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APPENDIX B-Characterization Techniques 

This appendix provides details about the characterization techniques that I have utilized 

throughout my research work. 

B1. STRUCTURAL CHARACTERIZATION 

 Scanning electron microscopy (SEM): As the shrinking of semiconductor devices has 

been progressing almost linearly with time, with commercial VLSI technology nodes 

being made a few tens of nanometers. Conventional imaging through optical microscopy 

is limited by the resolution because of the wavelengths. Hence, there is a need to seek an 

alternative technique of imaging such nanoscale features of interest. The electrons on the 

other hand, have a much shorter wavelength, and therefore could resolve objects very well 

compared to the optical microscopy. In theory, electrons could resolve feature sizes as 

small as ~ 2 nm. Furthermore, 3D and topographical imaging is achieved using SEM 

which cannot be done in a top-view optical microscopy.[1] 

Figure  B1. Schematic overview of an SEM operation 
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The scanning electron microscope (SEM) uses a focused beam of high-energy electrons 

emitted by a field-emission source. These generate a variety of signals at the surface of 

solid specimens. The signals that derive from electron-sample interactions reveal 

information about the sample including external morphology (texture), chemical 

composition, and crystalline structure and orientation of materials making up the sample. 

In most applications, data are collected over a selected area of the surface of the sample, 

and a 2-dimensional image is generated that displays spatial variations in these properties. 

Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning 

mode using conventional SEM techniques (magnification ranging from 20X to 

approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is especially 

useful in qualitatively determining chemical compositions (using EDS), crystalline 

structure, and crystal orientations (using EBSD). [2][3][4] 

Finally, SEM analysis is non-destructive and hence, the samples could be re-analyzed and 

re-used. Hence, SEM is one of the heavily used tools in academic research and in 

industry.[5] 

Transmission electron microscopy (TEM): TEM works similar to SEM but the way the 

electrons interact with the sample is different. The resolution and magnification in a TEM 

are much higher compared to the SEM because of this reason. Instead of scanning the 

surface, the electrons are transmitted through the sample and are collected on the other side 

using a series of lens and a projector screen.[6][7] The typical set up of a TEM is shown as 

schematic in Fig. B2. 
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The beam of electrons from the electron gun is focused into a small, coherent beam using 

the condenser lens. This beam is restricted by the condenser aperture, which excludes high 

angle electrons. The beam then strikes the specimen and parts of it is transmitted through 

the sample depending upon the thickness and electron transparency of the specimen. This 

transmitted portion is focused by the objective lens into an image on phosphor screen or 

charge coupled device (CCD) camera. Optional objective apertures can be used to enhance 

the contrast by blocking out high-angle diffracted electrons. The image then passed down 

the column through the intermediate and projector lenses, is enlarged all the way. 

 The image strikes the phosphor screen and light is generated, allowing the user to see the 

image. The darker areas of the image represent those areas of the sample that fewer 

electrons are transmitted through while the lighter areas of the image represent those areas 

of the sample that more electrons were transmitted through. This high-contrast image is 

Figure B2. Schematic view of a typical TEM setup. 



103 
 

called a bright-field image. This image is obtained due to the elastic scattering due to 

transmitted beam alone. Just like SEM, different signals emitted from the electron-sample 

interactions provide us with different information.   

Diffraction: By adjusting the magnetic lenses such that the back focal plane of the lens 

rather than the imaging plane is placed on the imaging apparatus, a diffraction pattern can 

be generated. For thin crystalline samples, this produces an image that consists of a pattern 

of dots in the case of a single crystal, or a series of rings in the case of a polycrystalline or 

amorphous solid material. For a single crystalline material, the diffraction pattern is 

dependent upon the orientation and the structure of the sample illuminated by the electron 

beam. This image provides us with information about the space group symmetries in the 

crystal and the crystal's orientation to the beam path. This is typically done without using 

any information but the position at which the diffraction spots appear and the observed 

image symmetries. [8][9] 

Electron-energy loss spectroscopy (EELS): In this technique, electrons can be separated 

into a spectrum based upon their velocity (which is closely related to their kinetic energy, 

and thus energy loss from the beam energy), using detectors known as EEL spectrometers. 

