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The present work is devoted to evaluate the area of samples of 
nanocrystalline Boron Doped Diamond grown with different 
dopant solutions. The samples were characterized by Scanning 
Electron Microscopy (SEM) and Atomic Force Micrsocopy 
(AFM) and electrochemically by Differential-capacitance (Mott-
Schottky plots) and Cyclic Voltammetry. By SEM was possible 
detect “cauli flower” morphology and by AFM was possible to 
quantify the roughness of the samples. We evaluate the dopant 
level by Raman spectroscopy and by Mott Schottky plots. The 
electrochemical roughness measured by AFM was compared with 
the roughness determined Cyclic Voltammetry.     
 
 
 

 Introduction 
 
Boron Doped diamond (BDD) films have expanded, in the last decades, the 
electrochemical applications as inert electrodes for waste water treatment (1), 
electrosynthesis(2), environmental sensors (3),  etc. Microcrystalline diamond films can 
be grown over several substrates (4), different donors as nitrogen, sulphur, boron (7,8,9) 
and by a wide range of dopant concentration(10) however each kind of dopant still 
presents some challenges to effective control. In the past decade, at Argonne institute, 
was started the reducing of the grains the hydrogen by inert gas addition as N2, He, or 
Ar at the reactor or by methane increment during the growth stimulates the re nucleation 
process in a level that the film presents nanocrystalline grains (11). Recently, 
nanocrystalline films and properties were reviewed by Williams (12). As well 
presented, the numbers of publications about these films have a relevant increment 
during the last years. As appointed experimentally by hall measurements, 
Nanocrystalline films can present new characteristics as the � and �* states around 
Fermi energy introduced by sp2 carbon which contributes to charge transport 
mechanism (11). 
The determination of the area of electrodes is an important and polemic subject to treat. 
As presented by Trassati (13), several methods can be used to give approximate values 
of the real area but each measurement has some limitations from physical chemical 
point of view. The dependence of the capacitive current with the sweep rate gives a 
distinction between the “more exposed” portion of electrode (measured at higher rates) 
and the total part of electrode obtained at low scar rate. Differently from other methods 
selected as AFM, the electrochemical determination of the roughness factor reveals 
regions more accessible than others on electrode surface. 
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Figure 1 – SEM of the BDUN
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Raman spectroscopy 
 
 
The Raman spectra for the samples BDUND1 and BDUND2 are presented in Figure 2.  
The peak at 1332 cm-1 is corresponding to diamond first order phonon vibration.  
 

 
Figure 2 – Raman spectra of BDUND1 and BDUND2. 

 
 

By using Raman spectroscopy, it was possible to analyze the composition and 
the quality of the BDD films. At higher B/C ratios, the change in the profile of one 
phonon band becomes progressively pronounced, and at the same time broad bands 
appears at 500 and 1230 cm-1. The drastic changes in spectrum takes place at higher 
boron concentration with the asymmetry of one phonon band and the appearance of new 
broad band centered at 1230 cm-1. The asymmetry of the one phonon band is attributed 
to the Fano interference between the discrete phonon state and electronic continuum. 
The Fano line shape is asymmetric with an enhancement of one band of the line with a 
decrease of a minimum of the other. Pruvost and Deneuville (5) suggested that the Fano 
effect appears above a critical percolation threshold for the achievement of the metallic 
conductivity on the boron impurity band while Ager et al. (6) reported that the Fano 
effect is attributed to the transition from the broadened impurity band to continuum 
states composed of excited acceptor and valence band sates. In addition, this type of 
Fano interference in the diamond is quite similar to that for heavily doped silicon that 
has well discussed in the literature (6).  

 
 The presence of a Raman peak at around 1332 cm-1 was verified for the sample 

BDUND1, which corresponds to the diamond first-order phonon vibration. However, 
for the sample BDUND2 the intensity of the peak was lower. The emergent band at 
1200 cm-1, which is characteristic of the boron doped diamond films, is attributed to the 
induced disorder in the diamond structure due to the boron incorporation. 

These band increases significantly by increasing the doping level which is 
associated to a drastic reduction in the diamond peak(6). The band at around 1580 cm-1 
is attributed to G band, graphitic phases, and this band is observed in both samples. The 
presence of a band at around 500 cm-1 is also observed, which is attributed to the 
vibration of boron pairs in the diamond lattice. By comparing the Raman spectra for the 
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two BDD films, the sample BDUND2 showed a higher doping level than the sample 
BDUND1.  

 
 
 
 

       
Figure 3 – Atomic Force Microscopy of the samples of BDUND1 and BDUND2. 

 

For the studied samples, by the AFM technique (Fig. 3) was not possible to 
detect reduction of grain with the increase of the doping level and the evaluation of the 
area can suggest the same roughness. However, for electrochemical application the 
roughness is a property that can give the availability of the electrode in face of the 
electrolytes. 

