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Trapped charges inside an isolated germanium nanocrystal (Ge NC) have been studied by two-pass lift mode electrostatic force microscopy (EFM) measurements at room temperature. From visualized EFM images, electrons and holes were proven to be successfully injected and trapped in the Ge NC and distributed homogenously at the edge of its truncated spherical morphology. The Ge NC is found to have iso-potential surface and behave as a conductive material after being charged. It is also shown that the dominant charge decay mechanism during discharging of Ge NCs is related to the leakage of these trapped charges. A truncated capacitor model is used to approximate the real capacitance between the tip and Ge NC surface and to quantitatively study these trapped charges. These investigations demonstrate the potential for Ge nanocrystal memory applications.

Nowadays, semiconductor technology is facing a great challenge to improve device performance while reducing feature dimensions, approaching size regimes where surface effects become very important for electrical transport and biasing. This size downscaling in the microelectronics industry has initiated an explosive development of various microscopy techniques to probe and reveal new physical characteristics at the nanoscale such as Coulomb blockade, quantized charging effects [1][2][3] and single-electron transistors [4,5].

Due to the increasing demands for information storage and the significant scaling limitations of traditional memories, the non-volatile memory device composed of silicon (Si) or Ge nanodots is very promising [6][7][8]. Altering the oxide thickness and voltage operation can directly influence charge storage, and nanoscale crystals are promising since they have fast tunnelling-mediated write times [9,10]. Thus, the characterization and understanding of the charging mechanism in such nanostructures is of prime importance. However, most of the studies of charge traps in Ge nanocrystals were done by microscopy at micron length scales.

Variations on atomic force microscopy can provide simultaneous topography and various physical feature images with some additional applications such as scanning capacitance microscope (SCM), electrostatic force microscope (EFM), scanning tunnelling microscope (TUNA) and Kelvin probe force microscope (KPFM) [11][12][13][14][15][16]. Electrostatic force microscopy (EFM) is used especially for characterizing materials for accurate local and non-destructive electrical properties for a wide range of characterizations such as surface potential, charge distributions and dielectric constant [17]. EFM is also able to easily and non-destructively inject and detect the localized charge in nanostructures, on or below the surface by a special two-pass lift mode. This ability has been used to study the distribution of trapped charges in silicon dioxide layer or implanted nano crystals [18-21, 25, 26]. However, the characterisation of an isolated Ge NC was rarely studied by EFM at room temperature.

Such nanostructures are of a great interest because the injected carriers are strongly constrained in their propagation, and interact with a finite geometry which should be generally the case in nano-electronic devices.

In this study, an isolated Ge NC on a silicon dioxide layer on n + type doped silicon (001) substrate has been shown to exhibit charge storage memory effects by EFM two-pass lift mode measurement at room temperature. The accurate phase signal conducted by electrostatic force interactions was used to determine the charge retention time inside the Ge NCs. The charge storage and retention effects are discussed in the context of Ge NC memory application. In order to quantitatively study these trapped charges, a truncated capacitor model was used to approximate the real capacitance between the tip and island surface. The quantity of charged electrons was calculated by analytical expression of the charge quantity as a function of the EFM phase signal.

These nano-scale Ge NCs have been fabricated on top of a very thin silicon dioxide layer using a dewetting processing. A 15 nm thick Ge layer was deposited by molecular beam epitaxy (MBE) over the SiO 2 layer 5 nm in thickness at ambient temperature and was thermally annealed at 750 °C for 20 min under ultrahigh vacuum. This process leads to the formation of crystalline Ge NCs having an average diameter ∼150 nm. As has been shown in previous work [START_REF] Sarid | Scanning Force Microscopy[END_REF], the Ge NC diameter is ∼7 times the nominal thickness of the Ge layer. Over the dots there is a natural oxide layer of ∼2 nm so that the sample surface is uneven, comprising a dispersion of Ge NCs, seen in figure 1.

