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Abstract 

In this study, cross-sectional surface potential imaging of n+/semi-insulating GaAs junctions is 

investigated by using amplitude mode kelvin probe force microscopy. The measurements have shown two 

different potential profiles, related to the difference in surface potential between the semi-insulating (SI) 

substrate and the epilayers. It is shown that the contact potential difference (CPD) between the tip and the 

sample is higher on the semi-insulating substrate side than on the n-type epilayer side. This change in 

CPD across the interface has been explained by means of energy band diagrams indicating the relative 

Fermi level positions. In addition, it has also been found that the CPD values across the interface are 

much smaller than the calculated values (on average about 25% of the theoretical values) and increase 

with the electron density. Therefore, the results presented in study are only in qualitative agreement with 

the theory. 
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1. Introduction

Potential profiling of semiconductor devices and semiconductor heterostructures on a nanometer scale has 

long been an important challenge for material and device engineers [1]. Several measurement techniques 

have been developed for this purpose. Among these, Kelvin Probe Force Microscopy (KPFM) proposed 

in 1991 by Nonnenmacher et al. [2] appears as the most powerful. It extracts simultaneously the 3D 

topographic information (with resolution of 1 nm in the x-y plane and 0.1 nm in the z direction) [3]  as 

well as the surface electrical properties of materials on the nanometer scale [4]. In principle, KPFM 

measures the sample surface potential, by minimizing the interaction force between a sharp conducting tip 

and the sample surface. The measurement is usually carried out in one of two different modes: Frequency 

Modulation (FM) or Amplitude Modulation (AM) KPFM. In FM-KPFM mode, the electrostatic force 

gradient is minimized, while in AM-KPFM mode the electrostatic force itself is minimized. In this study, 

AM-KPFM is used to investigate the contact potential difference (CPD) across the homojunction between 

semi-insulating GaAs (SI-GaAs) and n
+
- type GaAs epilayers with different dopant densities. AM mode 

KPFM performs the measurements by mainly minimizing the amplitude of the electrostatic force 

(between the tip and sample) shown in equation     [5]:  

 
  

    
  

  
                                                                                          

In this equation    , 
  

  
 is the capacitance gradient which depends on the tip geometry and the tip-sample 

distance    [6],     is a dc applied voltage,      is the CPD across the interface,     is the amplitude of 

the ac applied voltage and     its  frequency. Details of the measurement setup for AM-KPFM can be 

found elsewhere [7, 8]. In addition, the procedure to extract the CPD across the interface in a cross-

sectional sample is also described by T. Muzutani et al. in [1]. As reported by R. Darling [7], the 

electrostatic properties of any junction depend primarily on the positions of the Fermi levels of the two 

materials that form the metallurgical junction. For the n
+
- GaAs: Si epilayers used in this study, the Fermi 

level is above the conduction band edge. For the SI-GaAs, in which a deep donor (often known by 

EL2) is used to compensate the shallow acceptors (carbon or CAs), the Fermi level has been 

reported to be locked slightly above the intrinsic level (i.e. mid-gap) [7].This indicates that the 

equilibrium electron concentration (~10
16

 cm
-3

) [8] in the bulk semi-insulating region is greater than the 

equilibrium hole concentration (~10
15

 cm
-3

)[8]. As a result, such SI-GaAs can be considered as slightly n-
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type.  Hence, when a junction is formed between an epilayer (n
+
 side) and n-type SI-GaAs, the excess 

electrons from the epilayer side diffuse into the SI region, resulting in a monotonic decrease in electron 

density across the junction (space charge region) [7]. The hole density follows a complementary profile 

[7]. Since the electron concentration in the bulk of the SI-GaAs is larger than the hole concentration, this 

means that the two carrier concentration profiles will not cross in the junction area. Thus, the n
+
/SI 

junction does not exhibit a depletion region [7]. The contact potential differences across n+/semi-

insulating GaAs junctions, which can be theoretically approximated by using the relationship     
     

where    
 is the work function of substrate,    that of the epilayer, are given as:  

         
  

 

 
               

 

  
  

 

  
 

 

  
   

 

 
   

      

 

      
                    

where,   ,  ,  ,   ,       

  and        
  are the energy band gap, Boltzmann’s constant, absolute 

temperature, the effective density of states in the conduction band, the effective mass of holes and the 

effective mass of electrons, respectively.  In this equation, the position of the Fermi energy in the 

substrate is assumed to be mid-gap. Based on the fact that the measurements conducted in this study have 

been made in air, the comparison between the experimental and theoretical values is qualitative and not 

quantitative. The term    in equation (2) refers to the band gap narrowing of the n+ layer, which can be 

given by [9]: 

           
 

    
 

 
  

   
 

    
 

 
  

   
 

    
 

 
  

                                                      

In equation       ,   and   are constants and have the values 16.30 meV, 7.47 meV and 90.65 meV, 

respectively [9]. The main goal of this study is to experimentally determine the built-in potentials across 

various n+/semi-insulating GaAs homojunction samples using KPFM and to compare these values with 

the CPD-values given by equation    .  

