Surface states and photo-induced charge transfer on O-terminated CVD diamond
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Abstract. Time-of-Flight (ToF) experiments were carried out to study the electrical transport and charge trapping properties of oxidised freestanding single crystalline (100) CVD diamond crystals. It is shown that the diamond surface and properties of the electrical contacts are of extreme importance, influencing measured charge carrier mobility values. While sputtered Al contacts yield textbook ToF spectra and electron mobilities µe exceeding 1860 cm²/Vs, thermally deposited contacts suffer from enhanced trapping. We propose a model in which the observed polarization effects can be explained by charge transfer to oxygen-related surface states, which interact with surface adsorbates, according to the well-known transfer-doping model. 
1. Introduction
One of the issues in device physics, related to the charge transport properties of semiconductors are the local electric fields induced by the electric charge trapping at bulk and surface defects [1-6]. Diamond is an important candidate for novel high temperature, high frequency and high power electronics [7], which was subject of recent studies, indicating extreme electrical charge mobility [1]. However, depending on the crystallographic orientation and type of the functional group terminating the diamond surface, it can exhibit peculiar electrical properties which are unique for diamond, but which also influence the electrical transport. The most known is the 2DHG conductivity in hydrogen-terminated diamond induced by charges originating from surface adsorbates, a mechanism known as the surface transfer doping model [8]. The oxygen-terminated (100) diamond surfaces are known to be highly isolating, whilst (111) surfaces can show a certain level of surface conductivity [9] which still makes the understanding of electronic properties of O-terminated surfaces an open question. However in most of the device applications, charge-free interfaces are required, putting forward high requirements for the optimal surface preparation before contact metallization. A detailed understanding of these surface charge states is essential for device application of high quality diamond. The Time-of-Flight (ToF) method, which is a frequently used semiconductor technique to evaluate a material’s electronic transport, can also be used as a very sensitive quantitative tool to probe the charging occurring at the metal-semiconductor interface. In this work we demonstrate this possibility by investigating the influence of contact quality on ToF spectra and the charge transport for aluminium contacts. The quality of the double reversed Schottky diode structure used to collect the excited charge carriers plays a determining role in assuring the homogenous field across the sample, a fact that is important for the charge transport [5,10,11]. Care must be taken to avoid the formation of interface states between the material under study and the metal contact material [11,12]. Al contacts were deposited on freestanding oxidised (100) single crystal CVD diamond surfaces by two different methods: thermal evaporation and magnetron sputtering [5,11]. Based on the results presented here, it is shown that a charge transfer to O-related states at the diamond surface can lead to a similar behaviour as is known for adsorbates on H-terminated surfaces.
2. Experimental
The commercially available IIa diamond samples used in this work are chemically oxidised by heating them to 300°C in a mixture of H2SO4 and KNO3 to remove all contaminants on the surface. A oxygen plasma is then applied to produce a homogenous termination containing both O and OH groups [11,12]. This termination has been investigated by AFM and STM methods, achieving atomic resolution, accompanied with XPS and UPS measurements. Based on these data, the influence of the O termination on the surface electrical properties has been discussed [13]. In the present work, the study was extended towards the influence of the contacts. After the preparation of the sample, i.e. a plasma based oxygenation of the surface, both sides of the diamond layer are covered with Al contacts such that the device will behave as a double reversed Schottky diode structure. While the back side has an opaque contact, the front contact is semi-transparent with a transparency of 80-90% for the excitation wavelength used in this study. In a first approach the Al contacts are evaporated from a thermal Al source in a system with a base pressure of 1x10-4Torr. In the second approach the Al contacts are sputtered from a pure Al source using an Ar-plasma in a home-made magnetron sputtering system reaching a base pressure of 2x10-6Torr. For ToF experiments a 2.7ns laser pulse at a wavelength of 218nm is focused onto the semi-transparent Al top electrode. This wavelength of 218nm ensures that incoming photons have sufficiently high energy allowing a direct excitation of electrons from the valence to the conduction band of diamond, close to the Al-diamond interface. A voltage pulse with a duration of 4ms is put across the structure and an electric field between 0.3V/μm and 1.4V/μm is generated. Only one type of carriers present in the sheet of carriers, created in the first 10μm of the diamond layer, travels through the diamond from the top contact to the bottom contact due to the polarity of the created electric field. By switching this polarity, a choice can be made between holes or electrons. The transit time of these carriers is measured, using a 500MHz oscilloscope and averaging is carried out to reduce noise to signal ratio. A full schematic representation can be found in Ref 15. In addition, Rutherford backscattering (RBS) and Elastic Recoil Detection Analysis (ERDA) were used to investigate the possible presence of different contaminants at the surface and in the diamond-contact interface. A He+ ion beam with energy 2MeV was used for analysis of the thickness and composition of the Al contacts on the diamond sample. A glancing geometry with an incoming ion beam angle of 75° was used for ERDA measurements to obtain hydrogen recoiled from the sample. RBS and ERDA analysis was carried out in a vacuum chamber of 10-6Torr and the subsequent spectra were evaluated using the SIMNRA 6.02 code.17
3. Results and discussion
Figure 1 shows ToF spectra for electrons and holes obtained with a voltage of 0.3V/μm on a sample with Al contacts prepared with the two different methods as described above. The charge carriers will travel through the diamond layer to reach the back contact after a certain time. In a material where little or no trapping occurs, the measured current is constant when the electron cloud is travelling at constant drift velocity (vd) through the sample, only to decrease when the first electrons have traversed the complete sample. This process is described by a characteristic transit time (τe), which is defined as the time needed for the charge carrier to travel through the diamond layer of thickness d, as is shown in equation 1.