In order to minimize the influence of morphology over the sample surface during charge measurement, electrostatic force microscopy (EFM) was chosen for charging experiment. EFM measurements are acquired in a two-pass lift mode. In this measurement, there is a constant separation between the tip and local surface topography [START_REF] Sarid | Scanning Force Microscopy[END_REF] when the tip rises to the lift scan height, and this maintains constant van der Waal's interaction. This allows the imaging of relatively weak but long-range electrostatic interactions while minimizing the influence of topography.

Modelled by simple parallel plate capacitor, the electrostatic force between a conductive tip and a sample surface can be described as:
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where C is the effective capacitance between the EFM probe and the sample;V t andV s are the tip and sample bias, respectively. If the sample surface has a certain area that has locally trapped electric charges,V s will become the surface potentialV , q which is modified by these trapped charges and causes changes in the electrostatic force intensity and the effective spring constant of the cantilever [START_REF] Sarid | Scanning Force Microscopy[END_REF].

The resonant frequency, ω of vibration of the cantilever varies as

ωω =- k F z 1 1d d (2) 0
where ∂∂ Fz is the electrostatic force gradient acting on the EFM probe by these charges. The frequency changes due to the local electrostatic forces could easily be monitored by observing the phase shift of the resulting cantilever vibration.

The phase shift can be expressed as follows:
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where Q is the quality factor of AFM probe, k is the spring constant of the cantilever (2.8 N m -1 ), z is the height between the tip and the sample surface,V EFM andV q are, respectively, the tip and sample surface potential during charge measurement.

The EFM measurement was conducted on a Veeco Digital Instruments 3100 Dimensions AFM employing a Nanoscope V controller in ambient condition. Charges were injected by using commercial conductive SCM-PIT tip. Its main specifications are: cantilever spring constant, and ω 0 = 75 kHz. Specifically, the tip is coated with a Pt/Ir metal coating.

From (3), a sign change and alteration ofV EFM can induce a bump or a depression in Δφ. Firstly, a p-type silicon (001) substrate with a 3 nm native oxide layer was charged separately at -7Vinfigure 2(a) and +7 V in figure 2(b) over 30 s. The V EFM was set separately at +2 V (top region) and -2 V (bottom region below). The charged area response is shown in the phase signal. Different signs of V EFM can change the image colour in the charged region from black to white, which corresponds to a depression or a peak from the phase profiles. By flipping the polarity of the applied voltage the reverse response is found. The uneven surface in the phase image is caused by injected charges that change the sample surface potential.

The original surface phase signal for charge-based memory effects was also measured before charge injection into a sample of Ge NCs on oxidized Si, using two polarities of tip bias (V EFM ) with a magnitude of ±2 V, and height of 50 nm. The resulting phase image is shown in figure 3(b). The average diameter of the Ge NCs is 150 nm. The phase signal is found to be higher in the centre of the NC than at the periphery, indicated by its corresponding peak in the phase signal. Additionally, the phase value in (c) was larger than that in (b). Considering the only change is the polarity and magnitude of V EFM during these two measurements, it confirms that the Ge NC has quite a weak original positive surface potential V q .

To demonstrate the memory effect based on charging and discharging of individual Ge NCs, an individual Ge NC was identified for charging. For the charging process, the conductive tip was kept at the same position over the isolated NC and subsequently brought closer to the NC surface. At the same time, charges were injected by polarising the tip with a voltage stress of either +7 V or -7 V for 30 s. The corresponding EFM phase images are shown in figure 4, where the charged region of the NCs is marked.

From the EFM measurements on a single NC, the charged area can be readily identified. During the charging process, holes (+7 V, extracted) or electrons (-7 V, injected) are injected into the isolated Ge NC where they can form an electron cloud from the phase images. To maximize the resolution of the phase signal a V EFM with the opposite polarity toV q is used. The phase shift inside the charged NC is detected at 0.5°(V EFM = +2 V) and 1°( V EFM = -2 V) for +7 V, whereas its value is -4.5°(V EFM = +2 V) and -2.5°(V EFM = -2 V) at the opposite bias of -7 V. This suggests that it is much easier to inject electrons than holes into Ge NCs.