2 Experimental  
This manuscript presents studies carried out on Si-doped (n-type) degenerate GaAs grown on semi-

insulating GaAs (n-GaAs/SI-GaAs), using AM-KPFM in air and at room temperature. A Bruker 

Dimension FastScan scanning probe microscope was used. Four samples with electron densities (as 

determined by Hall measurements at room temperature) of                                      
                               and                       have been considered for 

investigation. The uncertainties in these values represent a maximum estimated error in the Hall 

concentration of 20%. The samples were grown by metalorganic chemical vapour deposition at a 

temperature of    740 
o
C and a V/III growth of   20. Details of the growth system have been presented 

elsewhere  [10]. The samples were manually cleaved from the back side (using a diamond tip scriber), 

mounted on a cross-sectional sample holder and investigated within the same day to reduce 

contamination/oxidation. The measurements have been conducted using SCM-PIT probes with the 

following nominal characteristics: tip radius      , length          , width         and 

thickness          . In addition, a lift height in the range of           has been used.  

3 Results and discussions  
Figure 1 presents cross-sectional (a) topography and (b) potential images of      thick n-GaAs/SI-GaAs. 

The two images were taken at different regions along the interface between the layer and the substrate. 

The red curves on the topography and potential images, respectively, are the average scan lines, which 

indicate the average height and potential across the layer and substrate. The scan size was           
As can be seen from both topography images, the interface across the homojunction is fairly smooth.  

However, the images show different features. It is also important to note that when different spots were 

scanned along the freshly cleaved interface, the topography features were always different for each scan 

area. Hence, it is believed that the features seen in the topography image on the right are due to 
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contamination resulting from cleaving or sample handling.  Similar potential profiles have been obtained 

for almost every scan region, however. As can be seen from Figure 1, both potential images illustrate two 

main regions related to the difference in electron density between the substrate and layer. There is no 

correlation between the topography and potential, indicating that the choice of scan parameters yielded no 

cross-talk between topography and potential values.  

Nevertheless, a broad potential transition is observed. This is related to the limited lateral resolution of 

AM-KPFM, which is strongly influenced by the size of the tip and the nature of the interaction between 

the tip and sample. This problem is resolved by measuring the CPD using frequency modulated KPFM, 

which will be combined with AM-KPFM in a subsequent paper. Furthermore, the values of the CPD of 

the two spots are slightly different.  As shown by the blue arrows on the left-hand side of the potential 

images, a dc voltage of ~       was applied during the KPFM measurements when the tip was on the 

side of the SI substrate, while a voltage of ~750 mV was applied when the tip was scanning the layer; this 

gives a CPD of ~      . This value is         for the second region. To understand this variation in 

CPD of the two different regions, the potential profile of a single area was measured by engaging and 

withdrawing the tip several times. A similar potential profile was observed for the first two scans. 

However, as the number of engagements and withdrawals increased the value of the dc voltage reduced 

on both side, obviously causing changes in the CPD. This is attributed to the deterioration of the tip or to 

the automatic adjustment of the amplitude setpoint after the tip engages the sample. The values of the dc 

voltage on the substrate side varied from         for the first engagement to         for the fourth 

engagement. For the same scan lines on the layer side, the dc voltage varied from ~ 876 mV to ~ 843 mV. 

Therefore, the error propagation in the CPD between the two sides of the junction is found to be       .  

Figure 2 presents cross-sectional potential and topography profiles for four samples with different 

electron densities. While the topography features vary from sample to sample, the potential profiles of all 

four samples look similar and there is no correlation between the potential and topography. However, the 

CPD varies with dopant density. As indicated by the vertical arrows on each potential versus position 

graph, the value of the CPD for each sample is calculated by taking the difference in potential value on 

the substrate side and the layer side. To better visualize these variations, the average potential scan lines 
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Figure 1: Cross-sectional (a) topography and (b) potential images of      thick n-type degenerate GaAs on SI-GaAs substrate, using AM-KPFM. 

The two images were taken at different regions along the interface of the same sample. The red curves on the topography and potential images, 

respectively, are the average height and potential across the two different layers. The scan size was          
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of the four samples have been re-plotted on a single graph as shown in Figure 3 (a). For better 

comparison, the CPD between the tip and substrate has been adjusted to the same value. 
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Figure 2: Cross-sectional (a) topography and (b) potential maps of      thick n-type degenerate GaAs grown on SI-GaAs substrate, 
using AM-KPFM. Four samples with the same layer thickness, but with different electron densities have been investigated. The red 

curves on the topography and potential images are the average scans lines, which indicate the shape of the topography and potential 

across the two different layers. The scan size was           
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As can be seen from Figure 3 (a), the variation in dc voltage applied to compensate the CPD between the 

tip and the layer is significant. This is attributed to the difference in dopant density in the layers. To better 

illustrate this, the variation of the CPD across the interface has been plotted versus electron density in 

Figure 3 (b). As mentioned above, the value of the electron density of each sample was obtained using 

Hall measurements. Regarding the CPD for each sample, the values are obtained from the average 

potential line scans shown in Figure 2. 

