tex-
tured PDMS with multiple stamping steps.

Surface characterizations were performed using 
an Olympus® LEXT™ OLS4000 3D laser scan-
ning confocal microscope and scanning elec-

 
Figure 3: a) Measured EGaIn width as a function of designed stamp width and b) resulting film thickness as a function of patterned 
EGaIn width. c,d) Patterned EGaIn films on standard and paper-textured PDMS surfaces and a cross-sectional view of patterned EGaIn 
film on paper-textured PDMS after sealing with an additional PDMS layer. e) Reflection mode scanning laser confocal microscopy 
 characterization of the EGaIn thin film as a function of the number of stamping steps (n).
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tron microscopy (SEM, Hitachi S-3700N Vari-
able Pressure SEM). Electrical characterizations 
of the soft, passive components, circuits, and 
LC resonator were performed using a multime-
ter (Hewlett Packard 34401A), a source meter 
(Keithley 2636A), and an LCR meter (Agilent 
4284A). For mechanical stretching and bend-
ing characterizations, a linear motion stage 
and circular glass cylinders (radius: 10 mm 
(0.4 in.)) were prepared, respectively. Thermal 
characterizations of the soft heater were per-
formed using a source meter (Keithley 2636A) 
to supply power, and temperature increases 
were recorded using an IR camera (FLIR T640).

RESULTS AND DISCUSSION

Figure 3a,b shows the measured EGaIn width 
as a function of the stamp width and the 
resulting film thickness as a function of the 
patterned EGaIn width, respectively. Fig-
ure 3c,d shows the non-uniform patterned 
EGaIn films deposited on a standard PDMS 
surface and a smooth uniform EGaIn film on 
paper-textured PDMS surface. PDMS stamps 
were stamped five times on paper-textured 
PDMS substrates to achieve smooth and uni-
form films. Figure 3e shows the SEM and 3D 
scanning laser confocal microscopy reflection 
mode images of stamped EGaIn, showing the 
evolution of the height variation with succes-
sive stamping. The additive stamping process 
decreases the surface roughness (Ra) with an 
increasing number of stamping steps, which 
indicates that the stamped EGaIn film is get-
ting smoother. The random, micrometer-sized 
features, as characterized by scanning confo-
cal laser microscopy in reflection mode, on the 
paper-textured PDMS surface (Figure 2b) were 
partially wetted during the initial one to two 
stamping steps, ultimately filling the grooved 
areas with EGaIn. After stamping five times, 
the surface structures of the paper-textured 
PDMS were entirely covered with EGaIn, show-
ing a uniform and smooth EGaIn thin film.

Using the additive stamping process, soft, pas-
sive components and circuits were fabricated, 
and their electrical and mechanical character-
istics were investigated. Figure 4a shows a soft 
resistor, planar spiral inductor, and interdigi-
tated capacitor, all having a 1 mm (0.04 in.) 
line width and 1 mm (0.04 in.) line spacing. 
Figure 4b shows a simple circuit comprised of 
a 5 × 5 array of light-emitting diodes (LED). 
A constant current was applied to the LED 
array, which was subjected to bending (bend-
ing radius, r = 10 mm (0.4 in.)) and stretching 

Figure 4: a) Soft, passive components fabricated using additive stamping, 
 including a resistor,  planar spiral inductor, and interdigitated capacitor. b) Soft 
circuit with embedded LEDs (5 × 5 array) operated under bending (r = 10 mm) 
and stretching (ε = 50%) deformation.

Figure 5: Demonstration of 3D heterogeneous integration and resulting 
 performance of soft LC resonator.
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Figure 6: a) Demonstration of a fingertip- mountable soft pulse oximeter. b) Circuit diagram; fabrication and electric component 
 integration of c) soft sensor layer and d) soft circuit layer. e) 3D-integrated microsystem mounted on a fingertip. Measured PPG wave-
forms of IR LED and red LED using f) PCB-based rigid sensing system and g) PDMS/EGaIn-based soft sensing system.

(strain, ε) deformation. The soft circuit with-
stood the bending and strain deformations (up 
to ε = 50%) while maintaining its functionality.