These detectors allow for the selection of specific energy values, which can be associated 

with the way the electron has interacted with the sample. That is; different elements in the 

sample material result in different electron energies in the beam transmitted after the 

sample. This chromatic information is used to generate an image which provides 

information on elemental composition, based upon the atomic transition during electron-

electron interaction. EELS is used often in place of EDS because of its precise resolution 
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to evaluate the chemical species. However, lighter elements could be harder to detect 

because of the absence of valence atomic orbitals.[8][10][11] 

Scanning Transmission Electron Microscopy (STEM): A TEM could also be used in 

scanning mode for some specific applications by adding a system which scans the beams 

across the sample to form the image and suitable detectors. Scanning coils are used to 

deflect the beam, where the beam is then collected using a current detector, which acts as 

a direct electron counter. By correlating the electron count to the position of the scanning 

beam, the transmitted component of the beam may be measured.[12][13] 

Atomic force microscopy (AFM): Surface metrology is a crucial aspect of 

materials/device characterization. Several techniques and tools are available today which 

make the surface probing much easier and effective. Some of the important surface 

probing techniques include but not limited to Atomic Force Microscopy (AFM), surface 

profilometry, scanning tunneling microscopy (STM), thin-film reflectometry, so on and 

so forth. 

AFM or scanning force microscopy is a very-high-resolution scanning probe metrology 

tool in use today. The resolution successfully demonstrated is up to sub nanometer 

scales.[14] AFM is used for different purposes such as surface imaging, Force 

measurement, and micro manipulation. A typical AFM setup consists of a cantilever with 

a sharp tip (probe) at its end that is used to scan the specimen surface. The cantilever is 

typically silicon or silicon nitride with a tip radius of curvature on the order of nanometers. 

When the tip is brought into proximity of a sample surface, forces between the tip and the 

sample lead to a deflection of the cantilever according to Hooke's law.[15][16] A general 

schematic of an AFM is shown in Fig. B3. 
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A small spring-like cantilever (tip) is carried by the support. Optionally, a piezoelectric 

element (typically made of a ceramic material) oscillates the cantilever. The sharp tip is 

fixed to the free end of the cantilever. The detector records the deflection and motion of 

the cantilever. The sample is mounted on the sample stage. A drive permits to displace the 

sample and the sample stage in x, y, and z directions with respect to the tip apex.  

Surface imaging: There are two imaging modes called contact and non-contact (tapping) 

modes. In contact mode, the tip of the cantilever is physically in contact with the surface 

to be scanned. The contours of the surface are measured either using the deflection of the 

cantilever directly or, more commonly, using the feedback signal required to keep the 

cantilever at a constant position. Because the measurement of a static signal is prone to 

noise and drift, low stiffness cantilevers (i.e. cantilevers with a low spring constant, k) are 

used to achieve a large enough deflection signal while keeping the interaction force low. 

Close to the surface of the sample, attractive forces can be quite strong, causing the tip to 

Figure B3. Operation of Atomic force microscope (a) Block diagram of different components 

of an AFM. (b) AFM image obtained for an ultra-thin MoS2 flake (6nm) on an SiO2 substrate. 



106 
 

"snap-in" to the surface. Thus, contact mode AFM is always done at a depth where the 

overall force is repulsive, that is, in firm "contact" with the solid surface.  