The effective contact between electrolyte and electrode invites the old and 
important discussion of the real area of electrode, well presented by Trasatti (13). This 
questionable subject can be evaluated exploring several properties of each material, but 
each method has some limitation. In this study, to evaluate the real access of the 
electrolyte to BDUND electrodes, the present study conducted the dependence of the 
capacitive current relative to scan rate in Cyclic Voltammetry. This linear dependence 
gives  one capacitive current at low scan rates (where the electrolyte have enough time 
to accommodate to total surface – gives information about the total area - internal and 
external) and at high scan rate the capacitive current  gives information about the 
external area of the electrode. These approaches have wide uses for oxides (15), giving 
information about porosity or roughness. For microcrystalline Boron Doped Diamond, 
Santana et al.(16) performed the study to explore the morphology factor o this kind of 
material.  These authors have alerted the obligation to measure the capacitive current at 
potentials above the flat band potential and before an anodic treatment (-3.0V in 
H2SO4(aq.) for 20 minutes) to eliminate the presence of the non diamond at electrodes 
surface.  Both precautions reduce any resistive current that could interfere in the 
capacitive response.       

It is known that in the interface between electrode and an inert electrolyte, the 
overall capacitance of the interface is a series of the contribution of the space charge 
region, the Helmholtz layer and the diffuse layer. On this system the lower value 
dominates the sum of capacitances. The interface evaluated by differential capacitance 
measurement gives the information about the space charge region. Specifically, is useful 
to do a comparative analysis of the doping efficiency revealed by Raman spectroscopy   
for doped diamond and estimates the concentration of uncompensated carriers(Na) and 
the  flatband potential (Vfb) at BDUND films.  
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The differential capacitance voltage measurements was performed to evaluate 
the doping efficiency promoted by different fluxes and were made using one single sine 
potential wave with 20mV peak-to-peak amplitude and with 1KHz.  
 

 
 

Figure 4 -Mott Schottky plots of the samples of BDUND1 and BDUND2. 
 

 
The Flat Band Potential was calculated by extrapolation of the function obtained 

from the linear part of the data. From capacitance voltage measurements is possible 
determine the flat band potential and calculate the uncompensated carrier concentration 
(NA). 
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Where � and �0 are the relative permittivity of diamond (5.5) and the vacuum 

permittivity(8,85.10-14Fcm2), respectively, and e is the electron charge(1,602.10-19C).  
The fig.5 shows the Mott Schottky plots obtained and the data are presented in 

table 5.  
 

 
Table  5 – Number of acceptors and flat band potential of the samples BDUND1 and 

BDUND2.         

Sample Na (cm-3) Vfb  (vs. Ag/AgCl-3M) 

BDUND1 5.71x1019 0.93 

BDUND2 1.46x1020 0.97 

 
          The Data presented at table 1 corroborates the doping efficiency promoted by 
changing the dopant solution. The more relevant information from these films is the 
value of the flat band potential since the Voltammetric measurements should be 
conducted above this value. The measurements of the capacitive current must be 
conducted at potentials above the flat band potential and without any faradaic current. 
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     At these potentials, the interface resembles a metal electrolyte interface, since there 
is a accumulation layer, and excluding any faradaic effects, is possible to minimize 
interferences to the capacitive current. 
     As presented earlier (15), the dependence of the capacitive current at electrodes 
interface in a specific potential (E) can be defined as: 
 

�� � �������                                                            [2] 

 
     Where i and v are the current and scan rate. 
     The low scan rate measurement gives the linear capacitive current which can be 
correlated to total (internal and external regions of electrodes). The high scan rate 
response (differential capacity) gives the information about the external region of the 
electrodes. The differential capacity of the internal region is obtained by subtracting the 
external differential capacity from the total differential capacity as presented by Eq. 3. 
 

����� � ������ � �� ��                                                   [3] 
 

     Where Cint. , Ctotal and Cext. are the internal, total and external differential capacity. 
As presented by Trassati (17),the morphology factor (�) can be calculated by the ratio  
between internal and total capacity as presented by Eq. [4].  
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     Figures 5 and 6 presents the capacitive current measured for BDUND1 and 
BDUND2 films and table 2 presents the average roughness (Ra) and the root mean 
square (Rq) measured by AFM and the internal, external and total differential capacitive 
and the roughness factor calculated for the samples determined by Voltammetry. 

 
 
Figure 5 - Dependence of the capacitive current from the samples of BDUND1. 
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Figure 6 - Dependence of the capacitive current from the samples of BDUND2.  
 
 
Table 2 – Roughnes of the sample prepared by AFM and electrochemically by Cyclic 
Voltammetry.  

Sample Rq (nm)  Ra (nm)  CT(�F.cm-2) Cext(�F.cm-2) Cint(�F.cm-2) �  

BDUND1 26,4 20,7 9.82 5.33 4.48 0.45 

BDUND2 37,3 28,3 32.24 13.14 19.1 0.59 
 
 
     Besides the difference between the samples, the AFM technique revealed similar 
values of Ra and Rq. The higher values of BDUND2 can be attributed to higher amount 
of dopant in reactor favoring the secondary nucleation or re-nucleation process in 
diamond growing, which reduces the grain size. The values cannot be attributed only to 
local roughness but to the “ball like” aspect of the morphology suggested by SEM 
images. 
     The capacitances values are reduced that found for microcrystalline films by the 
same technique however stays in accordance with measured by Electrochemical 
Impedance Spectroscopy for polycrystalline diamond (18). The roughness factor is 
lower than the appointed for microcrystalline BDD (16) suggesting lower difference 
between internal and internal regions of the electrodes.  
 
Conclusions 
 
     The  boron doped diamond revealed morphological similarities from SEM and AFM 
analysis. The lower capacitive response and the “electrochemical smoothness” 
appointed by cyclic voltammetry suggest the eligibility of BDUND films for 
electroanalytical applications. 
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