By combining the proposed multiscale EGaIn 
thin-film patterning techniques via 3D het-
erogeneous integration, more complex soft 
microsystems were fabricated. Three  different 
soft functional microsystems were  fabricated: 

i) a soft inductor-capacitor (LC) resonator,  
ii) a fingertip-mountable, soft oximeter, and  
iii) soft heaters with localized or distributed 
heating. Figure 5 shows the LC resonator. The 
interdigitated capacitor was fabricated using 
subtractive reverse stamping, and its areal 
capacitance was 13.2 pF cm-2, which is roughly 
nine times higher than what would be achiev-
able with additive stamping. The  planar coil 
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Figure 7: Demonstration of soft heaters for a) localized and b) distributed heating applications.  
c) Simulated and measured hot-spot temperature as a function of applied heating power.
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 inductor, as well as the readout coil, were 
fabricated using additive stamping. After 3D 
integration of the LC components using liq-
uid-metal filled vias, the soft microsystem was 
wirelessly interrogated using a readout coil 
to collect the resonance frequency. The mea-
sured resonance frequency was 276 MHz, 
which also agreed well with the calculated 
value, and the Q factor was ≈20 (Figure 5b).
 
A fingertip-mountable, soft, and 3D-integrated 
biological sensor, comprised of a soft sens-
ing layer with a commercial pulse oximeter 
and a soft interfacing circuit layer, is demon-
strated for noninvasive and real-time heart rate 
(HR) and blood oxygen monitoring  (Figure 6a). 
This soft sensor layer is fabricated using sub-
tractive reverse stamping to connect the inte-
grated pulse oximeter (MAX30100, Maxim 
Integrated Products Inc.), while additive stamp-
ing is utilized to fabricate the soft printed cir-
cuit board for the interfacing circuit (Figure 
6b–d). These soft sensor and circuit layers are 
then vertically interconnected through soft 
vias (Figure 6e). The  photoplethysmogram 
(PPG) waveforms using an IR LED and a red 
LED, and the extracted HR and saturation of 
peripheral oxygen (SpO2) using the PDMS/
EGaIn-based soft sensing system are shown 
in Figure 6f,g. The results were  comparable 
to a rigid PCB-based sensing system.

Finally, soft heaters based on EGaIn thin-
film resistors are demonstrated for local-
ized and distributed heating applications. 
For the  localized heating applications (Fig-
ure 7a), a 50 μm wide heating resistor fabri-
cated using subtractive reverse stamping and 
was vertically integrated on a soft circuit. For 
large area  heating applications  (Figure 7b), 
a 1 mm (0.04 in.) wide serpentine heating 
resistor was fabricated using additive stamp-
ing. Figure 7c shows the measured and sim-
ulated hot-spot temperature as a function of 
the applied power. To reach a temperature 
increase of ΔT ≈ 10 °C (50 °F), the  vertically 
integrated microheater requires 65 mW, 
while the serpentine-shaped heater heats a 
larger area but requires 113 mW.  Compared 
to other heaters, [45–47] the fabricated soft 
heaters using thin-film resistors showed 
8 times higher heating efficiency. In addi-
tion to  efficient heating, the soft heater pro-
vides flexibility and stretchability for wearable 
and skin mountable electronics applications.

CONCLUSIONS

This study reports the multiscale and uniform, 
thin-film patterning of EGaIn using soft litho-
graphy by utilizing subtractive reverse stamp-
ing for high-density microscale patterns and 
 additive stamping for centimeter-scale pat-
terns. Considering the size scalability of the 
thin-film patterning and the possibility to heter-
ogeneously integrate structures fabricated with 
either technique, soft electronic components 
can be fabricated and integrated to form soft 
and flexible multifunctional microelectronics.
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Scientific Publishing 
WHY IS A COVER LETTER to the editor so important?  
Which  information should be included into the title  
and  abstract? These and more questions will be answered  
in this section. 



5 tips for writing better 
science papers

Don’t 
underestimate 
the importance of 
your cover letter
A good cover letter  explains 
to the editor the critical 
 question your research 
 addresses, how you have 
answered this question, and 
why it is of significance to 
the wider community. 

Keep the 
 title  simple: be 

 consistent, not too  
technical, and  concise
It’s important to grab the attention of 
your editor/reviewer/reader right away 
and give them an idea of why your  paper 
is a scientific breakthrough. The title also 
plays into search engine optimization 
for your article, so think of which search 
terms you would use when searching 
for your paper, and try to incorporate 
those keywords into your title.

1

2



5 tips for writing better 
science papers

Don’t cram 
the abstract with 
 details 
What you want is to grab the 
reader’s attention with the first 
statement, add a few of the most 
important details, then leave them 
with the overall message of the 
manuscript in the last sentence.

Introduce 
your  research 
with its  importance
The reader needs to know the 
background to your research and, 
most importantly, why your re-
search is important in this context. 
What critical questions does your 
research address? Why should 
the reader be interested?