In tapping mode (AC mode), the cantilever is driven to oscillate up and down at its 

resonance frequency. This oscillation is commonly achieved with a small piezo element in 

the cantilever holder, or piezoelectric cantilevers. The amplitude of this oscillation usually 

varies from several nm to 200 nm. In tapping mode, the frequency and amplitude of the 

driving signal are kept constant, leading to a constant amplitude of the cantilever oscillation 

if there is no drift or interaction with the surface. The interaction of forces acting on the 

cantilever when the tip comes close to the surface, Van der Waals forces, dipole-dipole 

interactions, electrostatic forces, etc. cause the amplitude of the cantilever's oscillation to 

change (usually decrease) as the tip gets closer to the sample. This amplitude is used as the 

parameter that goes into the electronic servo that controls the height of the cantilever above 

the sample. The servo adjusts the height to maintain a set cantilever oscillation amplitude 

as the cantilever is scanned over the sample. A tapping AFM image is therefore produced 

by imaging the force of the intermittent contacts of the tip with the sample surface. This is 

widely used mode because it provides longevity to the tip and can be used on fragile 

biological samples. [17][18] 
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Raman spectroscopy: Raman spectroscopy is a useful technique to observe vibrational, 

rotational and other low-frequency modes in a material. Since each atomic vibration has 

its distinct vibrational frequency, this technique gives us a unique fingerprint of the 

material under study. 

It is based on inelastic scattering, or Raman scattering, of monochromatic light, usually 

from a laser source in the visible, IR, or near UV range. The laser interacts with molecular 

vibrations, phonons or other excitations in the material, resulting in the energy of the 

incident photons being shifted up or down. The shift in energy gives information about the 

vibrational modes in the system. The Raman Scattering Process, as described by quantum 

mechanics, is when photons interact with a molecule, the molecule may be advanced to a 

Figure B4. Raman spectroscopy for characterizing phonon vibrations of a material (a) Block 

diagram of a Raman spectrometer (b) principle of Raman scattering (c) phonon vibrational 

frequencies translated as Raman shift 
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higher energy, virtual state. From this higher energy state, there may be a few different 

outcomes. One such outcome would be that the molecule relaxes to a vibrational energy 

level that is different than that of its beginning state producing a photon of different energy. 

The difference between the energy of the incident photon and the energy of the scattered 

photon is the called the Raman shift. 

Raman spectrometer identifies changes in a molecular bonds polarizability. Interaction of 

light with a molecule induces a deformation of its electron cloud. This deformation is 

known as a change in polarizability. Molecular bonds have specific energy transitions in 

which a change of polarizability occurs, giving rise to Raman active modes.  As an 

example, molecules that contain bonds between homonuclear atoms such as carbon-

carbon, sulfur-sulfur, and nitrogen-nitrogen bonds undergo a change in polarizability when 

photons interact with them. These are examples of bonds that give rise to Raman active 

spectral bands[19][20] 

Operation: Typically, a sample is illuminated with a laser beam. Electromagnetic radiation 

from the illuminated spot is collected with a lens and sent through a monochromator. 

Elastic scattered radiation at the wavelength corresponding to the laser line (Rayleigh 

scattering) is filtered out by either a notch filter, edge pass filter, or a band pass filter, while 

the rest of the collected light is dispersed onto a detector.  

Raman spectroscopy can be used for microscopic analysis, with a spatial resolution in the 

order of 0.5-1 µm. Such analysis is possible using a Raman microscope. 

A Raman microscope couples a Raman spectrometer to a standard optical microscope, 

allowing high magnification visualization of a sample and Raman analysis with a 
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microscopic laser spot. Raman micro-analysis is easy: simply place the sample under the 

microscope, focus, and make a measurement. Raman microscope can be used for the 

analysis of micron size particles or volumes. In general, Raman spectroscopy probes the 

chemical structure of a material and provides information about 1) chemical structure and 

identity 2) phase and polymorphism 3) intrinsic stress/strain and 4) contamination and 

impurities in the material.[21][22][23] 

Raman spectroscopy on GaSb surfaces are characterized using Horiba LabRam HR 

evolution ® Raman microscope. The incident wavelength is 442 nm with a spatial 

resolution of ~ 600 nm and spectral resolution of ~ 0.1 cm-1. The spectrometer is calibrated 

to a reference Si substrate such that the Si-Si vibrational frequency is at 520.7 cm-1. The 

power of the incident beam is kept at ~ 0.2 mW to minimize the heating of the sample 

which shows false peak shifts due to temperature induced vibrations in the material. 