A particular phenomenon found for charge transfer into Ge NCs is charge localization that is influenced by morphology. From figure 4, the injected charges can be trapped homogenously by the isolated NC and located at the edge. Such Ge NCs became iso-potential and behaved as a conductive material after being charged. It is confirmed that these charges were successfully injected into the isolated Ge NC.

Additionally, from (3), the value of V EFM can greatly influence the phase shift Δφ. Therefore, comparison between an uncharged and a charged area or these areas charged by different voltages for a fixed V EFM (tip surface potential) is necessary.

The discharge and retention time of these trapped charges were also evaluated. From figure 5(a), the EFM phase signal is plotted versus time after charging. The phase amplitude in the charged region decreases gradually due to charge dissipation. It is shown that the dominant charge decay mechanism during discharging is the leakage of these trapped charges. The Ge NC is p-type and forms a p-n junction with n-Si, with the associated potential barrier allowing charger to be stored without immediate (Ohmic) discharge/conduction.

Figures 5(b), (c) shows the EFM phase image with different tip bias voltage V EFM (from -5 V to +4 V). The phase intensity of the charged NC follows the magnitude of the tip bias ( )
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where in figure 5(b), this corresponds to the strength of electrostatic force between tip and charged NC. In figure 5(c), phase signal in the centre of the charged region increases with tip bias, and specifically, a negative tip bias alters the indicative phase signal more than a positive bias. This observation confirms that the setup of a p-n junction barrier allows trapped charges to be stored with a certain retention time. This is consistent with the experimental evidence that using opposite tip biases for V EFM andV q markedly improves resolution in EFM phase image (by at least a factor of 4).

In order to quantitatively characterize the trapped charges, equivalent structures should be used for modelling the interaction between AFM tip and sample surface. The electrostatic force between a conductive tip and a sample surface could be described as [20]:
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where C is the effective capacitance between the EFM probe and the sample, V t and V s are, respectively, the tip and sample potential. If the sample surface has a certain area that has locally trapped electric charges, V s will become the surface potential V q which is modified by these trapped charges and causes changes in the electrostatic force intensity and its gradient. The force gradient changes the effective spring constant of the sensor and, consequently, its resonance frequency ω r .
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These changes could easily be detected by the phase shift Δϕ.
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where Q is the quality factor of AFM probe, k is the spring constant of the cantilever, z is the height of the tip with respect to the surface, ∂∂ F z s is the spatial derivative of the electrostatic force acting on the EFM probe by these charges, V EFM is the tip potential during the EFM measurement.

The AFM probe is composed of three main parts: the cantilever, the tip and the tip apex. During the AFM measurement, these three parts interact with the sample surface and can be modelled simply as a series of flat plane capacitances. The cantilever is modelled as a flat plane, the tip is modelled as a truncated cone [21] and the tip apex is modelled as a small sphere or the tip and its apex as a cone. From theoretical studies, the primary contribution to the capacitance variation is given by the tip apex, followed far below by the cone, chip and cantilever [START_REF] Sarid | Scanning Force Microscopy[END_REF]. So the truncated cone-plane model is relatively the most accurate approach that considers the tip apex and the tip body.

From the plane-plane capacitance model:
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The truncated cone-plane model (total tip apex and tip body) gives the second derivative capacitance factor ″ Cz () tcp :
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where R is the tip apex radius and θ is the tip-opening angle.

The equivalent electric circuit of this experiment configuration is given in figure 6. Where C 1 is the charged island-substrate capacitance, C 2 is the charged island-tip capacitance and C 3 is the substrate-probe capacitance.