[image: image1.wmf]sat

e

e

sat

e

d

e

v

d

U

d

E

v

E

d

v

d

+

=

+

=

=

m

m

m

t

2

1









(1)
In this equation d is the thickness, μ the mobility, U the applied voltage, E = U/d the corresponding electric field, and vsat is the saturation velocity [14,15]. 
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Figure 1: Time-of-Flight spectra for electrons and holes (inset) obtained from contacts prepared with two different deposition methods
As can be seen in Figure 1, the ToF spectrum obtained with sputtered contacts corresponds to the ideal situation described above: no trapping occurs and all the excited electrons reach the back contact. On the other hand, the ToF spectrum taken with evaporated contacts looks quite different. Part of the electrons seems to disappear from the current signal immediately after their creation so that only part of the charge traverses the complete 400µm of the sample. This is indicated by a steep decay in the current transient, declining from the ideal rectangular shape. Trapping and recombination at the front contact are contributed to this steep decay. By integrating the area under the ToF-curve, the transported charge is obtained. For both configurations this is similar, i.e. Q = 2*10-10C. But as is shown for the evaporated contacts, part of the charge is lost already in the first ns after creation, explaining that a generated charge which is far bigger than in the case of the sputtered contacts is used. This difference in generated charge is obtained by a difference in laser intensity, i.e. a laser power density of 140mJ for the sputtered contacts and a laser power density of 200mJ for the evaporated contacts. This is needed to prevent the evaporated contact, in the case of a lower laser intensity to loose all carriers due to trapping and for the sputtered contact, in the case of a higher laser intensity to prevent the ToF-signal to switch to the space charge limited current (SCLC) mode. The first derivative of the electrical current transient indicated is thus a measure for the rate of charge filling in the defect states, convoluted with a release of the charge from the continuum of shallow traps proceeding a release rate as shown in equation 2, where ET is the trap energy and ν0 is the “attempt-to-escape frequency” at E=0: 
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It is evident that a release form deep states (as the 1.7eV oxygen states) cannot be observed on the time scale of the experiment for the “attempt-to-escape-frequency” of 1013 s-1, which is the value for diamond) As the same sample was used for both measurements, i.e. the bulk properties are identical in both experiments; this behaviour of extensive trapping can only be explained by the creation of additional surface states at the diamond-contact interface acting as charge traps. Zheng et. al. discussed already about the existence of oxygen-related defect states at the surface of the oxidised diamond layer [18].  These states are responsible for the trapping of part of the electrons resulting in the very differently shaped ToF spectrum. When the polarity of the voltage pulse is reversed, holes instead of electrons are travelling through the sample from top to back contact. The same behaviour for holes can be found as for electrons as also hole traps are present. On the other hand, for the sputtered contact a textbook-like ToF spectrum can be seen where for the evaporated contact a peak corresponding to trapping at the surface is noticed. Therefore we speculate in case of an O-terminated surface and evaporated contacts, that the occupation of the surface states is strongly dependent on the surface band banding, determined by the functional groups and that additionally, the Schottky diode built-in potential, also depending on the surface functional groups, should be taken into account for the calculation of the electron mobility value. Such surface states have also important capacities to trap a charge. Taking a surface charge density of about 1012 to 1013cm-2, which corresponds roughly to 0.1-1% of the surface bonds and taking into account the value for the elementary charge of 1.6 10-19C, it can be estimated that the total charge trapped can exceed easily 104 to 105C/cm2, i.e. a factor of about 2-20 higher than the so-called space charge limited current (SCLC) mode, occurring for the photo-induced charge if QP > C*U where C is the sample capacity (typically 0.5pF for 1mm diameter contacts) at a voltage of 100V. Both the effects, the additional voltage and the trapping, can influence the evaluation of the mobility from equation 1. If neglecting these effects a direct fit using equation 1 leads for the sputtered contacts to an electron mobility μe of 1860cm²/Vs, where the evaporated contacts lead to a far lower mobility μe=1495cm²/Vs. For holes a mobility μh of 2320cm²/Vs is found for the sputtered contacts, where for the evaporated contacts the hole mobility μh drops to 1740cm²/Vs. Reduction of the mobility value can only be explained if trapping of charge occurs at the surface for charge carriers of the same polarity as transported. After all, there is a reduction of mobility for electrons and holes for the evaporated contacts, while for the sputtered contacts a nearly ideal ToF spectrum is reached without any trapping. Therefore, the traps must be surface related. This fact is clearly confirmed when disconnecting the voltage from the sample contacts, leading to open circuit. A ToF signal of the same polarity and magnitude can be observed directly after disconnecting the voltage and this signal is gradually decreasing with time as the surface states discharge slowly. 