You might be 
 tempted to share 
all your war stories…
but don’t 
When reporting results, keep 
your focus and make your R&D 
concise but informative.

3

4

5
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1. You will save time
Before and during the experimen-
tal work, a thorough literature research is 
 essential. Identify the most relevant pub-
lications for your own projects from the 
 beginning on to use them for the introduc-
tion of your article or communication.

2. You will stay focused
If you use the method described below,  
you will be able to use your project’s outline  
as orientation to maintain emphasis  
on the key questions you meant to target.

3.  You will read research 
 articles with different eyes

In composing a research project, other sci-
entific articles can have two uses: as well 
as their content it is useful to focus on their 
structure, the use of language and rele-
vant keywords. What makes a good scien-
tific text? You will be more aware of all that 
when keeping your own manuscript in mind. 

4.  You will avoid the  
“fear of the blank page”

The beginning of the writing process is 
pro bably the hardest part. If you already 
prepared the structure of your manu-
script, collected ideas and references for 
the introduction, phrased the key find-
ing of your study and wrote the experimen-
tal section while conducting the research, 
you will have a much easier start.

WHEN IS THE BEST  
MOMENT TO START THE 
WRITING  PROCESS?

According to the essay “Whitesides' Group: 
Writing a Paper’”, by Prof. George M. White-
sides, it is useful to work with an outline to 
plan and conduct both your research and 
the corresponding paper from the project’s 
beginning. To fulfill this function, an outline 
is  structured like a research article – with an 
introduction, the results and discussion, and 
conclusions – and will be updated through-
out the course of the project. As it con-
tains the main questions you want to answer 
throughout your research, you will be able to 
use the outline as a tool to continuously ana-
lyze the progress and the focus of your work.
In a “brainstorming” session, you can cre-
ate an outline by writing down all your 
ideas, questions and hypotheses in any 
order on an empty piece of paper. After-
wards, you transfer all to another piece of 
paper using the structure described below.

Scientific Publishing:  
Getting Started
THE START of a new research project or a  thesis can be an 
exciting experience, with all the ideas to be realized ahead. 
It is tempting to just begin with the practical work and 
think about how to publish it later; however, there are good 
 reasons (outlined below) to plan the publication of your 
 manuscript at the very beginning of your project:
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STRUCTURE AND CONTENTS OF AN OUTLINE

 
“If you clearly understand the purpose and 
form of a paper, it can be immensely use-
ful to you in organizing and conduct-
ing your research.” For Whiteside, the pur-
pose of a paper is not only to serve as 
an archive, but also as a tool for plan-
ning and conducting research. Thus, he 
recommends creating an outline that is 
already structured like a scientific article:

• Title
At the beginning this will necessarily  
be a working title; you should try to for-
mulate the key goal of your research here 
(we will provide you with tips for creat-
ing an article’s title in a later edition).

• Abstract
You will leave this section empty at 
the beginning; you will learn more 
about writing an abstract later.

• Introduction
At the beginning, you use this part of the 
outline to define the objective of your 
work and why it is important; based on the 
 literature research you conducted before-
hand, you formulate the background and 
fundamentals of your research; when-
ever you find a relevant study, you should 
add it and its key findings to this section.

• Results and Discussion
In here, you should add the major points  
you plan to target in your  project. This  
could look as follows:

 Synthesis of the monomers
 Polymerization reactions
 Characterization methods
 Applications

In the course of conducting your research, 
you add all your results into the respective 
parts of this section. You will most likely find 
out that some of the original plans need to 
be adapted due to unexpected findings; use 
the results and discussions section as a tool to 
constantly summarize, analyze and, if neces-
sary, update your key goals of your project.

• Conclusions
For the outline, you can condense your con-
clusions to short phrases; compare them to 
the key objectives you framed in the introduc-
tion – do they match or need reformulation?

• Experimental
You will save a lot of time at the end 
of your thesis or project if you ensure 
you write down all experimental find-
ings from the beginning on.

Herein, we outlined one of many ways  
to successfully conduct your research and  
the writing process. In the next editions  
of our “Tips on Scientific Publishing”,  
we will give a more detailed look at the 
 different sections of a scientific article.

We highly recommend reading the short 
essay by Prof. Whiteside (freely available):

Whitesides, G. (2004), Whitesides' Group: 
Writing a Paper. Adv. Mater., 16: 1375-
1377. doi:10.1002/adma.200400767