Thus, electrostatic force due to these trapped charges can be expressed as: For SCM-PIT, the tip height is 10-15 μm and R is 20 nm with a tip-opening angle of 10°. The lift height is always set at 50 nm. The variation of the second derivative capacitance ″ Cz ()which varies with the tip-surface distance z is plotted in figure 7. We can observe that the effective surface during the tip scan is about 7.1 × 10 3 nm 2 considering the realistic tip-surface model and a lift height of 50 nm. This effective surface corresponds to a disc area 95 nm in diameter which is lower than that of the Ge NC. The diameter of these isolated Ge NCs is more than 100 nm. However, the SCM-PIT tip has a radius from 20 to 25 nm which is smaller than the island surface and the effective area is inside it. So these truncated-sphere shape islands could be simplified as rectangular nano structures which have a flat surface interacting with the tip, see figure 8. This simple model could be used for quantifying trapped charges in oxide layers or embedded conductive nanostructures [START_REF] Hudlet | [END_REF]24].
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Using the parallel plate capacitor model, the total charge q inside the trapped area can be deduced as below:
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where k is the cantilever spring constant, Q is the quality factor of the AFM probe and S is the effective tip area. D is the the charge density in this charged area. In our experiment, k is 1-5Nm -1 , Q is about 250, the dielectric constants for SiO 2 and Ge are 3.9 and 16.2, respectively, the charged Ge dot height is about 100 nm and S is 7.1 × 10 3 nm 2 . Therefore, when the isolated Ge From figure 9, the value of charge density was higher at the edge than that inside the charged island. This means that the Ge NC became iso-potential and behaved as a conductive material that caused these trapped charges localize at the edges of its spherical surface.

In the whole charge area, according to our calculation, there are a total of 800 electrons injected to this isolated nano-scale Ge NC.

In summary, EFM two-pass lift mode measurement in ambient condition at room temperature confirmed trapped charges could be stored on single Ge NC on oxidized silicon. Electrons and holes were successfully injected into the Ge NC by a conductive EFM tip. Optimised EFM bias settings for better EFM charge signals have been determined. In order to achieve higher resolution in phase imaging, V EFM with opposite polarity toV q is preferred. Such Ge NCs have iso-potential values and behave as a conductive material once charged. The injected charges are also demonstrated to be trapped homogenously by the isolated NC. Trapped electrons inside a 100 nm NC discharged gradually over 2 h. By varying the magnitude of the tip scan bias, an improvement in the phase signal can be achieved with the use of a negative tip bias, keeping the sample bias positive for this system. By applying a tip bias of -7 V for 30 s leads to an injection of about 800 electrons inside an individual Ge NC. This study is of prime importance in developing electronic devices such as memory transistors using Ge NC. 
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 1 Figure 1. Sample structure with Ge NCs on SiO 2 layer.
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 2 Figure 2. A 3 nm SiO 2 over a p-type Si (001) substrate charged by: (a) -7 V for 30 s, tip bias = +2 V in top region above and -2 V in the bottom region; (b) +7 V for 30 s, tip bias = +2 V for the top region and -2 V in the bottom region.
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 3 Figure 3. Ge NCs with an average diameter of 150 nm prior to charging, (a) topography, (b) phase signal images of Ge NCs acquired at V EFM = +2 V, (c) Phase signal images acquired at V EFM = -2V.

Figure 4 .

 4 Figure 4. EFM images after charging at +7 V/-7 V for 30 s. Holes and electrons were separately injected into the isolated Ge NC as marked. Phase signal images acquired at V EFM = (a) +2 V, (b) -2 V, (c) 0 V, the scan size is 1 μm×1μm, and (d) +2 V, the scan size is 3 μm×3μm.
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 5 Figure 5. (a) Discharge procedure of trapped charges in the centre of NC, (b) altitude of charged area (c) phase signal in the centre of charged area.
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 6 Figure 6. Equivalent circuit.
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 7 Figure 7. Second derivative capacitance versus tip surface distance.
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 8 Figure 8. Simplified nano-scale Ge NC model.
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 9 Figure 9. (a) phase image after charge (b) charge density along trapped line.