FTIR spectroscopy: This technique is used to obtain an infrared spectrum of 

absorption/reflection or emission of a solid, liquid or gas. An FTIR spectrometer 

simultaneously collects high-spectral-resolution data over a wide spectral range. A Fourier 

transform (a mathematical process converting time domain to frequency domain) is 

required to convert the raw data into the actual spectrum. The FTIR instrument relies upon 

interferences of various frequencies of light to produce a spectrum. It has a source, sample, 

two mirrors, a laser reference, and detector, but the assembly of components also include 

a beam-splitter and the two strategic mirrors that function as an interferometer.[24] 
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The incident beam strikes the beam-splitter and produces two beams of roughly the same 

intensity. One beam hits the fixed mirror and returns to the beam-splitter. The other beam 

goes to the moving mirror. The motion of the moving mirror makes the total pathlength 

variable versus that taken by the fixed mirror beam. When these two beams meet up again 

at the beam-splitter, they recombine, and the difference in their path lengths create 

constructive and destructive interference, an interferogram.[25][26] 

The recombined beam passes through the sample. The sample absorbs all the wavelengths 

characteristic of the its spectrum and then subtracts specific wavelengths from the 

interferogram. The detector now reports variation in energy-versus-time for all 

wavelengths simultaneously. A laser beam is superimposed to provide a reference for the 

Figure B5. (a) Schematic illustration of a Michelson interferometer configured in a FTIR setup 

(b) example of an FTIR interferogram. The center peak is at the zero-path difference (ZPD) 

position where maximum light passes through interferometer. The external mirrors are adjusted 

to maximize this signal to enhance the signal intensity. 
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operation of the instrument. Furthermore, FTIR is also used in Fourier Transform 

Photocurrent Spectroscopy to measure the spectral response form optical devices.[27] 

B2. DEVICE CHARACTERIZATION 

Dark and photo-current – voltage Measurements: Vertical transport two-terminal 

diodes are electrically tested through current-voltage measurements under dark conditions. 

A two-probe or a four-probe setup is generally used with micro-manipulators for precise 

probing of the nanoscale devices. 4-point probes method is a more precise technique that 

uses separate pairs of current-carrying and voltage-sensing electrodes to make more 

accurate measurements than the simpler two-terminal (2T) sensing. Separation of current 

and voltage electrodes eliminates the lead and contact resistance from the measurement. 

This is an advantage for precise measurement of low resistance values. Additionally, a 

semiconductor parameter analyzer is used as voltage source (for sweeping the voltage) and 

for recording the measured current from the devices.  

For Solar cells, the same set up is used with a solar spectrum simulator as a light source 

and obtain I-V measurements under illumination conditions. Typically, a xenon arc lamp 

is used as a light source paired with an optical filter whose spectrum matches closely to 

that of the AM 1.5 spectrum as shown in Fig. B6. 
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Reflectance measurements: Since the pixelated GaSb solar cells are obtained by direct 

membrane bonding on metal-coated Si substrates, they are called thin-film solar cells. The 

reflectance of such thin-film solar cells is known to be elevated compared to conventional 

cells which are on bulk substrates because of the origin of fabry-perot effect.[28] This leads 

to an enhanced absorption and efficiencies in thin-film solar cells.[29] Since, not all the 

incident photons are absorbed with in the material in the first pass, they are transmitted 

through the cell active layer. If the solar cell is on a bulk substrate, the transmitted photons 

are absorbed in the bulk substrate. However, due to the presence of reflective back metal 

contact in thin-film GaSb cell, the transmitted photons through the cell are reflected into 

the cell by the back contact and lead to photon recycling. This is known as light-trapping 

enhancement effect. This effect can be clearly seen by measuring the absorption spectra of 

the pixelated cell in the wavelengths closer to the bandgap of GaSb. 