As can be seen from Figure 3 (b) the CPD increases by approximately 90 mV as the electron density 

increases, which is significant given the estimated uncertainty (     ) in each value plotted here. In 

principle, for an ideal GaAs homojunction, the CDP is equal to the Fermi energy level difference between 

the substrate and the epilayer. Therefore, the change in potential across the interface can be explained by 

means of the energy band diagrams shown in Figure 4 [11].  
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Figure 3: (a) average potential simultaneously plotted of four samples versus position; (b) experimental evolution of the CPD across n-type GaAs/

SI-GaAs versus electron density, using AM-KPFM. Vertical and horizontal lines are the estimated CPD and electron density uncertainties, 

respectively.
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Figure 4: Schematic energy band diagrams for ideal semi-insulating and n-type GaAs. (a) Before contact, (b) after contact. 

      
        are the work functions of n-type degenerate GaAs and SI-GaAs, respectively;    

 and    are the intrinsic Fermi level 

energy and the Fermi level of n-type degenerate GaAs;    and    are the absolute minimum of the conduction band and absolute 

maximum of the valence band and       is the electron affinity.
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Before contact, the two semiconductor materials are neutral throughout. After contact, because of the 

difference in work function, charge flows from the semiconductor with the higher Fermi level to the 

semiconductor with the lower one until the Fermi levels are aligned. This results in a built-in-potential 

(CPD) between the two layers and non-neutral space charge region on both sides of the interface. To 

reflect these changes, there is a drop in local vacuum level across the interface (Figure 4 (b)) [11]. This 

band alignment also illustrates the change in potential across the interface between the two layers (VCPD, 

Figure 4 (b)). Hence, one would expect that the CPD across the interface is approximately equal to the 

Fermi energy or work function difference between semi-insulating GaAs and n-type GaAs.  As indicated 

earlier, the Fermi level of SI-GaAs was assumed to be pinned approximately at the intrinsic level. On the 

n+ side it is known that as the dopant density increases, the position of the Fermi level also increases [7]. 

Therefore, the lower the Fermi energy position of the n-type film is (for example, for a sample with a 

lower electron density), the smaller will be the CPD between it and the substrate, as observed in Figure 3 

(b). It is important to note that for similar homojunction samples with dopant densities below     

               , a flat potential across the interface was obtained. This is ascribed to the fact that the 
two Fermi levels (i.e. for the substrate and the layer) are too close to each other for the system to 

detect, under ambient conditions, any difference between them. Based on the fact that KPFM 

measurement in air is strongly affected by the ambient, this hypothesis needs to be further investigated 

by measurements in vacuum, where absolute values of the CPD can be measured [5].  

It should be mentioned that there are significant differences in the values of the theoretically predicted 

and experimentally observed CPD values. Theoretically, the CPD versus dopant density can be simulated 

by using equation (2). The calculated CPD values versus dopant density (n) are shown in Figure 5. For 

GaAs at room temperature,              ,                 , 
      

 

      
      . The dopant density 

dependent     has been included. 

As pointed out above, the experimental CPD values are much smaller than the calculated values (on 

average about 25% of the theoretical values). This discrepancy can be attributed to surface traps due to 

the exposure of the sample to air and to incomplete ionization of the donor atoms in a degenerately doped 

layer, as pointed out by F. Robin et al. in [12], where they observed that the built-in-potential measured 

in air across a cleaved p-i-n laser diode, was around 40% of the simulated values. In addition, this 
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discrepancy can also be explained by the shape of SCM-PIT cantilever used to perform the current AM-

mode measurements. Due to its large length, width and tip radius, the CPD values measured are not truly 

local but rather a convolution over the large area covered by the cantilever. This means that when the tip 

is scanning across the junction, the potential measured is probably a convolution of that of the substrate 

and that of the layer.  

4 Conclusion 

In conclusion, the built-in potential across n+/semi-insulating GaAs junctions have been investigated. 

The potential profiles obtained contain two main regions, related to the difference in electron density 

between the SI-substrate and the epilayer. The study indicated that the CPD between the tip and the semi-

insulating substrate is higher than that of the CPD between the tip and the n-type epilayer, which implies 

that the Fermi level of the epilayer is higher than that of the semi-insulating side. This change in CPD 

across the interface has been explained by considering the Fermi energy alignment across the interface. In 

addition, it has also been found that the magnitude of the CPD is much smaller than the calculated values 

(on average about 25% of the theoretical values) and that increases with the electron density. Therefore, 

the results presented in study is only qualitative. 
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