To further explain these differences and to clarify what mechanism is responsible for the different mobility values, RBS and ERDA measurements have been performed. These measurements allow determining both the atomic mass and concentration of elemental target constituents as a function of depth below the surface. In Figure 2 the RBS spectra for the sputtered and the evaporated contacts are depicted. ERDA measurements are depicted in the inset of both figures. In case of the evaporated contact, a contamination of hydrogen (30 atomic %), carbon (20 atomic %) and oxygen (15 atomic %) at the Al contact surface layer was measured (Figure 2a). Important to notice is the additional presence of 20 atomic % of oxygen in a very thin layer in the contact-diamond interface. In the other case, the sputtered Al contact exhibits a contaminant free Al contact-diamond interface and a comparable surface contamination of oxygen, while the hydrogen surface concentration is more than 2 x lower in this case as shown in Figure 2b. The oxygen depth profile in figure 2a exhibits two maxima, which are connected with oxygen detected on the surface and in the Al layer. From figure 2b it is clear that there is only one maximum connected with oxygen. The sputtered Al contacts exhibit a contaminant free Al contact-diamond interface in the frame of the detection limit of RBS and ERDA analysis, where the lowest detectable amount is about 1015 cm-2 in a background free region of the spectra.
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Figure2: RBS spectra and ERDA profiles of contaminants (in the inset) of the evaporated Al contact (a) and the sputtered Al contact (b)
Earlier work has already shown that oxygen is able to induce charge carrier traps at about 2eV from the valence band maximum, leading to the observed transient currents [11,12,18]. In figure 3 we propose a model for the electric potential distribution at the interface. In this model the O-related states form a defect level at about 2eV from the VBM reference. Taking into account the positive electron affinity (PEA) of an O-terminated surface of about 0.9 eV [16], the chemical potential of the adsorbates, i.e. the present contaminants as evidenced by RBS and ERDA measurements, will be below the O-related defects in the band energy scheme [9,18]. By UV laser photo excitation the charge from the O-related defects can be transferred to the adsorbates, leading to the upwards surface band-bending at the surface. Because the Fermi level will be in the middle of the occupied states, the unoccupied surface states of O defects can act as traps for electrons whilst the negatively charged states can act as traps for holes. The surface band bending will change with the total number of photo-transferred charge from the O defects into the adsorbate states. It should be emphasized that this mechanism is only possible if water adsorbates are present at the surface allowing charge transfer from the defect states into the present adsorbates, in analogy with the transfer doping model for hydrogenated surface [8]. On the other hand an ideal, clean interface as is the case for the sputtered contacts, leads to a Fermi level in the middle of the forbidden gap, i.e. above the O-related surface states, which are therefore occupied and thus neutral, reducing the charge trapping.
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Figure3: The proposed model for the dispersive transport in the case of evaporated contacts

4. Conclusion
In conclusion, ToF spectra were measured on (100) oriented diamond samples sandwiched between aluminium contacts prepared using two different methods. The mobility for electrons and holes determined with nearly perfect contacts was 1860cm²/Vs and 2320cm²/Vs respectively. Due to an additional local electric field created at the surface of the evaporated contacts, the low electric field transport behaviour is influenced, ending up with a mobility for electrons and holes of 1495cm²/Vs and 1740cm²/Vs respectively. RBS and ERDA measurements show that for the evaporated contacts in comparison with the sputtered contacts an additional presence of oxygen and hydrogen at the interface between the contacts and the diamond is measured. Taking all this into account a model is postulated explaining the electric potential distribution at the interface. The proposed model can shed more light at the discrepancy in reported low-electric field charge carrier mobilities found in literature [5,11] and underline the importance of surface and contact preparation.
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