Absorbance spectra is measured in a Nicolet® iN 10 FTIR microscope in reflectance mode 

in the wavelength region of 1300 nm to 2000 nm because of the detector limit. Background 

absorbance spectra is measured first from the Metal contact pad and then the absorbance 

Figure B6. Four-probe setup for I-V measurements (a) Image of a typical four-probe setup 

with a light source and a semiconductor parameter analyzer (b) Output light spectrum of a 

xenon arc lamp filtered to match AM 1.5 spectrum 



113 
 

of the GaSb thin-film pixel is measured. The resultant absorbance spectra have the 

background automatically subtracted and produces the absorbance as a function of 

wavelength. Since the GaSb pixel is not transparent, one can obtain reflectance as 1- 

absorbance.  

Spectral response measurement: The external quantum efficiency (EQE) of pixelated 

GaSb solar cells is characterized by measuring the spectral response from the pixels as a 

function of wavelength. The EQE can then be calculated as EQE = (1.24/λ) x spectral 

response. This measurement is carried out in a Nicolet® FTIR setup in a mode called 

Fourier transform photocurrent spectroscopy (FTPS).[27], [30], [31] Instead of the internal 

DTGS photodetector, the response of the pixelated diodes is measured when a 

monochromatic light from the IR source is incident on the GaSb pixels (see Fig. B7).  

The sample is mounted in a cryo finger for terminal connections, but the measurement is 

obtained at room temperature. The light intensity from the FTIR is maximized by adjusting 

Figure B7. Quantum efficiency measurement using FTIR (a) Schematic illustration of 

Photocurrent measurement mode using FTIR spectrometer (b) Image of the GaSb pixels wire 

bonded to a chip carrier used for probing individual pixels using the designated leads connected 

to the cryo finger 



114 
 

the position of the Au mirror. The contacts to the pixel is routed to a current pre-amplifier 

which is connected to an interface assembly going to the FTIR spectrometer. The photo-

current response from the GaSb pixels is measured as a function of wavelength. Due to the 

DTGS detector limitation, the minimum wavelength resolvable with the setup is ~ 1300 

nm. Hence, we obtain the spectral response from 1300 nm to 1730 nm (Bandgap) for the 

pixelated GaSb solar cells. 

Differential resistance measurement: 

To measure the contact resistance of the bonded contact accurately, one needs to perform 

Transfer Length Method (TLM) measurements. However, the bonded contact is on the 

bottom side of the pixel and covers the whole area of the pixel. Therefore, it is difficult to 

pattern the contact with variable separation and align the pixel to bond to the patterned 

bottom contact.  A possible alternative of this method to obtain the contact resistance of 

the bonded contact is to compare the differential resistance of the pixel vs bulk diode. This 

is not accurate but gives a first-hand indication if the contact resistances are different 

compared to the evaporated contacts of same material. For this purpose, the same sample 

structure is chosen where the reference sample is a GaSb solar cell structure resting on the 

GaSb substrate. The n-contact is deposited on the other side of the substrate using e-beam 

evaporation. Prior to the deposition of contact materials, the native oxides are stripped off 

using a dilute HCl treatment. On the other hand, the transferred device sample is the GaSb 

pixel bonded to the n-contact. In this device design, the native oxide removal using wet 

chemical process is difficult since, the pixels are appropriately timed for complete release. 

Putting them in another chemical solution will lead to the release of the pixels and losing 

them to the solution. Therefore, in this approach, the native oxides are not removed. 
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In the case of the pixel, the top contact is evaporated, and the bottom contact is bonded. 

