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Executive Summary 

Developing renewable energy technologies that are environmentally friendly is an important challenge 

in the twenty first century. Photovoltaic (PV) devices, which directly convert sunlight into electricity by 

means of the PV effect are simple to design and install. However, this technology is one of the most 

expensive renewable energy systems in the current marketplace. The growth of this technology depends 

on finding high performance materials and device structure designs to maximize power output and 

minimize cost. 

Therefore, it is of major interest to study and understand the electrical, optical, and mechanical 

properties of such material at the nanoscopic scale. Scanning probe microscopes (SPMs), particularly 

atomic force microscopes (AFMs), have provided a window on the nanoworld with applications in 

imaging, metrology and manipulation. Conductive AFM (c-AFM) has been used to extract electronic 

information from PV materials at high resolution by applying a voltage between the tip and the sample 

to generate topography and current images simultaneously. In this work, the development of advanced 

photoconductive AFM (pc-AFM), an extension of c-AFM, was attempted with the vision to map 

photocurrent distributions in PV materials by photoexciting samples with focused laser illumination. The 

aim of this work is to explore the use of 2D electronic materials to develop high efficiency PV devices. 

Such investigation would make a significant step forward in correlating material topography with local 

electronic structure in various PV device designs.   

Introduction 

Kuwait possesses some of the best solar irradiation levels in the world, with some spots measuring over 

2,000 kWh/m2 a year. However, it also has dry hot and dusty climate with temperatures that sometimes 

reach 55 °C in shadow. The excessive dust and high ambient temperature are major obstacles to solar 

energy growth in the country. The temperature of a photovoltaic (PV) device in direct sun light can be 25 

± 5 °C above ambient temperature. High operating temperatures have pronounced effect on PV 

efficiency. The level of efficiency changes in relation to temperature depends on several factors. It 

depends on material composition and the device structure. Typical decrease of efficiency in standard 

crystalline silicon PV types ranges between 0.4 to 0.6% of power per 1 °C increase of PV temperature. As 

to new types of PV that are very thin and have lower temperature coefficient, the power drops by 0.2% 

per 1 °C increase. Figure 1 shows the drop in power yield with increasing device temperature. Therefore, 

there is a need to develop high performance PV devices. Such development will greatly benefit the 

growth of PV energy in Kuwait. 

Recently, atomically thin 2D electronic materials are emerging as impressive next-generation PV 

materials. These materials, which include graphene and transition metal dichalcogenides (TMDCs) have 

electronic properties ranging from metallic to semiconducting, expected to have enormously high 

carrier mobility, and with carefully engineered structures are expected to have excellent PV efficiency. 

Moreover, the relatively high earth abundance of TMDCs and their direct bandgaps in the visible range 

make them attractive as the light absorbing material in thin film PVs including flexible PVs that could 

coat buildings and curved structures. Furthermore, the workfunctions and conduction- and valance-



band edges of several TMDCs are compatible with the workfunctions of commonly used electrode 

materials. 

 

Figure 1. Drop in power yield with increasing device temperature 

Electrical properties of PV materials are critical to the performance of devices. Understanding charge 

transport in materials would shed light on the electrical conduction mechanisms in the material. In the 

case of semiconductor PVs, the important parameters governing the design and performance of PVs 

include doping concentrations, charge carriers mobility, and excess carriers lifetime and their diffusion 

length [1]. 

Scanning probe microscopy (SPM) is utilized to investigate properties of surfaces with atomic scale 

resolution. SPM-based electrical characterizations provide capabilities of measuring simultaneous 

qualities. Conductive atomic force microscopy (c-AFM), for example, measures topography by detecting 

the atomic-scale force between the probe and surface while simultaneously detecting electrical signals 

which can be used for mapping electrical qualities such as carrier concentration, local surface potential, 

and conduction paths [2]. Binnig et al. developed AFM [3] as a universal surface imaging technique 

capable of characterizing both conductive and insulating surfaces. AFM earned popularity as a nanoscale 

characterization tool because it can be used for imaging and quantitative analyses of tribological, 

electronic, magnetic, biological, and chemical properties [4] in any environment. 

A c-AFM is a standard AFM instrument that utilizes a conductive tip and additional circuitry for applying 

a voltage and measuring current. Figure 2 presents a simplified scheme of a typical c-AFM setup. In 

addition to a standard AFM scanner and cantilever detection system, a current amplifier is used. A 

feedback control system is used to control the operation of the instrument. The force between the 
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surface and tip is measured and fed to the AFM controller which controls the piezoelectric tube that 

maintains the relative position of the tip and surface. The cantilever position is determined by laser 

interrogation and a position-sensitive photodiode (PSPD). 

A sharp tip near the end of the cantilever is the heart of any AFM instrument. Since the sharp tip can 

only interact with a small area, raster-scan would be necessary to image a reasonable portion of the 

surface under investigation. The scan motion forms a rectangular (or zig-zag, not shown here) pattern 

and moves from left to right (trace) and then from right to left (retrace) as shown in Figure 3. The 

simultaneous raster-scanning and deflection monitoring of the cantilever as it contacts the surface 

would create a 3D image of the surface topography and a 3D image of current density. 

 

Figure 2. Simplified scheme of c-AFM setup 



 

Figure 3. Raster scanning of the AFM tip 

 

Practical Issues of AFM Operation 

Learning to image with AFM typically takes a few hours of instruction and practice. However, acquiring 

meaningful and reliable data with AFM is more of an art than exact procedure. There are many 

parameters that can influence the data including: 

 Tip geometry and contact area 

 Tip material 

 Contact force 

 Scan speed 

 Surface roughness 

 Applied bias 

 Sample material and thickness 

 Environment (water meniscus, temperature) 

 Incident light power density (carrier generation) 

To illustrate, selecting an appropriate AFM tip (with respect to geometry), is a compromise between 

desired resolution and tip life time. It is a good practice to check several tips and choose the one with 

the best performance since optimal conditions may vary significantly for different materials and surface 

morphologies. Also, a large contact force would result in better imaging but also faster wear of the tip or 

lower chance of completing the scan before the tip gets damaged. The measure of applied force is 

indicated on the instrument by the set-point value. It represents the deflection of the cantilever which is 

maintained by the control system to ensure constant force between the tip and sample. Therefore, it is 

common practice to start with small set-point (e.g. just touching the sample) then adjust slowly until 

imaging does not improve anymore. There is no golden number for the set-point. It can vary from tip to 

tip, and sample to sample. Figure 4 shows increase in measured current with increasing set-point. Figure 

5 shows examples of current and topography data at two different set-point values. Both current and 

topography data improved in quality when the set-point was increased from 0.2 V to 1.0 V.  



 

Figure 4. Measured current as function of set-point parameter 

 

Figure 5. Examples of the effect of set-point parameter of AFM data, (top) current, (bottom) topography 
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Another example is scan speed parameter. The effect of scan speed on image quality can be seen in 

Figure 6. As the scan speed increases, the tip residence time on the surface decreases which results in 

less current measurements.  

 

Figure 6. Effect of scan speed on current measurements 

Data Processing 

AFM data are collected as 3D array of numbers. The array can be processed, displayed, and analyzed. 

There are several image processing techniques and interpolation used to enhance AFM data. For 

example, to reduce topographical and crosstalk effects in the trace (Figure. 7(a)) and retrace (Figure. 

7(b)) images, a “trace+retrace” image of current was calculated (see Figure 7(c)). 

 
                         (a)                                                            (b)                                                             (c)                            

Figure 7. c-AFM images: (a) trace scan, (b) retrace scan, and (c) trace+retrace signal 



Accomplishments 

The goal is to develop a new single experimental platform to characterize morphological, optical, 

excitonic, and electronic properties of pre-assembled photovoltaic devices and photovoltaic candidate 

materials, see Figure 8. One of the accomplishments over the past year was to execute the natural first 

step which was to carry out all preparatory work necessary for establishing the new platform. The 

preparatory work included understanding modes of operation, applications, operation procedures, 

limitations, the operational parameters that affect the performance of the instrument. Learning the 

basics of AFM imaging and identifying the sources of data variations was necessary in order to develop a 

standard operating procedure (SOP).  

 

Figure8. Experimental platform to characterize morphological, optical, excitonic, and electronic 

properties 

Indium tin oxide (ITO) thin film on glass has been used as control sample. ITO is one of the most widely 

used transparent conducting oxides because of its electrical conductivity and optical transparency. The 

various performance parameters were investigated against control samples with different surface 

roughnesses. The parameters included: tip geometry, tip material, contact force, scan speed, surface 

roughness, applied bias, measurements environment, and incident light power density.  

The second step was to integrate supercontinuum white light laser sources and components to allow 

the use of all the light at once or tune, shape and manipulate the light in the 400-2400nm wavelength 

range. This step has been completed successfully and now under performance evaluation using 2D 

electronic materials such as MoS2, graphene and their hybrids.  

This work is summarized in a review article (under preparation) which is entitled “Current density 

imaging with the atomic force microscope: technique, interpretation and applications”. The article will 



be submitted for possible publication to Energy & Environmental Science Journal or Advanced Energy 

Materials Journal. 
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