The total differential resistance measured for this diode is compared to the reference diode 

where both top and bottom contacts are evaporated. I evaluate the quality of the bonded 

GaSb/metal interface by comparing the dark current-voltage (Idark - V) characteristics and 

differential resistance (dV/dIdark) of the two devices. In the reference device, the n-

GaSb/Ni/ Ge/Au/Pt/Au (top) contact is formed by e-beam evaporation of the metal on the 

whole area of the pixel. The bottom contact is formed by e-beam evaporation on the back-

surface of the GaSb substrate. Figure B8 shows the Idark- V and the dV/dIdark for both.  

I estimated the series resistances of Rs = 0.124 Ω cm2 and Rs = 0.145 Ω cm2 from the 

dV/dIdark of the reference and the transferred devices, respectively, at higher currents. 

These results suggest that n+GaSb/Ni/Ge/Au/Pt/Au electrical contacts formed by 

membrane bonding and metal deposition have comparable differential resistance. This 

could indicate two things. 1. The contact resistances of evaporated contact and bonded 

contact are similar 2. The similar resistances could come from different mechanisms in the 

Figure B8. Contact resistance estimation of GaSb pixels via differential resistance method (a) 

schematic structures for comparison of contact resistance (b) Differential resistance vs current 

comparison for two devices (red dotted line is the reference device; black solid curve is the 

transferred device). Inset shows dark current comparison of the two devices. 
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two devices. In reference device, the tunneling of carriers and recombination of carriers 

happen through the defects in the substrate. Whereas in the transferred device, 

recombination of carrier occurs because of the defects on the surface and tunneling through 

the defects in the interfacial layer at the n-GaSb/Ni/Ge/Au bonded interface. Therefore, it 

is difficult to separate these aspects and provide a conclusion. For this purpose, a physical 

characterization using TEM is required to inspect the bonded interface and correlating to 

the electrical characterization to determine the type of transport at this interface. 
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where J01 and J02 are the diffusion saturation current density (n = 1) and the recombination 

saturation current density (n = 2), respectively; V is the applied voltage; k is the Boltzmann 

constant; T is the operating temperature of the diode.  

I calculated J01 and J02 from the measured dark current density-voltage (Jdark-V) for 

various pixels of each size using a technique based on least squares.[1] The two saturation 

current densities are plotted as a function of P/A in Fig. 4.4. Next, I perform a linear fit to 

the data with the expression shown below[1][5] 

J0n = J0nb + J0np (
P

A
)     (Eq. 4.2) 

Where, J0nb (A/cm2) and J0np (A/cm) are assigned to the bulk and the perimeter saturation 

current density, respectively.  The extracted values of Jonb and Jonp are reported in Table 

Physical phenomenon J0nb (A/cm2) J0np (A/cm) J0n (340 x 340 m) 

Diffusion (n =1) 1.36 x 10-5 1.21 x 10-7 2.783 x 10-5 

Recombination (n =2) 1.05 x 10-4 5.3 x10-6 7.284 x 10-4 

Table 4. 1: Summary of diffusion and recombination current components in the bulk and surface 

regions of the pixels 

Figure 4.4. Calculated saturation current densities vs P/A for n = 1 (black solid squares) and n 

= 2 current densities (black open squares). The solid red lines are linear fits to the calculated 

values, which yield the bulk and perimeter saturation current densities. 



121 
 

4.1. These results indicate that, in the limit of a two-diode model approximation where 

parasitic conductive paths have been neglected, the recombination of carriers in the 

depletion region leads to a saturation current density that is at least an order of magnitude 

higher than diffusion saturation current density in both bulk and perimeter of PSCs. 

Additionally, Table 4.1 shows that perimeter recombination is mostly responsible for 

leakage in the diode under no illumination. These conclusions support the results of the 

VADA technique that showed that the path with higher conductivity is through the 

perimeter of the pixels.  

 

 

 

 

 


